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Abstract

Abstract

Photoacoustic spectroscopy and ultraviolet absorption spectroscopy are two kinds
of technologies that use the spectral absorption characteristics of gases to achieve trace
gas detection. They have the advantages of long life, high detection sensitivity, good
stability, strong trace gas detection capabilities, can realize the simultaneous online
measurement of multi-component gases, and so on. They have been widely used in
fields such as atmospheric environment monitoring, medical health detection, power
equipment fault diagnosis, and lithium-ion battery system safety early warning
monitoring, etc.

In this paper, the trace detection performance of photoacoustic spectrometer and
ultraviolet absorption spectrum gas sensor is theoretically analyzed and experimentally
studied by using cantilever optical microphone, active noise cancellation, and non-
dispersive ultraviolet spectrum detection technologies, so as to improve its detection
sensitivity, trace detection ability and service life in engineering application. This
research not only provides new solutions for enhancing the detection sensitivity and
trace detection capabilities of gas sensors, but also provides a reference solution for the
early warning of thermal runaway of lithium-ion batteries based on characteristic gas
detection and the fault diagnosis of SF¢ gas insulated switchgear. The main research
contents of this paper are as follows:

1. Research on multi-component trace gas detection by photoacoustic spectroscopy
based on cantilever optical microphone and broadband infrared source.

A cantilever-enhanced optical microphone enhanced photoacoustic gas sensor is
designed and developed by using a mid-infrared thermal radiation source with a
parabolic concentrator structure and a cantilever enhanced optical microphone, and the
ppm (parts per million by volume, which can also be expressed as pL/L) level trace
detection of multi-component gases was realized. Then, with N as the buffer gas and

four standard gases of CHa, C2H4, C2H2 and CO as the objects, the detection sensitivity
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and trace gas detection limit of the photoacoustic gas sensor were calibrated. The
experimental results found that the detection sensitivity of the optical microphone
enhanced photoacoustic gas sensor for CH4, C2H4, C2Hz, and CO are 0.0901 mV/ppm,
0.0103 mV/ppm, 0.0828 mV/ppm, and 0.0611 mV/ppm, respectively. At once the
signal-to-noise ratio (10), the minimum detection limits are 0.29 ppm, 0.65 ppm, 0.08
ppm and 0.64 ppm, respectively.

2. Research on background noise control technology of photoacoustic gas sensor.

In order to reduce the background noise of photoacoustic gas sensor and improve
its signal-to-noise ratio and trace gas detection ability in noisy environment, an active
noise cancellation enhanced photoacoustic gas sensing technology is proposed in this
paper. Then, with N2 as the buffer gas and C;Hy as the object, the detection sensitivity
and trace gas detection limit of the photoacoustic spectroscopy gas sensor using active
noise cancellation technology (ANCEPAS) or passive noise cancellation technology
(PNCEPAS) were calibrated and compared. The experimental results show that
whether it is in a lJow-frequency noise environment or a mid-frequency noise
environment, the trace gas concentration detection capability of the ANCEPAS can be
increased by about 3.4 times than the PNCEPAS.

3. Early warning of thermal runaway of lithium-ion battery based on photoacoustic
spectroscopy gas detection technology.

According to the temperature response and gas production behavior during the
thermal runaway of lithium-ion battery, in order to achieve an early warning response
when the battery has the first thermal runaway gas production behavior, the battery
thermal runaway warning criteria with C2Hs, CH4 and CO as the characteristic gases
and the response concentration thresholds of 2 ppm, 10 ppm and 10 ppm were
established. Then, a lithium ion battery thermal runaway early warning platform based
on photoacoustic spectroscopy trace gas detection technology was designed and built,
and the response tests of thermal runaway of lithium-ion battery with different state of

charge were carried out. Since the photoacoustic gas sensor has a stronger trace gas
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Abstract

detection capability, even if the characteristic gas concentration released by the lithium
ion battery in the early stage of thermal runaway is only a few ppm, it can achieve rapid
and accurate detection. Therefore, the photoacoustic spectroscopy gas detection
technology is adopted. The results show that the thermal runaway warning platform
built in this paper can realize the early warning broadcast about 7 minutes before the
outbreak of the lithium-ion battery thermal runaway, which is about 2 minutes earlier
than the requirements stipulated in the national standard GB 38031-2020 and global
technical regulation ECE/TRANS/180/Add.20, and gain more time for the start-up of
fire-fighting facilities of the lithium-ion battery system and the evacuation of on-site
personnel.

4. Trace SO gas detection technology based on ultraviolet absorption spectrum of
long-life microwave electrodeless ultraviolet lamp.

A microwave ultraviolet electrodeless lamp is used to build a non-dispersive
ultraviolet absorption spectroscopy gas sensor that can detect trace amounts of SO gas
at ppm level. The gas sensor has a service life of up to 80,000 hours, which is 8 times
the service life of an ultraviolet LED light source SO, gas sensor, but the cost is only
one third. Then, with SFs as the buffer gas and SO; as the object, the SO2 decomposition
products produced by the failure of SFs gas insulated switchgear, are simulated, and the
detection limit of the sensor is calibrated. It was found that at once the signal-to-noise
ratio (16), the non-dispersive ultraviolet absorption spectrum gas sensor based on the
microwave electrodeless ultraviolet lamp has a minimum detection limit of 1.31 ppm
for SOz gas in SFs, which meet the fault diagnosis requirements of SFs gas insulated
switchgear. In addition, compared the photoacoustic spectrometer with quantum
cascade laser, the non-dispersive ultraviolet absorption spectrum SO, gas sensor based
on microwave electrodeless ultraviolet lamp has a basically equivalent service life and

trace gas detection capability, and the cost is only one sixteenth of that.

Key Words: Photoacoustic spectroscopy, Ultraviolet absorption spectroscopy, Trace

gas detection, Active noise cancellation, Early-warning of thermal runaway
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Table 1.2 Comparison of trace gas detection technologies based on optical sensing.
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Table 1.3 Summary of research on the early-warning of lithium ion batteries’ thermal

runaway based on gas detection technology.
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Table 1.4 Summary of SO; gas detection methods in SF¢ gas insulated power switchgear.
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Figure 1.4 Diagram of the relationship between the research contents in this paper.
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Table 2.1 Parameters of the cantilever used in the simulation.
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Figure 2.6 Natural frequency of cantilever with different sizes.
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HWEFBCRMBURE . TEHLBET S B E 5519 30 Hz. 25 Hz. 40 Hz #1 20 Hz
B}, £ &2 XS CHa. CoHas CoHa 1 CO S AR KL I R 8% 43 79 0.0901 mV/ppm.
0.0103 mV/ppm. 0.0828 mV/ppm F1 0.0611 mV/ppm, H L4 EHMRT 0.996.

s, WRIEERAESMNANKEBKESS (International Union of Pure and
Applied Chemistry, % ITUPAC) X 4% R 38 B A MR 58 159, SeE il <1k
FRBHRERAURATRTA: E—EEKFET, ARSEANBERTERAE
HIJEFE(E 5 b EmE 5L RS RBUERE, Q. 137w,

LD=k, -std, /S, (2.13)

K, LD ABERAR, @EFERARREARBARERNEES, K HE
EEF, k=18, BEKFHN 6526%, HHA—1EE¥EE(0): k=28, BfE
KA 95.44%, BHRNFREEREQ0): k=30, BfEKFH99.74%, KA
=1EE%RE3o); s, REERSMER BIR AN B ERE SHRtERE, S,
R BER R B AR SRR I R B .

R 22 BETIRABMEKTT, BFONEHRCHENEE RAFEME
BRI FE WL AR N CHyw CoHsw CoHa A1 CO U RS 44 AAG 9 R 880 AN
RERNEES .

£22 KEEEABEBEN CHy CHyw CH M CO RSB
Table 2.2 Summary of detection performance results of the photoacoustic spectrometer for

CH4, C2H4, Csz, and CO.

RS H CH, CaH4 CoHy co

WM RBAES,, /(mV/ppm) 0.0901 0.0103 0.0828 0.0611
ERmZE std, /mV 0.0262 0.0067 0.0064 0.0391
k=15, BARKMR /ppm 0.29 0.65 0.08 0.64
k=25, BAEAMIR /ppm 0.58 1.30 0.16 1.28
k,=30f, BRKENFR /ppm 0.87 1.95 0.244 1.92
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74 3317 nm. 3357 nm. 3040 nm F1 4665 nm; JLIRiFHISAE 539 25 Hz. 30 Hz.
40 Hz 1 20 Hz; KRB HORIR G 558 0.0901 mV/ppm. 0.0103 mV/ppm.
0.0828 mV/ppm 1 0.0611 mV/ppm, —1f5{5 8ttt T HIFRARAMFR 5 51249 0.29 ppm
(1) 0.65 ppm (15)~ 0.08 ppm (16)F1 0.64 ppm (16).
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& RB R R B 2 MR, BRI EAMERRR, XRFANLETTIES
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B BWISAFIRR MR E, REXERASERENREE. ki, B
BN RERIE R, e A B BRI EE, LR SR AR 1Y
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FIFE 3.6 B 3.7, B 3.8 KIEFEMN 2 HrERMK(2.13), THERB/EAR
THRT, ETHEINEEZHBARRCE B EAARET N2 FRE CoHe UEH
BIEEAIR. R31 84T ARATRT, KarrEEtl BTG, HHE LSS
ERBNERESRE. BN R BENRERNIR.

31 BIRERGAEE, RSB R R E R R
Table 3.1 Comparison of the detection performance of photoacoustic spectrometers before

and after passive noise cancellation processing.

Wishne s 3l b B AT BER IS H AR S
T LE | 100Hz | 400Hz | & 100 Hz 400 Hz
HEESH Wi | AR | WA | HE | ERMIE | ERTE

REE/ (wV/ppm) 27.2 26.7 24.4 26.6 26.9 24.3
BEERE /pV 18.68 | 565.7 215.3 17.29 407.9 149.3
RIEHIR (1o)/ppm | 0.69 21.19 8.82 0.65 15.16 6.14
BAERRR Qo) /ppm | 1.37 42.37 17.65 1.30 30.33 12.29
BARKMRGBo) /ppm | 2.06 63.6 26.47 1.95 45.49 18.43

MK 31 GERAIR, ELBEHET, REXRHBBIRSZHLE, B4
KPS A R BRRRE USRI EE . MAEE AT, M ERR
FEIE AL RET 5 ARG F 25| BOR T A IR RO B g k(%
BEIOREEQME L 1.4 15,

i

3.63 ETERRETFNIEBHAAEESHBERRARR

. FEHE

5Bl A m R BE R 7S A3 0 7 AR, R A B AR R R A
BAEZANEINTF RN RE, E8 757 BUGR 5 F 3 IS hlE =4 1
EFHEBEHATEN, NTREREEHEBREFBARERS . SR BEEHHEAR
RIGEHAR, TEEEHRARRERG L EE T EmT A TFREN S
FHBE, SHEGSERIEARML, BAESMERE., X3RS RERELH
P 75 8 B e 0 BB 0 AR 17,
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Table 3.2 Comparison of the detection performance of photoacoustic spectrometers before

and after active noise cancellation processing..

IR HRETT R AT EENRERHINGET B

IR —
ZEE 100 Hz 400 Hz 2 100 Hz 400 Hz

ek i | WIS | WERIRE | MR | MAME | EAIRR

REE/ (WwVippm) |[0.4524 | 04672 02804 | 0.4463 | 0.4356 0.2400

HERE /pv 3.58 23.55 22.98 2.94 6.57 5.82
RIEIQMER (1o)/ppm | 79) |  50.41 8195 | 6.59 15.08 2425
BACHMR (20) /ppm | 1583 | 100.81 16391 | 1317 | 3017 48.5
BAEEMR (30)/ppm | 2374 | 15122 24586 | 1976 | 4525 72.75

* IRNETEARELHERKAF R ESABRESRETERRASRETN. B
B, HEHREZHITHERRTTBE, AEAESEEBRIALT IKA T HIIRFEREAR,
MY ESREZHIRTT BN, KFEREUBEBREFARA T EIRFEHEAR, ERA
THBEEEHBA.
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k (n=12,..) BREBRENEn M EASMREE,  WEARE.

LRARREN R W HE AL REES IR ESTERITERNE, ek
ESAEERBETENIAEESRESSAS SEBREZHPXERTA
S =k +hc tk 0+t ke, + 8

Sy =k thyo k0 otk e, g
(3.5)

5 =kg +hyo, +kp0, +o ki C, + 6

B, s (=12, BRI B R S M G (5
BB, k, (Ln=12..) FRRRBAERAETRE R, Kk
R B MTBA S R, b, (i=12,..) ERTRRABIME AT
KRR, HELETHERBOE RESEE,  FTHARE.

FEXHR A& SERAT Z TR RIAD TR, B, RERE - EHENIIGE
AYdE, IRBHTING, EENER REFNEHEEMTES, FRENNKE
HABERE N ERREER. BTRFARSGATKRERRES S, FXAL
FIHES A X MR A SRFRAT LS E SR, BIRIRG 8 A RN <k A 53 199
B, i s A SRER NGRS EE . NS ERRMIGHERERTS
TR EARE R TR R A

Sy = kl,m,o + kl,m.lcl,m,l + kl,m,zcl,m,l etk +E,

,m,ncl,m,n

Sm,l = kl,m,O + kZ,m,lcl,Z.l + k <y +eeet kl,m.ncl,m.n + gm,l

2.m2%2m2

(3.6)

Sm,z =k

1,m,0

+ k:«m.lc

1)

+ ky,m,Zcr‘m,l +et k c,m.n + gm,l

Lmn=i

Hob, s, (mi=12. ) REFRBAERA N EmARS T AR
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FIE AFEAETVEEBETREFERHBIRTAR

RS B (S RIB L K, (1,myn =1,2,..) FR R BIMEN A AT (S
SRR, KEAESBEBREIXNEmAREED BN EAES BRI R
B ko (bm=12,.) WETRASIMERA T EmARE SR TR E RN,
KEAESEERBNE RESBEE: ¢, (bmn=12,.. ) RERABINTENS
HATHEGE SRR, EmMHEAEESEPRENRATHRE: ¢, KT
[ 1952

BT AREM

1. RAREER RN — MRS TRNN, BEARESFEFEHS
SBEMKERE, B, =0,,==c,, » B, o
G (M =12,..) RRBM AR T P B R E 5 IREE .

2. MTFE—MEXH, BRBEAFANSHSTEKRE, BETLEWE
FEXERAUEBRBENXEAAAsHRURBE, B
kiyw=hiy, ==k, Bk, TRAEL,(Hn=12,. )RR RRABIANIEL
FXMBEMEEIFETENEADETHAFRMNERBE.
ko (=1,2,...) MR I/ I 4T J AR BT , J P Sl S
BBENERESEE.

3. B HESSKEPSAASHERE.

B, MRGI)HEATREL, TR

Sm,l = kl,o + kl,lcm,l + kl,lcm,2 +eeet kl,ncm,n + gm,]

Swa=hog + Ky Gy Ry yCy +oH k0, + E,

G.7)
st = k:.o + k:.l cm‘l + kl,zcm.z teeet kr.n Cm‘n + Sm,'
S 8 S i G2 Crn
4S= sl:" 52:,2 B C, =ones(m1), C, = cf" cz:‘z 02:"" ,
Sm1 sm‘2 S cm.l cm,z Comn
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B THAENENE SR E R HRESARMERTAR

kl.l k2.l e ki.l
k k -k
c=[c, C,],K0=[kl’0 ko o k‘,o]’KF 12 22 Loy d(:[ii"],
: : .o .
kl.n kl‘n k
&, &2 T &,
&1 E1p &y _.
e=| 77 . V| B, RGDEERRRATRTRN
gm,l gm,2 gm,i
S=C-K+¢ (38)

R, sARERESER: c, e FYSUER, THESsERNITHE
A% C, A UIRIREIERE: CHRSUER N REREARN B RRER: K,
ABRESEM: K NVRBERERE, BTEFERATES, ABEREAE RS
RN B SHEMRSSHEFHIEABEMRSE, Hlt, K ATE; K
ARRGESEMENRBEERARNERRYER:  AEAKEER.

KRB ZREASFEX KNG )HATRE, THERARKEREK A

K=(C'c)'C’s 39)

RIE, BAREERZFHT, XERETSERINERIINLEESER
S ENBAE, BRARCI)HTRETE, BITREFEHFENRESTHTE
AL HREERC,,, -

Ciner =(Simpu = Cosna Ko ) K" (3.10)
#ep, C,,,, AE | HIFIERE, C,,, HTHESS,, NTHERS,

372 ETIERBBREINS UL EIRBEIE

XFHE CHse M CHs SBUAMBESSHT S, H5%, #H CHie CHi AN,
BATIRERE, EHlT 20 ATARENESSH. A5, XAARETREXH
HIJEFE SR A BAR 70 BN BT R AR . R4 X (3.8)FK (3.9 X KB
WEEBESATRER I L. BEIEERMIZREDE 3.14 Fir.
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E T NEME SR E R ERESERIBARTA

B TR 2 M AT ARAE . AR TIG 3 BRI AR Z « RTE REAN Tt 45
15 BAENIX = T8 T ISR B PN 18 b R P48 oF ELBUNBE R SR IR £
TCLR A [B] VA 7 1 R4 1] 22k R 42 I 4% J7 vk AR e o R P IR A P R B
8.

1. #HHRIRE (Root Mean Squared Error, RMSE)

WRGB.13)FTR, ¥HHREE RMSE R AKE RIBE S LRREERERN
TSR AR E R E R TAR.

RMSE=\/%i(c ,,,,,, /= Co)’ (3.13)
i=1

Ao, G MG, AR RIR T H AR E NSRRI A

LREREERTEMNES IR REERRAGE, WHIRIRES HEX,
BT HHRIRER R EERFBUR, FrLl, ARt R B RIRA RS T
A SCHR H B/ A R AR B A 25 TC S M B 3 05 VR A [ 2 BR B 42 Y 48 T VA TE
WEEMNRET, BEIHFTEFAD VRRERETRRAENE 3.5 Frix.

R 35 RERFRBMBHRRZLE

Table 3.5 RMSE of s-MLR model and RBFNN model.

MEFHITEWENNE UL R 5% B R R T

C>Hy CH, CyHa CHs
WgkE&E 0.35 ppm 0.09 ppm 1.03x10B ppm | 3.34x10"' ppm
Mt 0.78 ppm 0.91 ppm 64.43 ppm 22.03 ppm

M 3.5 TUE W, AR B/ MR SRS 1% R B3 757 2R
GHRETRAZRBAENE 2, BHTEYENEHFET, iR
W T2 1A 2 iR B R £ 7. X RBEURTE/ M A SR B IIREAL T, REERH
HEMKHATIUENER, SREAEBINERE, HREELEBEGFH
BB E SN ESBEZ A RERRR R . 430 B B IR 5 8
WA EERE T REAHFRASAKRESHFEESRBEZIRNXER,
HEA ISR E T ERFETENEREREENEITIRE.

2. T ERH (Coefficient of Determination, R?)
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FIE AEREBERBEREFEHRART R

RE R R? FRFAEAKE RIEE L TR IR (E 5P E R BT
KRF, REBREREEERMEN—MFN IR ESHES, RERBRIF
TWRERIRE 5EPREEREIFF M SSR 58F 5 SST Mk, =k
GI4FTR. THARE R RIBEE |, KERBERENLEESEEXNSE
RER MR HBE, RURESAMERE DR

i(cinver.i _‘E’:)z
R = SSR =i=‘———’—— (3.14)

SST i(creal,i - Crea/,i )2

1=]

He, C,, NERKRENTFIIME.

BT, RGIHFRAIRE RETE T R REA B T4 M Bl IS4 BT 1
B, TAEA THEMS SR, SR R AL SR vE R 55 F T3k
AL E SRR, A5 I RGBT SRX — i, SCERTOR
TGS RIER T & B TS R f e R M ST R 10 R R E R

R 12[(0 ) (Co _:7)]]2

3 (Coes o) 3(Cuns =€)

I=1

(3.15)

new

s = C, s =C,
s =Cor) 2o Cors = Crt)
Hef, C,., ARIEBIINKEHTIE.
Yo T2 SCHRE R/ AR SR SR Bl B 25 TR A [B1 VA 05 Y A48 1) 2 R B 2
&k, RARGI)TTEKRERBR 3.6 Fix.
36 BERBRIMMRE RPEE

Table 3.6 R? of s-MLR model and RBFNN model.

NS HIRWER B TR BT | 12 AR B M4 T

C:Hq CHq CoH4 CH4
JgkE 1.00 1.00 1.00 1.00
MR 1.00 1.00 0.10 0.98

MK 3.6 ATLAEE, 5RAZERFHEMEHEMAL, KX CRBIKE RIE
FHEEMBESBEHITRE REMERTEES .
3. Mnt#Rr{5 BN (Bayesian Information Criterion, BIC)
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BT AR ENE MR ERE R ESFRNBE AR

M (S BAEN BIC @SB EENNMNERENERER, U
B RIER B R SR . K(G.16)FT= A T 5 BN BIC ittEARK. I
(s SHEN BIC EBEZHURREFHNNMASEN RPN, LRE KRR
BRI R ET R, BEMERERE, BIC EMEX, EAKEERmNE
AEZE: YIRERFERENBASELRS, BUNEXABER S, BIC HHBX,
A5 BY B [B] R T 14 G b

BIC K ]n(N)+ N ]n[z(q WWWWW - Creal‘i )l /N) (3']6)

1=]

Heh, K RERMRAASEN, EET/ IR LEERENL T8 MR T
EF, MIASEANEESEE ERRNEREHENS FET, MASENEG
FEAFEESREMN newbRE T REEFNZE: N ARELYE.

St F 2 SCAR /N e AR BUIR 3R B ) % TR A B0 13 75 VA RO AR T 2 R A 2 R 4
Jik, KRARG.16)iHE K BIC HIE 3.7 Fix.

R37 RERFRIN BIC HILB

Table 3.7 BIC of s-MLR model and RBFNN model.

NEABHR RN L TR E AT | R ERBIE M

CyHg4 CH4 CaHy CHy
YIgkE -35.49 -88.95 -1.18x10% | -1.14x103
iRE 0.79 2.29 48.09 37.36

MR 3.7 WLty A SCHR R B RIR 7 vk N BIC (IZE (R T2 2 R 4L
AEMETER BIC H, RRLRREENERERLRREREMSEES
SCHR IR RIS TT AR LT 12 M R R B L P2 T i

3.8 EEE

AT BB LS AERRNERRS, RELRESBIRERNEEN,
& EH VTR JE A R R E B RUE, FHARYE & RIRE 75 04
AESR T AR BOEE ) BRRE o BRI T IR B FISE B AR U X F IR A X

NS AR AR, R T — R E T SR AE SRR EAIES
L RS E R IR RS, AT FREOL AR B KT, REEERES
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FIE ABREUREBRERRBRHBERTR

PRfs BB R TR R RERENREUAEIEE S . thsh, 3RH T KA
—ME T/ IMERRIEREN L UL BT 75 %, AT HEREFE R AR B AR S
5 BHF[EEHITX TR

FEERLGRUT:

(D) REAEUBEBENERBERD TETHETRAENERTRAE.
BT HATRERE S SERRMBHE SRR ATRE B SRHEE RIS
KB R RBHGERIL, HMERAEBRJAREBRMES, B, FFE
SIS T B0 4 BT R AR TR A X R b TR SR B SR E S R R RERY
gm. HRLERER:

a. AT RRKEHICE BRI S N 2 RIR RO B I R RS HR W,
ALEARBPRARRNEZAFBNRENRAEET

b. AT BEEH B IRENE S 0 B R SE ROt el S b5 AR ROR M,
AT LUK A e Bk e 1 DL TRR B AR AL AR 51 L IR

c. AT MHBERMEERSE NSRRI FE LS ABRBHEW,
AT LAZE A6 RS g i — A b URIB R T A, EF- BN, 5RERNE
FERRFEARALARZE 180° KRR S, LMRMEIERERAEERNSE RS HiRE.

d. AT BEEIEEM P BER SRR B K, AT LUK B B RO R 35 e A i 4T FR
RREE TE A P I — A E S HRAELR

e. ATREEBFSARBCBARIMNLIAAREFZERZXFIES, ALK
R AR B, B T/ME A BRI B 2 Te Lk [ 377 i 142 1 2 R e
KM%, RAFERINERE SHTLES, REABFEVSEERSENE
PR URIR B ) RIS .

(2) RARAZ4LLREMNERIERIEALE LB REHFHEE
JC, BRT —METHIRFEFHEAREERE AL RS, U N RERES
%, CHAEANER R, X HRBESERNMRHET TIFE. EREMN, ELH
Bt XAENRFEHBEALERNE, —FEREJ0)T, HELIESIKE
R BARAR IR 2519 0.69 ppm H1 0.65 ppm, WEAELREHIR TR ERHA
B AEEHFIRAR, HABERE L BERSNREVSEMEHRFERTRE.
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BT AN EME MR BOLE RE R E RS AR R

FEMEFE T 4A 400 Hz HIMERINE S, RARSGRFEGHEARALENE, —BE
Betb(16) T, JEm HIE 4 RER F R KA MR 4 7% 8.82 ppm 1 6.14 ppm, Ut
AR R BN oh, R E I RIE AR T LR B B i S A B HRES
REIIEE 20 1.4 £

(3) RAAFEHGERNES L3Ry E REERLER, BT
BT g mamlE AR B il S A RS . DN ABRSE, CH SR
MR %, SHHRESERMRET THRE. ERRI, T RIAEH I ER
B RARSUE B 4, KA E3h e B AR # e B E R Ll |kt
BRBORESERERMEEN AL TETHIEFEH NS LSS ERE,
ETFEREEHBEARKELE LB EBRBRREERINEE NIRRT TS 34
f&. |

() ATHEEESHPESERPWIXTFRIAR, &8 BiFREREN
REHRRE, BT —MET/IEARIERINN L L& R RS E, RXeE
WA AR RERINEEESHTRIE, FE5RMERBHEMEFEHRITT
b, REM, XFH CHs CHa RN, ARBIBEASE, AGRBHET /N
P A S0 IR Y 2 Jo 4t B R RY IR A3 3R CoHe A CHs IR EERIAEXTHR 2
BT 5%, TiRAZRERHE SRR REBZH CoHe M CH AERE
RIARRTRZ 2 59 10.89%M 17.99%. A5, KA THARRE. RERHMN
H7(E BN = T0E H THE R M e R A SR R B T/
BUHE IR BN 10 2 JT LR M B VA J7 iR AR (6] 2R SR S N 48 D7 VR R B T L TR SRR HE
MR R 2 SRR, TR RRENE X EECRKRE REMETER,
ET/IMERBIEIRSN L T R AT BN TR ER B E ML T7 .
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AR ETHERERMBAWER TREHMKERERR

4N ETRFEERENERNER TR AL R

HETFHEBENEINRE. SRR FEERBRSHEEMMtBREAT,
R AR ARFMEN R 2R ERZ B 7T A2 REN, £33 2 THRIES
PRRC I 48 B 7 i AR R 42 BT OB A0, X T U Fh S AR g R IS
SAEMRAMFARERNG ERENES FERAGNARERHHE, £
RMTURNAFE BN ZFEUERA LiNiisCoisMns01, FiRAH
2, BB 1| MLIPF+EC/DMC=1:1 v:v BRI M) = J4R B8 F s i OB 3T R,
RASHGE-RERARANAERRZHRNF SAER TR, K
SEHOE A T 15 5L W PR E S DA e 3 2 P i 7 R, AT R L 3&E 249
HETRESGRMNES FRBARBEREHMEBHE. K5, NARETEFE
BEAMFNEGEONZEER N R, RAXBFLERESEAREEET %
HETFERAREEATE &, XA TR R A E 7 A E i3t
R, WMARETETFENE QM EMEET 7 LRIAE ST 5IRIT .

4.1 HIERAMRREETFRIBAKE
411 BEFHMAKIEERSMN

RERERIEEETHMZINMER . BERMAERSHREEREMESE,
TG it PR AR AR A R AR WHREREHkE, SHHbNERIE
WRIT IR (8] P R A — R S BURE SR S, AT 51 s iR E M AR SR BRI &,
HER E M. B EZRENASERRT S, wE 4] iR hEE TR
mERREREIREREE. A RER TRIBAKENEEHEE RS, YUK
WHREESN DRSS R R GRERE . REMEH. BEARERIERS
A S S HERT AR SRR L T i SRR AN IR AT R (70400, Hhl
FA R #5 (R 41 50 R R B A R R 7= S B it R A R A+

ERERERERET, ERTHMAKRERRKER AKX RNE 42 Fin. 3
EETRBRENHERME, BFEXERRGEEBAFE, BT RER
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F4E ETHAAERUBANEETRRAKIERERR

&x
i ERZS SOC
REERTIE) / min AL FR
5% 50% 90% 100%

1.825 COs ° . . .
2.231 C>Hqy ) ) . .
3.745 CH» . .
4.680 C3Hs .
12.507 C3H¢ . .
24.834 1-C4Hs ] . )
25.183 1,3-CsH4 .
25.647 1,3-C4He . .
25.787 (E)-2-C4Hs . .
25.884 g-C:Hs . .
26.209 CsHiz .
27.089 1-C4H, .
28.280 1-CsHio . .
28.932 2-CsHio .
29.148 g-CsHo °
29.930 r-1,3-CsHg .
30.255 cis-1,3-CsHs .
31.365 1-C¢Hiz ) .
35.397 CsHe ° . °
36.081 C2H402 . . .
36.644 1-CsH)4 .
38.681 CoHeO . . . .

MR 4.1 FRUEL, MEEEFHEBTERESNEM, B THEBATRE
BB R AGRER K, ARG SBRHEE S MENSE. Bk,
FERIRE N 5% SOC, 50% SOC, 90% SOC 1 100% SOC Bk 4 5=
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ETRERENESRBOGERE R BEERMBE AT A

ET 6. 10 15 25 Fsk, Heh, XM#EFEREEEFRBIIFET CO,
CHs, C2Hs, COy, CoHa F1 C.HsO. i GC-MS R SIM AR 3T 100% SOC 425 F 5
R RIFFERIX 6 MABHTEEM T, &R CO, CHs, CoHs, COz, CoHs Al
CaHeO HIHEE 43 514 174.7 ppm, 192.5 ppm, 352.5 ppm, 81598.9 ppm, 2816.6 ppm
1 423 ppm.

MK 4.1 ATH0, BB F PR BRI AR EEE COxs CHy) CHiO;
M CoHeO. X EFAERKEIRES, EE T Bt BAR P rREAT, 8
FE R AR — R ER(Dimethyl Cabonate, f&i FX DMC)FI5XER Z /%86 (Ethylene Carbonate,
fEiFR EC), HSFBMEETFRET —RIIEER SR, & 4.7 71 4.8 B
743519 DMC R EC fE iR T 5B AV B 7 R A R SR R R B34 i,
DMC R4 T KER CH*. CH;0CO*H HEFUK CHs 54k, T EC NE
JRF=4 T KER CoHy S J4h, BT CH RAEME R NA R CH* M CHS,
FHEBIS SRR T R BREFMEES, R, BT RFERENEST
B R KRR RPBBAE, RUBERS TRANEYEBERNAEES S
Frmsgae, B, FAENBRYRMED TR ERSHEEFEILE,

e j\t p CH,0" Li* + Ot f

0 \N/"*
e, Li"’p o

(@) HABMREBERN 1

c ﬁ CH CH ﬂ
an/\ X — \ao/\O' Li* + CHY
F
e Lit

() BRI R 2

CH i CH
¥ /\o% e Li,CO5 + CH,t

“e Li}‘e"‘ L

(© MBFFFEEEE R
E 4.7 EBRTFab#HRENN, DMC RENFBEEHRMN

Figure 4.7 Nucleophilic attack processes of DMC.
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F4E ETAARERABARNERFRBAKIEHERR

Acv R

e, Li* x2 Li-0_ 0, f
QR =N == h/ MG Vo- Lir* CHat

(a) HREERERE RN

~ L
M R &L 14,00,+ C,H,
(b) NEHFREBEGRN
48 EXTEMALENNE, EC REMNFEIH RN

Figure 4.8 Nucleophilic attack processes of EC.

B4k, BERMR CoHa02 M2 B DMC & FEiS =4 1) CH;0CO*H HE
HRERERRFHK, BRRIFEMNE 4.9 Fir. 28T, BEMBE C:HO N
B DMC 55 DMC &8 R BiF= £ R RARBHA K CH:OERA R &R BRI EH R
TR, I 4.10 PR AE R CoHeO HIRRIEEAZ .

cH, R A
Q/'+H'—->CH\3/R
o o

H49 ENMTHRMBMEEREPEE, CH.O:NERKBE

Figure 4.9 Evolution of C;H40:.

o]

H CH,0* CH CH, CH
C\’J\é?"’ _— \’A e N
(o) JO [s) 0 Li (o
e, Li

B 410 SERTFRBMREPE, C:HO KERBER

Figure 4.10 Evolution of CH;0CH3.

422 EETFRBAEBRNAIETS GC-MS 517
LEEFEBEZHA MG, AR EA S, LR R R R R,
BB KBRS A, AT, XRIEE LRARTFEERA G5 RIEIR
RIFESAT B, AFUEXRAKAMN=cEE FHEBENNHK IM
LiPF¢+EC/DMC = I:1 viv EEBBABT AN R, RARYBRMILFEHAWE 4.11
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F4E ETRARERMBROER FRBAREAERR

R42 TRARLSREET, BRBEASMTACEESTER
Table 4.2 Qualitative analysis results of gas production from electrolyte thermal

decomposition under different thermal decomposition temperatures

RARBRE /°C
{REEBTE] / min K
155 195 230
1.174 Co . . .
1.214 CH,4 . .
1.771 CaHg ° .
1.792 CO, . . .
2.229 CaH, ° . .
4.891 CoHsF .
5.882 CHsF . .
12.611 CsHe i
22.667 CoH4F2 .
24.221 CoHsF . o .
25.558 trans-C4Hs . °
26.041 cis-C4Hs .
28.031 C:H4O . .
28.748 CsHsF °
28.887 cis-2-CsHio °
28.973 trans-2-CsHjo .
35.627 C:HeO . . .
37.533 C;H/0; . .

MFE 42 ATUEE, BRRASBEE=ET CO:. CO. BESHK. HR
2. CHi0: M CHe0. K, CO RMAEMERRNBREIERA =%, X—, HH
R FLEFIE R RBP4 B9 ROC(=0)O'Li*Fl ROC(=0)- &5 fi%t (H &, R=CHje
B CoHs), #—HAMERT CO; M ROLIBI22), H =, LiPFe v ERZ 41
PFs 5K FRMN4ER OPFs, #—, OPF: ERER T 5 BMAMBEE FIBERE LR
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ETRARENESIRYOEE RERE SRR BEARFR

MR, ERBEEILA COMM, H=, UMM REERTEREENENSTF
B G # o RIRER, i1 DMC F1EC 98 S IR FE 2 B4 147 °C #1263 °C,

87 4 KB CO; P50, 4 CO2 B FUR RIFRE I 4.17 BT
ot f

A
—=- CH,0Li + CO.
\o/\o_ u‘ CH,OLi + CO, 1

(a) CH;OC(=0)O-Li*#sMEF=4 CO,

Ra
N No- Lir — C:HiOLi+CO, 1

(b) CHsOC(=0)OLi# 4 CO,

C'QO/& A, CH;* +co,t

(¢) CH;0C(=0)H mE#4 MW= CO,
/\Oji . —A~ C,He + CO,t
(d) CHs0C(=0)-H EHRS M4 CO,

X
A d
LIPFg === LiF + PF; r———‘*OPFzOCFO)OCszF +co, 1
| He0
2HF + OPF,

OPF,0C(=0)OCH,+ CH,F t
A
c"éo o9“= La, OPF,0CH.+C0, 1

(¢) LiPF#MRATER OPF; BRKE N4 CO,
c
Y ST

o)
() HEARRH DMC #MEE CO,

f
o o A 0 tcort
\__/ A 2
(e HEMBF EC M4 CO,
417 CO MBMERRNEE
Figure 4.17 Formations of CO;.

W 4.18 s CO FERFETFARMEEIE, 257 CH;0CO-H mE# 4y
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F4E BETHERERUREARMES T RBMBRETRER T

AR CO, 5 EMER FZIMACE RN, R, EMEEET, RHE
Arrhenius FHEHE, B 4.17(c)R R4 CO, KRR FEHomzm TR 4.18 ()R KL
PP CO MEREY, URMEEN 300 °C B, B 4.17()MIRIEREHLAN
3.93x106cm® mol' 5!, T 4.18 () R BEEFEHANA 1.36 cm® mol ! 511931, &5
4.18 ()%, B 4.18 (b))t CO» HEFE TZIA=4E CO Mk R R BE R R
€. B, 7EERBEASFLREPRRE CO BEREL Co, B RE.

c .
H\’(}/ﬂ' A CH0"+CO 1

(a) CH;0CO-H ¥4 CO
2C0O, + 2Li* + 2e" — Li,CO, + CO
®b) CO, 5EWMMERTERRIL =4 CO
B 418 CO“ERERRIEER

Figure 4.18 Formation pathways of CO.

EL AR G R A R RSB E ERIE T B RRVA 77 DMC M EC ERIR T
S5iENEEFRENERRE, REGESINE 4.7 FE 4.8 FrRpE S FH
AR FE A A) BB WUV R A SR RS R — 3. Wil T, Besnoss
BB R N B e 2 S 4 F 2 A8, MTMF=4£E T KER CHse
B, EREEERLN 33108 emd mol! s, T CHye 5 HEERE T
NEGRERERE, FR CH»f CH-HBE, Ei5EahENKEEHE
BN S MNTIER T ftie. mRfgue. 5oh, BE A hES LiPF a9 B
M EBEL S, BREARRESE,

Ak, 3TF CHO MRS, CoHeO T EEid LiPFe MR 1L BLAEWR, £
REBBEAVBNSTESRTRERNPEEMTAERR DR CH:OERARER
BERRMEEE, 4.0 B, 1 CaHeO:2 MR B CH;0CO-H B3R AEME R
REF ™), i 4.9 B .

RIER 4.2 5, BERSBBENTR, BARAMEIREFSBRBUEE
ZHRAMS . BRI, BAERERSRBER 155°C B, P47 CO. COa
CaHav CoHsF 1 CoHeOo AT, TERMRRIRE DY 230 °C B, i@id GC-MS 7E iR
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F4E ETAFAERIBZANER FRBARBHERR

Rt BT SR P Y R AR AR 2 AR RV R, AR ISR U E B AR A I FE AL B,
LR AFER AR ERTREE FRBRKEZE RHTERN, ARIEMRER
AR AR 7 4 B T R AT LU R B SR A IR AE

R 43 ENTFRMARETA S ARBR WA B L
Table 4.3 Comparison between the thermal runaway gas production of lithium ion

batteries and the gas production of electrolyte thermal decompeosition.

QLY ES NCM it 278 LCO eith b Lio4 FELAR ©
Co . ) .
CH4 . ° .
C:Hs . . .
CO, . ° °
C,H4 ° ° °
CsH¢ ° . .

trans-C4Hs ® ° .

cis-CsHs . . .

cis-2-CsHio ] .
trans-2-CsHjo o .
Ce¢Hs ] °
C2HeO . .
C,H4O, ) .

*NCM Hit: EHA LiNiisCoisMnis0;, RIRARR, SEFEN 2400 mAh, HKiE
R G R, BEERETARE 4.2 8,

*LCO Bith: IEHH LiCoOr, HifRARE, FESFEN 2200mAh, HKiFhTTMEA
bk, BEERIRT LM,

¢ AL KA IM LiPF+EC/DMC=1:1 v:v BB iR

43 ERTREAKTHESEFZRERAKEAEFERIL
B 4.20 B A 50% SOC 75% SOC 1 100% SOC 48 B F e b #h R iR &
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% GCMS-QP2010 SE I TR R EBEREEH FIEM (SIM) #EX . RJE,
KRR 4.4 FROSER AR EE FRBARITHRARXENSESES S
IR HIT R BT

4.4 Stk RS ORA B

Table 4.4 Mass-to-charge ratio of fragments used in gas quantitative analysis.

HRER I ESHEFY CO CO: CHi CHy CHs CiHs CiHg CHeO CrH(O:

R (m/z) 12 16 16 26 27 41 29 45 32
T AR 43 B4 50% SOC. 75% SOC 1 100% SOC K42 B -F B E #v ki
SR FTBER M EEEHRRRREESHBLER45. R 4.6 R 4.7+,
R R 18] R SR SRR SRR B 22 5 n #vke T 2 FHIBL A 20 2 18] B e ) ) R

45 50%SOC EMT L LFE I AR M R B ) 9 P 20 H7
Table 4.5 Gas production analysis of 56% SOC lithium ion batteries during thermal

runaway triggered by thermal abuse.

BHIE /min  SERSRERE

6 (#1) CO> [23.6 ppm]°

12(#2)  CO:[39.1 ppm]

18 (#3) CO: [47.3 ppm]

24 (#4) CO: [58.6 ppm]. C2H4 [2.2 ppm]

32(#5)  CO,[704 ppm]. C:Hi [2.5 ppm). CO [10.8 ppm]. CHa [14.1 ppm]

CO:2[79.7 ppm]. CaH4 [3.0 ppm]+ CO [33.1 ppm]. CHs [34.3 ppm]. CiHg¢-

38 (#6)
CsHs. 2-CH;-1-C3Hs
CO,[262.2 ppm]. C:H4 [4.5 ppm]. CO [101.6 ppm]. CH, [40.8 ppm]. C:Hs
41 (#7)
[3.3 ppm). CsHe¢. C3Hg. C4H¢ C4Hss 2-CH3-1-C3Hs. CsHjov CsHias
{#R1T)

CéHg CsHiav C2HsO. C2H4O

s BETFEBAKEIREFEENSERERIKE, tbin, REP CO: [23.6 ppm]R
REAFFEE CO HIKRE D 23.6 ppm;
bR CO MK MBERESE.
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R 4.6 75% SOC EHT HMERB MR RRERI RN

Table 4.6 Gas production analysis of 75% SOC lithium ion batteries during thermal

runaway triggered by thermal abuse.

BEE /min - SRR RHEIRE
6 (#1) CO» [36.5 ppm]
12 (#2) CO; [42.3 ppm]
18 (#3) CO; [49.8 ppm]
24 (#4) CO, [67.5 ppm]. C;H4 [2.5 ppm]
CO, [125.6 ppm]. C:H4 [3.6 ppm]. CO [13.1 ppm]}. CH4[25.3 ppm].
32 (#5)
2-CHs-1-C3Hs
CO2 [641.6 ppm]. C;H4 [6.0 ppm]. CO [64.6 ppm]. CH, [42.1 ppm]. C3Hs.
38 (#6)
2-CHs-1-C3H;s
CO2 [1324.5 ppm]. C:H4 [14.5 ppm]. CO [222.5 ppm]. CH4[92.3 ppm].
41 (#7)
CyHe [14.5 ppm]. C3Hsv CsHg. C4Hes C4Hgs CsHiov 2-CH3-1-C3Hs.
B—IK™=R)
CsHion Ce¢Hsy C:HsO. CHiO
CO2[3167.4 ppm]. C;H,4 [2035.8 ppm]. CO [7961.2 ppm].
44 (#8) CH, [4235.7 ppm]s C3He [730.7 ppm]. C2H» [279.1 ppm]. C3Hs. C3Hs-.
{#K#F}  CiHs. CiHgv CiHss CiHiow 2-CHs-1-CiHs. CsHs. 2-CHs-1,3-CsHs. CsHion

2-CH3-1-C4H7+ CsHipv CeHen CeHizn CaHeO. CHsO

R 47 100%SOC EHT HME B MR BRI E NS4

Table 4.7 Gas production analysis of 100% SOC lithium ion batteries during thermal

runaway triggered by thermal abuse.

BHE] /min  SERGRERE
6(#1)  CO,[64.9 ppm]
12(#2) €O, [70.2 ppm]
18(#3)  CO,[75.8 ppm]. C;Ha [3.0 ppm]
24 (#4)  CO:[89.3 ppm]. C;Hs [4.2 ppm]. CO [20.5 ppm]. CHa[11.3 ppm]
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gx

AfiE) /min  SERSRIIRE

CO2[345.3 ppm]). C:H4[5.7 ppm]. CO [36.1 ppm]. CHs [24.3 ppm]. CsHas.
32 (#5) CsHg. CiHgs C4Hgv C4Hs 2-CHs-1-C3Hs. CsHjov 2-CHs-1-CsHz. CeHgn

CsHi2v C:HeO+ CH4O

C0,[2667.2 ppm]. CoHs [8.9 ppm]. CO [297.3 ppm]. CHi [39.4 ppm].
38 (#6)
C>Hg [12.2 ppm]. C;H2[796.8 ppm]. CsHs. C3He. C3Hs. CsHe. C4Hs. 2-
BE—K"=R)
CH3-1-CiHs. CsHjyov 2-CHs-1-C4Hs. CsHiaw CéHss CéHizw C2HsO. C:H4O

CO; [87827.6 ppm]. C:Hy [3114.1 ppm]. CO [23600.7 ppm].
49#7)  CHi[9143.6 ppm]. C:Hs [476.2 ppm]. C:Hz [1967.8 ppm]. CsHs. CsHe.
(KT} CsHs. C4Hs. C4Hs. CsHjyo. 2-CHs3-1-C3Hs. CsHs. 2-CH3-1,3-C4Hs. CsHjo.

2-CH3-1-C4Hs. CsHpz. CéHs. CsHia. C2HeO. C2H4O

G5B 420, K45, R46MRATHNTH, BEEARBNRE, BEF
R RE AN RES, ERREREBRE, FERNSERHER
Z ABETHRIERER —K=RRRZA, RZAF=ENSERS EEHN CO2
C:Hsw CO. CH4» EH, BEFHERSAERS A CO M CoHee AT, BATHEE
FHMLTEAPEIRSFEKREN COx <F, MEHKREATLHIFEHNEIL
M= E%ks), Bt ATBAESF CO MITMERMLIZEPTERR, X
EFET CHa CH M CO fENEE TR AR IZ R IITERE S . AT BRH
REREFERR. FR, REATEXR, RIBXERFESIEEE S F BB
RiE R PN BT UL RIREKFE, B —FLL CoHs — R TEHFE,
CH: fl CO A HEREMEE FRLMKEEATENH. K5, NTHRE
BAETREARBAETSRBERRE - RKARBEFESARZ R LATE
WARL, MAERHESATES — KRR SH LMK E KT, ¥ CHiw CHs H
CO F#ES AW RNIK B BME 23 B B 59 2 ppm. 10 ppm 1 10 ppm.

44 ETABPAESEEMNNEEFREAETEFSEESMK
441 FEEFHBAKITEVRNEFERE
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F4E ETABRERAUIRNEEFRBHRERERR

0.1%, BHLEENEIED R ERSHES LRI B SR L.

4240y AT I7 R SSIF B ML S D 2 L aIEH], FEHHER
F¥iraEs PID 8%, W3)EASRM CMOS BHLIESNSE . IR3HES HE R
S ENIRFF, LA DSP K i BBk 51 B 30 4 i AR B LR SIRS /e, B
HENAEEERAERR & ENZELREE.

3) AR E#HOER

I BEORSCK A & O LAV SE B E S AR RSB H T EE, Kl
BT SR RIE.

4) BIFEHHR

REERERE MR F—55 00 ERIR A RBRER, AT H#S
BORAEH 220V KT R, FRUAREXTHBHTBR. HBE. RELE, BHEHRN
WERRHTEN 12V ERE. t5h, B THEPEEMSGESAEERE, UE
KGR, FRERZMEPENFLHHE BN BT RE, HEPMRHE
BREBERSBEER: E_H2ARESBREE, B XBEREERENS
K AD-DC BHRMA R BEN 12V EH S AR EA BB E, n+12V. 9V,
6V. 5V. 33V, AENESEERBFPEMBBTFRMFER.

442 LEETFHOAKIZEHFARTATIERRE

A 425 FITAEETRBRAREEHTEFEWTHERER. FiaiEn
B, BEER b, AERESBERBEFNETEREER, BUAETETERR
SRR EFETIE. G BRI, S il Sk, mRA R, L.
BEEURGSRERBRGEEBHINXA, LUBERRARE, AREHE
FEBIANREEORRBEENRERAERE, #REFAIEEE.

FNERIER, BEANZEROERREERBEMNEN BIHRSE. X5
HESFERBEEE FRLARZEEHTEFEPNAR, EENE—RTE
FFES/E CoHey RRIE —RHFERESE CH A CO.

REFIREBHFIEE CoHe BHLIRSHIE R BB IRRN 5 3 B HLIS BT
BIEREZESN BRI EEXS: BEXASAFRE WS, Bk
R HL IR B B B L% 1 T 28 LME B ARR B Bl , X ETRER e Y HRGHAT VR
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LiNi1sCo1sMn 1502, Stk AF SR, EBMERA 1 M LiIPF+EC/DMC=1:1 v:v B
M=TEBEFRENANR, RASHEE-RIEKARARANEHRE=ST
AMBEERASBEEET T FANTREER . A, X abikE
HRRENFSAZFTESAGIN, BETESTFRBRRZEEHTEHIE.
B, MAKETRETFEREFNENEFLSHNERIERE R, RAXBAER
EAGEBRRERT —METAFAESARUNEE FRbRRZEEHE
F&, HFXATRAFRERENES T RRERMRAN R, MARETEFESHE
YR AT AT T LR RIE

FEXELRNT:

(1) LEBEFRMESEArEN, ABBEASE, FBREXESHE,
EXEERET BB RS KRB R . B 5T i R I SR B F b B
REBBMBRAEIERETHBEBRTHRREANERETSHENERT
KEBFIZBE KB CoHeO Sk X BRI T HEERVAT 5 HiE R R B B
BRABFN CH:ORAREBBRI: CORMEEERFET AR T IRERERE
FUE JR R R A BB CH;0CO-H R B RAMER L T COx SRR AERUR B B8 2
FEFE=%, H— BRBEPHEEREENERERRE™%ET ROCEO)OLI*HM
ROC(=O)H 1% (}7, R=CH3BX C:Hs*) BIRSHERFL, H =, LiPFs i if
PR PFs 5K FREE R OPFs, #—3F, OPF: ZESiR T 5 BAFRA LA
REBBRRE, K=, BBREENZHRRESBRN.

(2) BEFRBARBEIEPSUAFRKESAR. EF—KESH, B
BHSER/D, BEREMEERE TR, XEENBEEASESEBS FBR S
WEERK. EREZKSEH, BHRSERK, EARTEERA, FHFONRBEL
BkiG, EREEREETEE. AT REEE FRERES —RAKBFERT
ARSI R, RIEE BT e b PRI A 1A OV B A R R S AR, BT
TUL CoHay CHa F1 CO J4RAES1E, WK EBIE S 5179 2 ppm. 10 ppm F1 10
ppm HIAE B F b Ak 5 AT HI4E .

(3) X F 7 BRE A 50%F0 100%H)E 7, RAZETEEES i
MER HEBFRLRARZEHTE T & HHITEREER, &R Pk
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BT GEMEIMRUOLIE RE AR E SRR AR R

FUERT 1A 535009 7.3 S8R0 115 04t S5RRY, ACRHMETHFE LA
BB RRE R ATE T REFRIEERRIBRRE 7 HERELRERT
R A RETE. 53R Sn0y 24 FAESEARBEML, RET 2
STEER. RN, HCERE B RIRBOAREN E AR AR E 12 B T it B RIS T
ERERE TA 2 2%, AEETRMAGHEGRERSNAZ N ABERE T
ERESE, R T EEETRBBKIZTERMA R B ENEFHREK.
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F5& ETESBUESIMRBOLEER SO LB EMBERT R

F5E ETESBRNMRYOERER SO STRMERR

SO SRR SFe AL TT 8 & K A d R B R B — M 2B 48 23, T B SFs
SR RES P SO SRR R, B8 /IR & WAL L LTE FEk ™ E (538.105),
# SFe U EZITF R R E D, MRUBLEN ROBTE SO UNBEREESR
FE%), 1. SFs SEELN R ERBR &R R EX B 2. BHRE
FHERERAGERIREREBAGR R EBF BABEKME: 3. BHR
FERBAMHEMT RIS S RETRIER SFs B LEZ N RREMIBRR; 4.
b 5 28 a0 3 B IUR RE E B 1B KIE M SFs LALLM R R E RS R L. Ft,
ATV SFe SUAEZBARZH LIRS, HXLL SO AR
¥, BEBRK M2 HZ(CIGRE, International Conference on Large High Voltage
Electric System, Conference International des Grands Reseaux Electriques)f1E K B
W~ B ENAMBR T — RINERAIRAE, = SFs SUELLEIF RITEZ P SO K
BB 0.5 ppm B, FTHIBEAHE A WM AR E AL R SS 50U JUSE i #8
ARN0I8), i B SFs BT R RENRIEABRK, BEHSE 10 F—1MA
3, B, 7EXTEBTHMEENS2HR, NERRERBRNEEHHEIREE
REART, RECRBOKPELRLMEE S, LB GEERERBTMIGMNEBES
RENETNRBRE . AT EHWX— BIR, FXNEIMRBOLE S ER MR
MITEREURXBERITER, SE8ERIEERBIRESERNEE
BMREE. FRASGKMEARAE, 0K 285 nm K54 LED SR,
K5 o MM TR ESMT R e Z IR E R EFH IS BUESMRBOEE SO, [k
2% AU, KR SO./SFe IRMER B A X3 1% B35 KR B KM EE F1 31T 45
E. RS, SXRABTFRERBOLSBMERAEME[IEEN QCL BOLEHE HiES
L RBRHAT T AR T

51 SO SFBIESMRUILEIFE S
511 FESBEMNRUCEERRHEXRIL
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ETRBENERESMRUOCE REMREUSRMERTA

FER D A U AR T B A AR L SR AT IR, BT R AR R
HOMNE A E B BE B ROL G S LA R R IR E S 5 . Bk, ERAE
SARU I R A AT IR E SRR, @ERREDERTA

24.4x10° (U,
C =227 In| =2 3
*  o(4)LN, n[u‘j 3

Hob, u, MU, 4 BIFR AR ST 5 o A IS0t s RN,
F, SR RFN f=In(U,/U,) .

BEAh, REBA- /R, R, AT T LR
Gt B INEETAE T, E, WFEnRAAS AR SE, KR
HBE S SRKIEZ WX RATRT

» i(cgm.i'a—i(l))'L'NA
Pra =§ﬂ, =" 22.4%x10°

(54)

Hh, g RREEATEHRAE, §(i=12,...n) BREESABE M
SRR, C,. BTRASHTE AN TEIKE, o () BREKAT
BA R 4SRRI

REIWERRRTETH

ﬁl(l 61(21) O-l('qi) a'l(;“m)

)
ﬂ: (l) _ L[CM‘.I Cgm.z Cgm‘"] 62 (A‘l) U: (22) . 03 (:/?.m) (55)

ﬂn (l) 0'" (21) o-n (}‘2) 0.n(/lm)
Fik, ABEWHERESUVET FA S EREIRES B T RRIET,
BRI (5.5 IR B B H A AR .

513 SO SEREIMRBEIE S

1. AR AMRIE B S

SO, R —FhEE MM B 1Y, LK) BRI MRS FE, 25°CHEES
ST EERBLAN 1.15x10° mYs. W08 5.3 FiRJs@id HITRAN $UE (G E
TEABRN SO BRIEAMRIEIEE. NEFATLLEH, SO, KK 160 nm ~
400 nm BB F B =R, K, SO, X E—RICH L ERIGEE &
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F£58 ETHEIBESMRBOEEER SO SBEMBEARTR

52 FESEEMNREAE SO, SiktERBRIFRIFEN R

e 5 BUE SMRBOE R B S A 2R R — R T S 5 SMIR SR 12 A A
BR, HTERER: RAMER H IR IMEH AT — R B A3 < Rl
25, SRBIRERELREZRESRETL, FILKE KSR REN
B R NS AERRE.

SANRIOE R E SRS R E B RIRE. SRR RS
BFEM. B, AREBIRESERINE IR T EIMEIERE S EE SN
AERIRBOE I TR R U2,

KB RUFELIMEH AT EANMIERAR ENE, FEQRELIE
WA, K5 LED RFEREIMNG . BB TEINEABRANERRE, BT
HE L EERNEIBERFRMERLD, BMERIRE.

RAREARNTHERRRHERR. N REHHERALSEREE. H%
ERBRM. FRAERNBAREE, HEBMAITLE, AREARIESHE
BERBAREZH, MESKIZEMERS, BOMRSREFEER, NRSIE
SEAOEE. B FRAMNEAREABIEGRERIT. RERIT. BEFRT
B TR ST, FEX AR, R TAR ST AR F el ik
80000 /et EL7ESF fr ¥ BB A e B AT LA RBE N, Rk, AT bl —FhEEEE XS SFs
TR & SO, SARHATKHIEL HHE BRI <A 88, £ 3CRA T M TiRE
SMTIE R SRR IE S 4% R 3B B BURNR -

WA 5.5 FRARETARESMT SR, M TRESMT RE T AR R
B, XAEENENEREERSERES, EREENHNEERENESE.
ERIUYMMBEZERF, BREVERBTHRES, FREBTHR. LEHHE
RRENZBERE, FE—NXEHET, HBNH—EEFiZTRHIHN
Mg, ERNAHHERT, RETHNNETFINE, ESEREBERSE, ¥#
ESBEFERRAR, @i IE B FOREER, —H5BFERRKIIIEE
RE, LITHBFRAESH, HBHRNEIIMEL. SMERIT. PERS
ZRAFIERBETRNR, METREIMTRE BIRIT L, R KEERAEH
REBITEH, ARRTP TREBTHER YRR, RN BT SAEHK,
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R51 EIDLREBSHLE

Table 5.1 Comparison of performance parameters of ultraviolet sources.

E VIR oH s TR
SHIRIR REFRIT | FEFRIT AT 24 LED
2% HHMT
10000 /> 8000 ~ 2000~ | >80000 /s | 2000~ 10000 />
B 10000 /MEE | 5000 /N 22 5000 /N | BFEA
FeEFER A Eayal | 100 /MRS | 100 /e | FAaVEE | 100 /e | HaviaE
wmeHe H TR WARR | REERE | BAER | AR | BXRER | HEZER
WA | 80%~85% | % 90% B 2B Z 90% o] 2B
R EN 32 — i — R ¥ — R I
WA RE 1 % & 1i& =
& =) b & s & 9 >
5 S0, SR IMRIEE
R = = p/ad I 1REF
JUNE

* LIEH MR RET SRS BTS2,
RIS B BEFGULS SO AR KSR KR IERE, ASCEA
BAA 8 WA R TR S AT 1B R INR A BB IR, B T — R K A
12 B SN UOEIE SO A% RS -

53 IESBESMRBLIBRESHERB[ERZSMIK
53.1 fERRARER

i 5.7 R AT ESNRBOCE R AR RIRE SO AL RS R EE. Tk
WPNBSRA ARG, MET RIMDCREN SRR 5 IR Wit i R AIE TE 5
RIEH . FIOCIRA TR —, Se e o T Robet s 5 —m, w3t
ZORESOCIR 5 R KOG X R AT I . i TREPRA T Rl
FIOCUE, Bk, AT BRI ARSI E R T, RGN
AR EE R T SO ARIRYIGIE BT 388 A » BE R YRR X A X L SE SRR A9
JerA IS B ERARAE S LR AR A TSR A ot N SRR AR T
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B3E ETIESBESMRUOEEER SO KM AT R

B 5 SO, SEHIKE BA RIFIIAR MR R 2 TR TR ST FEE T 44 LED
YEVR B HE 53 BUE SR U e 1l S R R BT SO S KA W R B 43 B A
3.4447x10* / ppm 1 4.1220x10* / ppm. MSb, RIEA(Q2.13) R BIE R 2B R AR
MR ER, THE, —EFERET, EFMBEETREIMNTFET 5 LED i
R 2 B SRR S S B 88 5T SFe ' SO SRR BRARAR PR 53514 1.31
ppm (16)#0 1.41 ppm (16).

533 FRERRERRVR

X TIREAREH SO/SFs KRS K, MIFIE R SMRBOCE AL S
EEFRROCEE, FRAE 511 FRieRSLMEmMIRESE R, Bk
518 2] SOu/SFRE Y SO AR ELE.

AT RAEIE R SMR IO SO, S A& BB IR B RIEAE B B, SRATA
WRIZ 1 SO2/SFs BB TEMEAMRXT R, MASHEEMPFAE LI NERIIES
BUESMRIOEIE SO, SRS RBEEITRAEN K, HFAMBNELE S0 K
HIRE 2 MF SR RRITIRE IR, SRINE 5.2 Fiw.

£52 RERWXXHRIELER

Table 5.2 Cross validation results.

BT MBEMRESMT BB | BT %4 LED B3ES BUE SR IO
SO, RE £ RS A A% R 2R WA R
Fr{E / ppm REEE /| BXEE REE | HXRE
BAE WL B
ppm /% / ppm /%
149.0 0.036259744 | 153.25 2.85 0.033625938 151.69 1.80
111.8 0.021218357 | 109.58 1.98 0.015846447 108.56 2.90
759 0.009962046 76.90 1.32 0.003260370 78.02 2.79

ME 52 ATULE, AEREIMENRKIMCIRETE 2 B SMRYOERE
SO, AL RERXT SO/SFs B EEF SO, AHKRERREMRIYRIMRL,
MIREDT 3%.
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F5E BETHESEESMRUDEEER SO LA BAMBEARB R

fERELE T, HBKKRMIRYY 0.64 ppm (16).

55 #ZRiTie

F 53N SO UfERBILIENRAMRE. FURMEASFw. sURIE. ¥
S E R U RRB ARG 1% A B e B SMR IO E SO Ak fE
BB QCL LRI KK SO REMA BB HIT T HA LB

£ 53 FABRSBREOE MR BRSNS BRELR ST

Table 5.3 Comparison of the NDUYV gas sensor and the QCL photoacoustic gas sensor.

BETMEEREIMTE BT 55 LED XEK
iz FEHMEMREOCES IO BEESMNREOEES
e FrERE

BT QCL BOLHERINFE
RSB ES

FeIERAE: ~3000 T BRI ~9000 TT NFEHA: ~100000 TT

2%
KMIBEA: ~400C  KMISFEAE: ~400 7T HMRBEA: ~2000 jT
R 1.31 ppm (16) 1.41 ppm (10) 0.64 ppm (10)
TSRS ARFE  THERD, AEHE  THERS. ARS X
AUSARAE ©
EBITRERSTE BITHRIERSE EBITRIERSE
R, BREE YRR

BATHE PR TIAE 198 MAETF AR
ERMEK

> QCL Bt HiARpis
> XEEF, BF K > %4 LED X%EH
BAR, BIELEFRNFE R

BARBERE, AME - REH
i Kb, THTIGEE:
% 5 R RORAERE,
FTTE \ B > HEETFEE, RMB
> WWEEFEE, T RIGE B
H7e. i FEEREH
BELTURAE > HESRMESH
#, QCL #OL I8 H0/5 18
R E, = FEEMAZE,

HAZIFE R,

* RAREEBRBPOTETRGOE, ZMEARNRERM.
b AT ENEREIENCBRBNARKES . RIETERRS AT IERS.
¢ EIMAFREREEENTRAMRANREEE R (BRMERM FHTIRE.
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ETRBENENEIMRIDLE RE AR ETERASEART R

e ERERAN, 5 QCL BUBKEILFE I SO, SRfEEABMEL, 2
BRSO SO BB B A AR mAEN . R R4 LR R K
R A ay, T B RSRERBREFNRESERMAE. 5, ETRBETRE
SMTRIET 25 LED SIREIFE 2 BUE SMRYOEHE TAE BB ERS SFe AR
B SO #TIRAT, BAMALNENRBENRESERMED, Rit, ETH
TR 5 ST B3R5 BUE SMRISOE SO, e /3R 258 R TR (3 25 4 7T 3 80000
MBS, RETES LED SEHEH IR0 HUR SR SO, AR KRR 8 fF, T
BAAE=r2—. Bk, ATENAZEERIGERBEB KR EL
1B SO2/SFe R A SAETFHIRE SO AR, WM RBE. RERMES.
b B R B AT e (R M A B8, FEAE R F 2 TR AR S ST B 3R o /U S
O B ER

Bsh, AT H—SREE T BIR TR E SN R E SR E e R AR
SO ARRYREBRAAE S, REHTENANAITENCRER. — 5w
i BT E L AR B AR ST BRI B R TR SMT B RS i S
SO, AR B ILA. %—J7H, AT LLEE Rt Hp ARk, e
EHRAZEEOHERT, TREICERKIEREEKE.

5.6 RENG

WMAEIIRE SO, [AMMR MaT SFe B4 H HRZMEZHNES
B SRR o A2 SO SR SO S S AR T B AR B TR SR LA R R AR AT I R
SEZRAUBEBBIVRBIBRNEE . RNRGE. £RAGFGMNERE,
53 BILLE S LED JeVR A H ar AT TR R AMT B R, Bk s iR s
s, w7 A EE AREIIR S B SNRYOEE SO SRR R
J&, KH SO./SFs iR& AR IBRES AN EE /T T LRARE

AEFERALRWT:

(1) 7£ SO SARSFFINE Z5MRILH R, BESBEENAS, S0 X
o F R ICEE AN . B, AT BEAERRERMNBLERREE K,
TR SRS S A AE RS TR 12 o, 00 U8 48 iR R 42 1 A R AR R R
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A R SRR R E .

(2) UL SOu/SFs IBE SABRERRIAX R, XA IE 5B SMR I IE SO,
SEERBIREUSRMEE T TIRE. ER R, ETHEEREIMT
T 45 LED SEIERHE 4 B SRS I S A4 R 2B8 X SO SR IR W R B
53504 3.4447x10* / ppm 1 4.1220x107* / ppm. —fE(SMEEL T, SRARKNFR 4 5
4 1.31 ppm (16)F1 1.41 ppm (16).

(3) 5 QCL Bt 75 il SO AL KBS M LL, JEr BUE MR IO
SO, SRR BANABERENEM . FHENE Y U RBK KER S,
i B[R A R A B R R & SRR AL /7. Bush, BT RUBTREIMT AT
4t LED JEIR A e/ B8 SMRIBOE IS SR L BB EEXT SFe S E TR E SO, #HTH
e, BFEMEMRNRBENRESERNEES, A, BEFRETREIMNT
e BUE SMR IR IE SO, S A 44 k25 HO TRHA 8 FI 55 Ay AT 3% 80000 /NE, RH:T
%41 LED YeIB A9/ B AMRIROE I SO, S pAfE R 8 155, TR AE =
Hz—. Bit, SIRNAGEERTEEREBEBKBISSREELM SO./SFs
BAESETRYRE SO AR, WEI R, REBR WAL . MU REST
YA B TEYE M R B R, HETE R P B TR0 AR 58 AT A 3 o B AP RSO < 1A
R
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6.1 AXEFEMRALSOHS

X E G N TR EE AR AR SRR R SRES
AR R FHHEAT TIRABA, R 7T AE AR ES B REREEE T
b RERE R RIS BT IO HE T LR B RTAT PR B, BRI ORI BT LR
W

(D R T —#ETRERIEMERMNALTIEABH B B
RMBARTT R, AMUA BIRE TSP el A5 R AR R R SR AR B RS
71, BEIT —ENFEAN S FHEHRREERN,

() YT —METIHREZBHBEAREEEIEUSARBE RIEHEN
HIReE, BEAEREERESERAEEFIREMES. HAHEE 180° M5
55, SXFMERGERTTHEM, EREREHE MR EN. ZhERE
B RAR BT I AL BB I P I R L RR B AR AE . AR LL
THENEF L HIERE BRI RE, EERIE R, EHRE IR
SRS AR R BIRE AR IR IRE T 4 3.4 15,

(3) R T —FER TEE FHEM R RS T BT KRE S A R0
BRRHIE, BT LA CoHy A—RAFESAE, CHo Fl CO A RRHES 1 i st
PR RTINS HIRRE T —METHAFERE AR NEARAES F it
KRB EITE S, FFRR TR RRISBERA 7 25 St B R R
R WEKEESREAREANERAEIER 5 S e B EIRE T4 2 454,
NEBFRBREHEHREE RIS RBERE T TR E, AR THES
BN EEFRBRREEHERERET —HHNERTR.

(4) BE T —FETHELREIMNT BEE ppm BRREERMEE K
KE WIS BE IR E SO, LA BHEARFTR. 5EFE4 LED REMIE
SEESNRBOEE SO, SBMERBARLL, 27 RMTHIMEAHZ AL 80000
i, RET %4 LED MIRMIES UK SR SO, SAAE AR 8 15, A
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#r ELEIRE R T R

62 FHARRE

B A RENESMRIEE R A RS TR R ATEN S k4
ZHAREZPRINARTRR, EHANEREFAAT AT EFBER—
WA LTIE.

(D ATH-FREAFAEAERBOERARPREAE. FEX
FeFE RS A% BRI VRIE RAEHURAT SR R U, 385 B XIS 75 A il R
7, MR m ARSI B 2R o R B SRR EE 77 .

(2) BT H—FREE T B TR E ST 8% SR Y6 S 1 15 R 383
SO, SR EBSHRMEE S . —HE T LUEITE LB M TR K SMT IR
MR, ERETREIMTHEF LS SO, IANRW L FEILER. B—FH,
AL B S AR S, EHAEE SATEEOMART, EKEIERK
HARIAEKE.

(3) UBRBEZBRRAMAM R, RELRBIEFAXRUMERTEET
A K R BN VR RS RUNMSEHER T RA L REM K.

(4) BT ERBBEMARZERRESES, TS TEREXBRBERR
. REERMERFNED K KRR Z RREKSHIEFIFITRAH R
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