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Review on Computational Screening and Molecular Design of Replacement Gases for SF¢
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Abstract: The use of eco-friendly insulation gases to replace SF¢ in various high-voltage electric apparatus is urgently
desired in order to reach the emission peak and carbon neutrality. This review covers the challenges and state-of-the-art
progresses on the studies of the green replacement gases. From the theoretical point of view, various structure-activity re-
lationship models for dielectric strength, liquefaction temperature, global warming potential, safety measures (toxicity and
flammability), and arc interruption have been clarified in detail. The relevant merits and defects are pointed out to make
progress accordingly. The major defects of the theoretical models available to date include their strong dependence on the
experimental training sets and the elusive physical picture for the descriptors. It is suggested to carry out systematic inves-
tigations on the multi-type dielectric gases and the mechanistic studies of the microscopic chemistry relevant to discharge,
liquefaction, green-house effect, toxicity, flammability, and arc interruptions. It is demonstrated that the multi-dimensional
structure-activity relationship models play an important role in high-through virtual screening and rational molecular de-
sign even though with many restrictions. The correlation between different dimensions is unclear yet and thus no new
gases superior to SFs at all required aspects have been found up to date. On the basis of the chemical bond hybrid and
group-substitution molecular design, two technical protocols are proposed for the development and innovation of the en-
vironmentally sustainable insulation gases for the sake of complete transition to SFe-free technologies as fast as possible.

Key words: replacement gas for SF¢; multi-dimensional structure-activity relationship models; virtual screening; molec-
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T, = ad, +byvol, +c (6)
IR E R=0.949. 2017 &, Yu 25 Nk &1 ot
BEARIHES™ S 2] SFe B ARSI s i 200, L 54
Tl B ARSI R S0 B4 v B, SR Murray
FIFET RO RAE B G, RILPTEA B AE ¢
FAFE N 0.84, W mUR P35 22 ik 36.5 °C o
U, T SFe Wb A ENE 13 °C, amizm e B Sl
—64 °C. FHILTT W, Murray 25 N\ (R b BT A IR
FFFHAS e B R WL 5 SR TP B 43 T 45 K4 1
BRI, Yu 55K IE 3P 35 22 (D) B 4 7
% op BHL HEINDFHEES Ky, MR T ET4
G R AR O RABAYR01, B
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T, =125311% —143.247' +194.777 +27.0  (7)
Hodp p € SO~ HA 7 1 HUEHOMO) AR IR
HIELUMO)RE 2 —2F, Nk, A TE
PR HE TSR RS E], XA R
=0.985, FrdEfmZEN 8 C. I 3 SER (K Th 3=
BT [FN Fem oy FH A S S RS,
HH 43T BT A STk & 50% LA .

B, Sun 25 AJET 66 Fit SFe B AR AR 14
SEIGEREY, T 7 MR AL TP A ANN
FIRF #5281, A58 R%05 508 0.951 F10.966, itk
MiZ16.6 ‘CHI12.4 C, RF #ER R FH0RS 2 LE ANN
GETETS

LY nm BEANR], A A S0 B — A
NAERTTRE, HRTE T RO REAR 2 IR 5
SEZIG (R AH Sl A e, AR TG ) T 8555 fh ZE 7598
R BT AR AR SR ik b () =
PE, RTEGRIRIE. BIE, Wl TR R AR
+1~2 CYaHl. Fk, HAjoeT S o #
BT B K i st 2 (), ) B 7 2 R e s 4 T
SFe B AR s (BT BRI T7 1

4y 1 3 1 LR (MD) U7 vk Bk B IE U R 48
Monte-Carlo(GEMC) /5 7% AT DA $UL ¥ Ak & W) B TR
BRI, SRR RN 28 S B R AR
feliZe, MNif B 20 s A ZE RN . SRS
TSR ROR R AU R, MD B GEMC #3541
THRSRZIMO T 2+ [AAH BAE %, Bl 13 (force
field). SCERHIRIE | REBAIAHIATHL EPIH
F1 R, 5  COMPASS. UFF. NERD %%, i@
MRS N Z. B2, WE g AAERT
SFe MHBMRALS k. i, KImSHEk,
TE 5y PR U8 i 52 MG ) COMPASS 1137 28
EIEW R SFe 4y 74580, BIAE oot )5 1
COMPASS-IVIIT /737t 3k DLIEfR SFe fERAL 1
. L, FREERSER MD 8 GEMC #4lit
R, RAEEHEE I EENE, SR T
PRI UE SRR 7 (B A BAE B HERR T,
TRABILE I A R

LA K Rk ST S0 4L
#, 2007 4E Olivet 5 NHESL T SFe AR 13715
20O, R A SRR A2 WL IS
PEIR . s RS 55— 8. ik, Hou %5 A
BT B AE R R TR TR C4 T
A EAE AR, o 7 iEH T 2RlE a4

JRT 33BN, 21BN P C4 73 1a) A H.
YERIBE N—N [AIFE R Re AR i 40 5 & Fh i 71k
THRITES BB . bS5, SR GEMC 7772
BT C4 (S PT, RA5 TR RS P RE
TR ¢ ARNOR R, WK 2 s, B HERS
O LB YS—3 . 5 Claussius-Clapeyron
FFEHE C4 ik AN-5.3 C, 55LIE-4.7 CH
EE, DURAC 0.6 °C, FE4Tli 27 T it 5L &5
Ko [RINF, SR MD J7EB0L 17 C4 il S B Al
PHRCREL R MRS AT RESE s R
N C4 HyRAN T B AR R . PR Tk
AT DAHES S B SFe B AR AR AR FE IR RS
EEDRTI I
2.3 GWP X RIER
GWP #& IPCC(intergovermental panel on climate
change) HH Rl 1) & Ve & b i U3 E, BAEH
T RAFA RN & S A ERAS AR AR R m FE 1 22
o GWP BE&FEZ AR — B2 4+, B TR
FH T 455 1) REURH G AR SR
Iowr 18— X MEHE (pulse emission) 807 i &5,
IALEBE I )& 1 s W55 /) (radiative forcing,
RFE)Fr HJ#A5), B]
Towp = I;h Frdr ®)
Iowp ZEXHE RN W-m kg a. 7ESZFRMN
H, Iowe H R ATCENAIME, —RLL CO2
S (Froco, YIS FhriE, B
Towp = _[(;h FRdt/I;h Iy co, d )
IPCC #UE 47514 205 100, 500 a ] Iowe %1
i . EBr ERCARATH Iewe 205 (H1407E Kyoto
Protocol H)I3JHL %=100 a i} [A] % 3. G2 DLGE 5

K2 AFEET C4 ML

Fig.2 Temperature-dependent vapor pressures of C4
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% (radiative efficiency, RE, B[ HL47 K FE 1
RF)yre 78, GWP 1] i Fait5:

Meet(l—¢ )
Towe = REW/IGWP,CO2 (10)

HERPE R COL ) Iowe TA—14k, BIE X CO:
E(JIGWP,cozzlo X W oS TFE, © ARSFFW,
FER RV 3 Bl — o2 FLEA GO = Ak B2 B
TR AR AL 02 SR iR 2 S0 00 e B AL AR P i
MW, MRS MBRSRA N RAAE I TE . =
KHAEF WS INERIANE YIRS FRST
PR, ARAE LT SIS T H R R KR
e (AR HIR, R RM R E ML UL
FENRREAUE T KAk . AT s R &
PSR, H SRR SiaE R AH1Y, £
J WIERAS TV I AH 53 A B R 56 4 B o DAL
A SAAD T GWP KT BARX IR )R] %
Rz, M™iE X EAHER GWP #i&. IPCC M
WMO(World Meteorological Organization)X} IS5
Fa AN GWP — A TikiE, (HEFARAEE
JER GWP AR 2= AR FPRAE .

G R S A B e T LA A e T, Sk
W Sy, BEISTHE A BN R . 2008 4F
Young %5 N 7 — bl (i 5 AL S e i
BCR BRI R ZABERIB2, KA 11 PSR SR LGB
154 PR E T RAE, SR EREETINA
J7iE, AR 7> S5 F R GE B SR RE £
Wi, M RZEDNT 25%. HAE, ZEBVERH T
BRI, TS ER) & KA SFe BV
BN ESE [ 7795 1995 4E Pinnock #2 H! IR AR
(FEEORIIE RE THEBRIB, AR <A £ sk
WU 5 “Pinnock HiZk” A, BRI B #4593
RE ##s . Bl LA &5 077 (55 DFT)
Y] FAE B SR LR IO TS, BAS AL
iAo 2012 4 Kazakov %8 N R 45 & 105 7%
PM6 THE T 100 22 R 78 HillvA 77 <A 1 [ 20
ETERY, SRR 0.9069 Fr 2 H T, Higit
HY) RE 50I0 a8 WAHRT, X805 il 20
1.84, BEWEH L 53 4540 EDL I B () 25Kk . 2016 4
Betowski % N5 [ &0 2% 07k 5 H ARG T
RE 520, 1 % Fh DFT(B3LYP. PBE. MNI12-L
SEAT MP2 J5 98 T 235 FSURR) RE, FR{E S
SEDUAE ()P 35 48 %0 i 2 7E 0.013~0.208 315 [ P 331,

SRS SRR, KT AR AT A ) sk

36 W B SR . dnRTRTIR, R A
L) SFe SAR B R A, SE5HE 7 BUAE
580~3200 FVu [, BAUITLIEIIG AR, Xz
AL A RS SRS AR AR S 4, AE s
(5 OH. Os. Cl. NO3ZEH MM, JEREAR -
IKARCUTRRS FKIRR . WEPEPEARSE) . FL TRl 48 AR
BERZ NI

FERASAH, OH HHEEPHOANRS “Uk
B, REBSARMBE AL RIS OH VA .
YRR T KRS OH B S2 i AR A 5%
SOSHLEREAR AT T, FERRE 1% b i 5 T30 s 7
R R (on) ELR T7VE, Hp NN Z 12
Atkinson 55 A3 H 1B RE BT AL ALBel, RIT.

Kou = Kaps + Kaga + Karom + Kxsp (11)
A kavs FHIE C—H A1 O—H %[ L H 1)
THEHH kaaa 9 OH fE] C=C XU C=C =
B R EG Kaom N OH IICE D5 FR L[58 R
WH, knse N OH 58 N. S, P E5E G811 S Sk
REH . B—FEAENE—A kB9 N BOZ 5
THE B ST T & AUEUR R 7 Fi, HEfEm i
A 298 K E T 485 Fisik 5 OH H HZE 1
R E . Blin, CHs MK k=1.36X 10712
cm?-s7!, CFs B fe BB E T4 0.071. KH1ZAK
TR 25 4, AT 90% I 3 I ER i ik R i 4
SEIGAE M ZEI7E 2 5 LA o BRI, X AR
BHUL AR AR AR M RS, RERK.
BT Z2HUME R T HA R SFe BAVTIRME
71, SEARZER I 5 A e R FEAE R -

2015 4 Allison %5 A\KF N TAHZ 4% (ANN)
Tk, FHET 191 MG TE OH AHERKX
N BT, JE T 011 2D SRR e BT AL S I R 2R
b2, IR DU B 1R 5 AN 109
AR FFF W CHa 7> 7% 4 S C—H 8 F1 6 1~ H
—C—H ), ik ANN LR T fr FE 10 5 2
5 LB AE B P AT R Z 48 12%.

FRAE 5 N R 22 kon LA K OH H HHE I4EF
Yhi1 e B (n(OH)=10° em™3), BI ] 3R A4 5 <77
v ©= Ukonwn(OH), %54 RE RIA]HI GWP %4 .
2012 4F Kazakov &5 NTTH T 100 AR FHE LA
GWPB, i 3 fion. EAR GWP 2 Ay B 1R %,
P54 AN RS, BTN -5 S0 R AR 1
BT, SPBOTRIRE N 3.0, O T8 B R R ]
AT AU IR L BT 5T o
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SR, BT RA GWP MHUE A S, B 3 fr
JerR b F s EIFARRT§E, R BRI mRACE
DI R . R IR ARARE) GWP XFELaniEl 3 o
WEFTR, RUE GWP [iH R 5 SEEA7E &
EER, RZHTH GWP ikl 1 L5fE. 4
41 CFsI ) GWP BIR HIME =ik 6200, SONIEIA IR
AR, X HSME GWP =5 BRI R, RHZHRL
RABRIFA R HER, T I r O Rk T i
SHUEMETR. FUHIER, FERBNIAT R
R EATEN, BT 5 OH Al &N Z b,
PN ot e A DN 5 U P & VAt A AR R
LAEE//FNav R AR N I HtES S
24 REMEEMHKRER

5T R AR R ) AR A S iEAT
WL, GSIANZartRe B2 REE, Rl aE
AIRTHRYE 2 AMEbR . MU VRS R B 5
PSR Ah, 377 8 AR B B 70 e
A RS I A R, S AR
TAGIHR FE SRR AH L, SFe BRI 22 AR PEVT
Pri R NE A,

BEVER — M BOVB ML, SRR A7 A
B RERE bR, AR E SOMII &5 %4
HBURAS [F) 1 5 VR AE 2 4. ACGIH(American
Conference of Govermental Industrial Hygienists)z
PR TLV(threshold limit values)#1 BEI(biological
exposure indices)f#f &AL AV FE M, Hp TLV £
4 %, WD . T 4E 7 75 FR 1A (time-weighted average,
TWA, %K 8 h, & & 40 h [f) TAERFER{H). 15 min
T AF % 7% [R{A (short-term exposure limit, STEL). %
R E PR E (surface limit, SL). (ETI7A TAE
BT ARG R B (ceiling, C). fltn, SFs S ik
1 TWA 24 1000x 10°5, ifij SO2F2 44 ¥ TWA F STEL
5393109 5x10°6 H1 10x1075, SF4 AR C 4 0.1x10°6,
TR, AN RIS A0 % Feh B M A 8 A Z2 0K
Oberg %5 \fi& A KA L SR ES E bRt
B B 7™ BN — 281, i1 AEGL(acute exposure
guidance levels)fl ERPG(emergency response plan-
ning guideline), #/x /7 AUREEMER SRS AL, 4
SFe B AUVAR MR REALIF TR T ER
Pk o

Brand K AU R SUVFIR I (MAC) 7
YRR, DR s S e N R S d it
DFEEM IR R BT R EdE R = il

T, HEAERIFLHNENEERRZA. &
I Yu 58 N EL 15 ' SFe B RS MAC #1500
RERE, B XSRS SFe BIAEXT EEIE(C), RIATT
PSR 54800 E AR M 850k R AR AH 240
1) FEL A IR T AL BRI R RO R OL, WG AT
&R 4 s, B
InC, =37.03(val,) * —0.056I1° ~23.24p.47, (12)
R A S RN 0.89, FrvERZE N 0.86.
ATLAE W, AMEEME. a80mNE . WALEE 3 A4k
2 AR TR I FE DRI, 8IS R T 451, K
B =F G WER AR, WA BRI ERIE H
BEPEAG. L0505 & . WAL IR B AR T R B AR Ak
SRR, B RURRAAG SR S HIAF. KK
FIEAACHE, H ARk 4 S 2 s
HH T, WA SR HECs. S HFEs. &R

3 FHTIEAEHIA IR GWP {4 HL Gl B IE & AL FR)
Fig.3 Comparison of estimated and reported logarithmic GWP

for refrigerants. The insert is in normal scale

4 SFe BB RO RBIY(C o, =1)
Fig.4 Structure-activity relationship model for the toxicity
with respect to SFs( C, s;, =1)
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1% HFOs % . IXEEHHUL S VIR R 2 v e
HETEATRERARSTCBER. —KIAH
SFHERZ, AR, & XaY T FJE
F5 H - FRAX & e Fr=ne/(nutnr), %5 FriEid
—EBRAE, MZMFATEE. Kondo 25 N RGHF
T 120 FEAE FAL S DI AT, ORI K 2 AL
ANATRS AR Fr> 0.625, RIVE R RIS 44 2 15 AT ik
[ fa BbndE . 8. CH3F(Fr=0.25). CHa2F2(Fr=0.5)
J& T RIS AR, T CHF3(Fr=0.75). CFa(Fr=1)As
ARk, FHsLgrtk. b RREL, BRT FriE,
AMES oy 7 F R 710 AR A R 10, £
%} 74 # HECs. HFEs. HFOs {4, Kondo £& \FJ5%
TIRGE ERRIE(UAN R BRAE(L) 570 T 45 I 5RHR 72 X
FAE U AL REPAER S F A G, .

F=1-LjJU (13)
G=+LU (14)

KH BRI vk, ke BIE 4, 3R
3 7THE F A GAE IR RO R A
12
F=p I+ p,C +ZpiRi) (15)

i=3

8
G=C, (1+ql(M —-32)+¢,C, + qu.Rl.) (16)

i=3

HA pr~pias qi~qgs WLESEL M Ny E, R
NE TG RNRAF, A% =081, &
%4 CRT). RAVEBAMAE .. BREH@A. C
—CF3. CHF=C. C—CF=C, CF>=C %§)[{J$iF 57
BRME . 2R AR L BR AN T BR fr T 45 SR 24 R 0L
BT, PR ZE 20 10.3%F1 12.9%.

Kazakov 25 N %1 468 Rk &I EE TR
LA kg/m) 5 IABERE AH(FA MI/kg) I E B 55 5
B4, RHFLKE T PM6 HHEAL SN
ey P T N Y SN N KA ATE

L=238AH"" (17)

IXFRIABRSE TR MR AN LR R, 1Y
XTI TR ZE N 1.24, BRIUEBERTEE, H
HEH T IERBE G, BREHE NN AH<3
M/kg BN FIEARA TR o

BT KRR RE EIR BT FRE E BRIEED
AR 2 A, Tl b3 SR FH G w R 34T 4
(977 R MR . 140 ISO Al ASHRAE AR#EFvk
FAHIA T AT R ERI 23 9 4 DNEH: ALCR TR
0.1 MPa. 60 CTEZSH T KIE), ALK AT #R:
0.1 MPa. 23 ‘CH#REKE FBR>3.5%(AF 2 H0) sk 0.1

kg/m?, AR E F<0.1 m/s, BLke <19
MI/kg), A2(FTKE: BAREEZE>0.1 m/s, HAR[F] A2L),
A3(G R IR FBR<3.5%(1A R /3 #0)Ek 0.1 kg/m?,
PREEH>19 MI/kg). Devotta 25 N %527 179 Fhikl A
FI(CELAE 47 FhaiPy R Al 132 MRS YD) IR,
¥H C. H. N, O, F. Cl. Br. I JE7/N 8. Xt
AN H R PR A b, et 11 R IR, &
SE T AP AT N AP X 28 A BE AL AR AR
R, BRAN A9 F-(T R-426A . R-472A. R-455A
LM R 2 Ah, FEA AT IE AL &Y BT IR
AIBREES, SOzMEAREL, FRRKS FEIAF) 0.96 DL L.
Her, CHHJRFAEAE ANN B & HRoK,
MR 7R E I 7E RF AR R R STk N B
2.5 KIEFME

WIHTHTIR, K& SFe BAVAMARRAE 2. Bk
Z AN AL T SRR o S TR — i SR A
SRR, WS, K. BEY. Y
LA YA R . SR KN e 5 44
GAREA K, (AFIEEHAER. filln COr AR 4
o 1A SFe (9 1/3, 1 CO2 (LA 5 IR
B 5345 SFe BONEIL . X5 CO» SARI I il
YA O%: A RAMN REBE IR 2 H A, T HLRE
TR K& T ER TR S AR RE . AT TE iR
AR R KR RE . B R R COL S e —
FRELAR K AR B 43, W G HMAE L, 2K
SRE S Mt — e RS, TUUE SR MR &S
NP\

H AR T PR 48 2 SR K SRR 1 1 2 56 5 38
W AEF BEZ . Xiao 25 N FRMRLE L AR K
SNAE ST T RGBT, R ILH RS A HE DL 2
KEFFFWT I KIRNT 3K, AL CFal BAG HBF v i
56, FRE U SR B KT FE B o R PE T R
T, AR HR I G] i R SIREE 1
SRIRETT S Li S N AARTF S S50t
SRR B SO S AT T 48R ), LS #
@Y. s /A REEETH . GG R
G5 KR LA RIS R 3R . 3 H M I
{71 7% (magneto-hydro-dynamics, MHD) /& fiff 77
SRER AR AR EEF O it R AR A it
AR T, HZRTF IS EZ,
A% g FF AT XTHT Y SFe B AR K I 1) S 56 I £
R 7

SCHRF ST SFe B ARAA L S AR KIMERE I E =
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WA D BRIE. Lee 25 ARG S-S HE I
Ft# (rate of rise of recovery voltage, RRRV)Irrrv 1]
BRI R IR, i SCRYNERE
Tepry =dU, /dt = Z, dI/dt (18)

Kt U NIEARE IR Zo NPT, W ESAE
J£77 0.6 MPa. FFIBT IR 14 10~20 kAL BRI [E]
7~8 ms. Zo=450 Q 1225 Q, RLHEEL T 16 Fll SFe
BARAMR R SRA SRR KRS, &5 FRRA%
FATAT—Fh AR I KNP REEIL SFe, RIUIAEN
N SF6/Na(75/25%)F1 CH4/CCIF2CF3(50/50%) 18 &<
1, KINSREELINEE SFe 1) 85%. FHILATIL, HiA
SARMILEL I EIBOSARL, KRV RIRN .

X CF3SO2F/SFe YA SRRy Be A 1E 47
T, SRR N R IE N
k(Al B Az)
k+(1-k)C,, (19)
e Ay A 53 BT RP S AR BT BIG Sk S R
TR, kN SFeIRAEL: Care RN IR0 H: $1
WA R WA 5 Fias. 24 Zo=450 Q I, P [F) 2805
LA CFsSOF SRR INGEE H A & H 45 R
—14; 4 Z=225 Q WA IOKIGRE N 31, RS
PR IR 5 4 250 BRI AFLE B RN, (E )
FIHLEE RN AEE W& % 7, A RHEGWHEN
CF3SOaF [KHBRIE 5> AR 44 F1 37, M2, ¥IE
HEM CF3SO2F AR K 958 FE NAS & SF6 1 50%,
XARe 5 HE RS TEMWULSREREER, F
# CF:SOF WMHEWKSE eI EA W SFeo {HZ,
CFsSOoF M4 28 SFe I 1.4 fi5, R4
5B I SR L RIIRRE A — e 5, KONG4 2
[HAR— B ELIREE R 6 K 5 MR R KN
RE AR R AT ST LE, R R 3 AR R
FHIR . BIRAE, TSR KGR S a5 =,
AN JE DASC 3 3 37 AT SE AR KR B A 3800k R AR
MEL 6 iTLLEH, SRR HILLE T X (4%
o KIRZE)VM IV X (48252 KilZE), SN I
X (A KIAL) i AR AIRAEAT 73
3 SFeBREKFRS N FRITHE

I VTR AR A8 S0, H A ATY A A4
Fls KK Rt <R E 7 R oeE, H
RIS R T HIFI MR E 2, HXHOR, AR
fE. Rt A R TR R, RF bR LK
IR, R AT A A 3 HE 98 7E 1) SFe B ARSI

A =4+

m

K5 CF3SO2F/SFe 1R A SR KI5 B (FH 5T T4l SFe)

Fig.5 Arc interruption capability of the admixture of

CF3SO2F/SFe

160 5
1l I

140

120

K6 MR SARE KIS 48k BEXT EL(K(SF6)=100%)
Fig.6 Comparison of arc interruption capability to dielectric

strength of some gases (k(SFe)=100%)

(o, /RS & 5 HARFEFERS, JF el ga a1 2
WHITHIE O A B T3 M B R 5 i % .

KRB SFe BAVIR L 24 2 MELIR T %,
& M E RN T HE 2 AT ol R e,
RS T A AT B EA T . AR HTE 1)
“gezhr Adiik, dREER X3 Xkt A
AT PN SARNE BE ) 22 4 FERI OSSR . T 45
NERIR 17T DFT 1) SFe B AR L7775, SR
TRIRCR AR BT R T A S HE AL SFe
BACRRLR G PERE VIO 1A 5 5 T 10 L L),
31 ETEMD FEEIEREEMUTRE

BB BRI SFe B AR A HE SN B 7C h
Kazakov %5 NB4F Rabie 5 NFOUEC A 58,  HALAR
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PRk 45T 7. Kazakov 25 A M PubChem(/)N3F
T I R ) B A1 25 1 56203 /N orF- K, Al
FrA B AATRE R 70, HKUCKEH GWP. ke TR
(L) SR E(TOMBER R, HT 3 DMEREH
i 1234 Mgk dlA A, 2 GWP<200(4
)« L>0.1 kg/m3(ARBR) Te A 300~550 K FEHRER,
FE KA s AREEFIIAR A ) - BE ), Rabie
NG T 50 B (E) R 25 (Tv)2 NEFE IR
KABA, KM Kazakov 55 Nk 1234 FhEk
PRI T R SFe B RAZS M. RAZHFFH
2R T, Bl 2Lk (Pareto efficient: 7E7%
BTN T, 20— M
ARG, HEARBERHA 28Ul Rt IE)
TESAR T 141 MEBAER) SFe AR+ HERR
AAZ2RENEY), B2 21 P Seal i a it
HISARR 3R 7 ik SFe B, T3 2,
BG5S MPESAE 1 R RARE. 1 FhoRAREE .

SR, T RIRIER GWP, L. Tev Er
Ty B REOC RAEALE l A7 AR O R 22, ATATHE DLE
Tiff o B T 23 (1 14 R, L 28 5 P B A B TRV AR IE
filtn E A T BIARE I 22 73 70l ik 0.35 1 28 °C,
PR R RL TN C4 7 F 4 Sk B ik 3.2, i
AT SEE AR 2.0, [RINF, FEE RTBAMESELE R I IR %
A e AR S, B A B s AN € 1
DA b 5k B o 4R 5 B00OK 2 U U BRSO R . AR 4
PubChem %#5 2 {15 Hric 3%, Rabie 25 A\ ik 7
Pk ik SFe B AR A 6 B CL Wl FB bR IC A -
Gikk R ECRIEA R, {8 ME— (CF3)2C=CHCF;3
SRR IE S SFe P RE. DAL, EEX R AYEn
PRAEZE SR R ST B A FC A0 75 T Fe SRS v . T 4H
;. HRAMEBIRER.
32 BREAKSTFEEMEELIET

DB IR A SR B A%, Yu SE NBRH T
Bl oy F S5 R TT 7 VET: AER eAh S R RE T
e BYPLIE, ZEAML B WK 23
Phidk A i AU, T H BRI R N ) 4
o T

o2 g R AR 1 DU T B A A, K —
B REE S A IR I A B e 17 N AL G, TERK
. 5RERRIE R EREANE,
FACH 73 7 AT E AR T A 4 L AR H 5 P % i)
“UHRE” T SEMBRFZERHATHE R
ih, BS54 n] HAR R & A Gm . AR R

%2 Rabie SEIfUEH] 7 ML SFe FARLE S AL
Table 2 Seven replacement gases for SFs from the computa-

tional screening by Rabie et al.

CID 5 CAS 5 sl R SES

11053485  22692-37-1 (CF3),C=CHCF;
At (@B
91450 382-10-5 (CF3),C=CH> r ar,. ik
fa#
2775851 360-89-4 CF3CF=CFCF; Tl
5708514 760-42-9 CF;CF=CHCF; TR
5708528 66711-86-2 CF3;CH=CHCF; WHifed
164598 431-31-2 CF;CHFCH,F AR,
13529 920-66-1 (CF3),CHOH Je
PubChem
2 — 1.<320K
HOE b
GWP<200 E>0.5

W EHESRE

Pareto Efficiency
LFL>0.1 kg/m’ 7 & A
300 K<T <500K

Bt

Bl 7 RS AT )RR DM IR R B
Fig.7 Protocols for the virtual screening of the eco-friendly

insulation gases

GWP K& o BL SFe A No I N LA EH . SFe/N2
RESMEN4s. itk KilEMEREC iR, ©
PR T RE. BrmEmBE RS mgagnm, EEG
V38 A 2 L E ) SFeo #K SFe 1) 50%H% v (B! SF3)
AT N2 1 50%14 Fr (BRI N R )BT 24, )] DL Rk
WA S=N =8, I ER SEN 0 F 4K
| SFe Fl No BRA Sy (M0 5 A% FE /2 SFe (1) 1.3
%, WAIRE—27 °C, S=N =4 AU i H GWP it
IKT SFe, FasE VIS EISE S, FIE LI it 5Tk
T SEsN K H F SHNREWHIRIR T 45 qe .
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