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State of the Art of Research and Applications of Low-carbon Refrigerants
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(1. Institute of Refrigeration and Cryogenics, Zhejiang University, Hangzhou, 310027, China; 2. Daikin U.S. Cor-
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Abstract Refrigerant is the blood of refrigeration systems. Since the synthetic refrigerants were developed, refrigeration technology has
experienced a rapid development. However, this also brings environment problems, such as ozone depletion and global warming, which
turns into the main challenges for traditional synthetic refrigerants. Based on the new version of the Montreal Protocol 2014 Assessment
Report written by UNEP RTOC, the proceedings of the 25th International Congress of Refrigeration 2015 and the 11th IIR Gustav
Lorentzen Conference on Natural Refrigerants 2014, a review of the latest research and development of refrigerants was presented in this
work. Different aspects were discussed including current situation of refrigerants in different types of refrigeration units, properties of novel

low-carbon refrigerants, latest development of international standard for flammable refrigerants, issues that need concerning in the applica-

tion of novel low-carbon refrigerants and the possible trends for alternative refrigerants.
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Fig. 1 Theoretical cycle performance of
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Tab. 1 Fundamental property information of several low-carbon refrigerants
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MM AR, AT B e B R B0 e
PRSI S/ SR BB, A 4 B A
B P FR BUBE K, Matsuguchi A %P8 XF HFO-
1234ze(Z) BFPRGJE (BTUIRGEE ) 04T 1 523 AIEST O 45
th 303 ~450 Ky 5 525574 1) HFO-1234ze
(Z) LBt o455 R, HFO-1234ze (2) i
25 HFC-134a B9 1. 4 1%,

X 2 HFO-1234z¢(Z) EZE MM
Tab. 2 Thermodynamic property reports for HFQ-1234ze( Z)

ERE 273 ~410 K
LTI AH 25 BE 310 ~420 K
Kayukawa Y %7 poT 55047 283 ~420 K, A1 0. 07 ~0. 86 MPa, Al 0.5 ~5.0 MPa
R 293 ~318 K
¥R 283 ~373 K, 43 FHdl
Raabe G %" LR 2% B 283 ~373 K, /> T4
ORISR 2% B 283 ~373 K, /3Tl
AR 310 ~420 K
i T AH 25 BE 368 ~422 K
Higashi Y 45 TS M B 356 ~422 K
poT B¥s 360 ~432 K, SAHFIEAH ,0. 94 ~6.0 MPa
HEE 300 ~400 K
Tanaka K 21" T FIVRURE 25 310 ~410 K
poT Bl 310 ~410, % #AH,0.3 ~5.0 MPa
Fedele T, 213! K 238 ~372 K

2.3 HCFO-1233zd (E)

HCFO-12332d ( E) J& A48 H 1) — P B4R ke 2
HCFC 725, HrF458°4 CF,CH = CHCl, HIEA
PERTANER 1 s, R FEmRL(26 d) X RESZILT
JCR2 (ODP = 0.00034) , GWP < 1, J&C IR R B3 1%
N AREENE , AR, 72 BT (1) ASHRAE 34 5 i Ho
SN AL,

[ AR 6 T HCFO-1233zd (E) IR 9T 4R 45 H 1
JHARZ, Hulse R J &P R BAZ T HCFO-12332d
(E) i —SL FERl Wy P %) S 596 0 5% 25 L, A0 45 s 1
RGP 2R AR B AR B DL R R T
ik 7, TRl A 3 4 7 A Ee T T AR AR Y L
P ARSI BRI LR b 24 T 2SR AR

— 6 —

FE ROAERG BE (0 SC B 7 AR, Tveit A %10 X} HCFO-
12332d (E) B8P UEAT T 34 52, Wik 5% 405 SR 35
HCFO-1233zd (E) ABRA 2V R HA KRR A
it ASHRAE 34 2511 (19 RCL (il v SRR B2 1
FR)E 9 1.6 x 1072 OEL (ZZZ W BR) {5 0 8 x 10747
Mondejar M E #4152 86 0 1 17 5% 9 Bl N HCFO-
12332d (E) B8 B, 7 il 78 SR ME R, Jf dlt oy 17 %
F Helmholtz H HHBERY & AR A 7R, Jr B2 11548 [l

TS VRO AN AR I AL IX 5k, T NIST REFPROP
BAERPEF M, Raabe G5 334> TR A4 J7 3
T HCFO-1233zd (E) /49 A8 V-5 B4 , 38 8 15 3% Cl
JRF I ARESE AU LS AL 5 5200 i 28 U AR
WA R, M 2ZETE 1 % LLN, 7L AL I, Raabe
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G T AL T A B LB 5 J I IR 2
FEVEAT O3, BB IS TR T R (i, (H 1T
gE AR i 7 HCFO-1233zd (E) HAG Al HFC-245fa 4
BSATEIE, REPEREIT T, Moles F 264 Fli
T HCFO-12332d (E) ZEARIE A HLER 5 16 35 o 1Y
TAEMEREH S HFC-245fa 1T E0ES, FEMIE T T,
HCFO-1233zd(E) BYZE )2 Lk HFC-245fa 1% 10 % ~
17 % R L HFC-2451a 53k 10. 6 % .

1£ ICR2015 |, 5¢F HCFO-1233zd ( E) B4 3=
BRI TR AR AR RN 2SO 2R KL Y
PHEREHT .

Kujak S 2 [ gz 4 5w, 6T e T B0 38 K
HLH HFC-134a HFO-1234z¢ (E)  HFC-245fa , HCFO-
1233zd(E) \HCFC-123 FFh T TAEMERE, X Hu &5
RN HFC-134a 5 HFO-1234ze (E) ) COP A3,
HCFC-123 F1 HCFO-1233zd (E) ) COP A3t H & T
HFC-134a 1 HFO-1234ze(E) , £t 5 COP Flf AR {EAH
ENT % ., ffi] HCFO-12332d(E) %4t HCFC-123 It
BAREA 1 % WRCRIR (BRI T —AR 8
LESSTTIN

HCFO-1233zd (E) P BHHZ P 7R, HCFO-
12332d (E ) XM B A2 K T HFC-245fa , {H 51
FNT HCFC-123, 14 HCFC-123 By RIS AT LA
F HCFO-1233zd (E), A It 7% #4 L & $% I, HCFO-
1233zd(E) bt HCFC-123 BHNR G . fbf e M S i
BRI HERZEEME T, HCFO-12332d (E) AN 250 fifk
HEEN ISR, e 200 °C F 288 2 i, 4h
T 1 % B WV R 2 o0, o3 7= ) 32 B 2 L[]
Gy SR HCRO-12332d (Z) . 3% —F2 2 P 3R I iz
% T HCFC-123 F1 CFC-11'*)

HEXTF HCFO-12332d (E) &4t i e - —
INTEANA, HEMAWIRER A HCFO-12332d
(E) AT LA F B0 20% K HLAL h AR HCFC-123 Al
HFC-245fa 19 F —ARHI& 5, [RIEE, W nT DU F e
KB IKHLL L HFC-134a, I H B A 5 HFC-134a
[FRE Y 22 4 7 9%, B HFC-134a AL E Y
HFO-1234ze (E) A B S RERLLL . 2452k Al vl fiff
G A 8 R AR R SRR DRI AT DA 4l
o AR L IO R R AU 78 =, T A B
Iz B A 1], A HCFO-1233zd (E) BA
PRI RE , VT T 0, e 2 HCFC-123 1Y
10 7%, MR ERE L HCFC-123 R 7E
2.4 HFCs iB&

2011 4F 3 A, 36 B2 PR AR ¥ B 22 (AHRI)
FFRIFRE T GWP ZAHNZ FIPEN I H (AREP) ,

BIERC A = GWP HW% F A8 R Y, 1%
T E XA [ 1 ¥4 500 A 7 i B At ) 22 TR A v )
TS . BT, 120 H S — B B e s i 558
ENRAHIAF T 2015 4 2 A 343 T ASHRAE #rifE
iy 24 FVLE A3 2, 3k BV A & A 2 D — PPl
ik GWP Ay e 2 HFCs #7258 ( HFO-1234yf 5% HFO-
1234ze(E) ),

1)R410A Z1RY) R446A/R447A

R446A 4 il HFC-32/HF0-1234ze( E) /HC-600
(68/29/3) . 4242532 A2L,GWP 461, R447A N
HFC-32/HFC-125/HF0-1234ze (E) (68/3.5/28.5) :
4032 A2, GWP =572, ‘BRI AFGIA 1/ T
FRCEY S RA10A $538, I6 FUR B = T R410A i
T e P PR IR B R HA T i I ROR, BRI RN
¥ FH = T R410A,

2) R404A 104 R448A/R449A

R448A 4 i & HFC-32/HFC-125/HFO-1234yf /
HFC-134a/HFO-1234z¢(E) (26/26/20/21/7) : %4
9% Al,GWP = 1273,

R449A # i~ HFC-32/HFC-125/HFC-134a/ HFO-
1234yf(24.3/24.7/25.7/25.3) : ‘& 453 4% Al, GWP =
1282, R448A 1 R449A il ¥ 1 AR  HE AR EE BE A
— 50K R449A JH T RAO4A RS E RS, 1
COP &5 T RA04A, HIVE HEAH Y IR 4.2 C,
ARME A M 47, 2 G0 30 elob /0N, ARG Bl AR I ik i

B,

% 3 AHRI/AREP #R #4718 100 £ GWP!™)
Tab. 3 100-year GWP of AHRI/AREP alternative

refrigerants [+

B4 GWP i

LRITHR HCFC-22, R404A,
2 HFC-134a R410A
R407C, R507A

Al 540 ~900 950 ~ 1600 —
A2L <110 200 ~970 280 ~ 740
A3 14 ~20 1.8~5 —

B TR B AR S bR i 44 BT A VA
A R444B ,R450A , RA51A 25 X SEHTRA 14 7 0
ST s EATE R G0 B A S 1
AR 5 FRCR, IF BT LS EE GWP (1) K K R
i, BRI, 3% 2L IR A il ¥ 7l A7 7 — S [m] B3, i
JEVE S . RA04A FII RAT0A HB T3 HAHI, B8
BRY KL HA 4 ~7 K BIREHFE  ILIN, R404A Y
BACIHE R B B, RAI0A 1A 2 B — &
AIRRPE, 3 % AREP 100 H W3 4 2R AR i A 5 Y

J— 7 J—
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GWP, M3 T LUIFE H, X Fix e B ACHI 7], 1T
PRI RRAIR I GWP &, 1 F g B e e B S BN AT
R, T BRI RAL GWP #E

3 25 B AT R K B E BRR A B B Fh
oAk

FH X PR 118 SR AR 5 ¥4 70 1) 3 R A b
RN | AT AR TE s 25 1 ol FH AR i ol v 791
L FEBRIRE AV A 3K 5 A5 A A T b T e 114 22 4 1)
R ATRRE R IR, b TR VR HA
TR GWP Rl v 70 R A7 A TR ) R, 75 %o
HAz 2 PEREHEATIEAS . HFO-1234yf (9] A PE C A 3%
ZWF5E, 1N SAE [ CRP 1234 35 H 1) FE 4 & 19 ]
R P BIF 5 S5 B BIF 9T 45 SR AR R W HFO-
1234yf FITFIRZE 2 A RS AR 2 40

Zoad + ZAE MRS T e S AT 2 Tl
T EPFRARE (1S0817, 1505149 ) , SCHk [ 50 ] & Z44% H:
TR KR S N A AT PR R A xR R R
IH— T4,

1SO817 TEBA 14 70 A AR | 558K LA R R 55
PSSR IR R 21 4590, How Ul 7E
T SR 2 AT T, 7E 23 C . — P RAEMT
ZRMAMEN P AN K T4 T 10 en/s,

BB ) R0 21 45 4% 1S05149 Al T - 1B Y
B R, R X 4 70 B TR B EAT T S TR A
Eo FENBMFEHR 2L SR 0 TR R
1.5 45, BT FeiE [ SR A A J A S 2, il v 751 ik
U o} e e B[], AR & ZRATT R DA HE v 37 58
S BT 7 B ) 2 R 4 min, 35X B AT A1 1S05149 Al
ASHRAE 15 A —/MRA M) X FI1E , ASHRAE 15 {5 il
YR 2 ] A AR o X TV R Y SR AR B
(RN 28 N ATLIAE e B DA SRR T B LFL #2245 1)
NI, SO R R KN 3 A X,
ANTR] ) FETE 2 DX 22 PRI P By A 4 it A 70—
AR o HCAnX e/ N 7 T e DA T AT A
Bkt . TEAN PN 250 B4 R 1305149,

1E 180817 \1S05149 Miifi 2 J& , LAE LA &4 5 1
FHOCHRHER AT B ) WL 4,

x4 EFREXIRER NG

Tab.4 New trends of related international standards

TAEH H

FLAR AR e

IEC60335-2-40 ( 25 P # 22 ) ¥ A2L

IEC SC61D WG9
il ¥4 700 7 i o PR )

X HL AR IR AR T A T — 2P WS 2 X0 A2L 5 LK
FHN T8 A AR AR R, X e Bt — A v
FHRAE A AR NS R TR IR 3R, AR IR A

IEC60335-2-40 ( 25 i #52 ) X A2,

IEC SC61D WG16
A3 )V 3R B ek PR )

A DL o] FE T o T A2 LA I e 2k o) v e A TR o)
) 26 RURIE 5 o 7 i
S A2L 8 22 5 R i

1EC60335-2-89 ( 15 FHYS RV ) % 7]

IEC 61C WG4
A 140 30 T8 B i R )

BEGS T YA VRV T, T 5 FE T A (BAE RO 150 ¢)

ISO TC86 SC1 WG %I 1805149 #4T&

Xof ZRVF SRR Y P AR TR R

HEIHILG 5 KU 25

# TEC60335-2-40 XiF AL L 5 AY P 25 S etk Sl

XA A2L ST LU 5

AN T E A4 TE LT AR, P e 2% (R SE bR T AR R 218
2/DEB—AELL T

ISO TC86 SC8WG5

X 180817 FEATEEL
ISO 817MA

FFE I SR8 1o B LA B kb T IR B B ) S

PRITREAG A2 Al AT, ORI 1 FRMIR S

TNt T 4% ASHRAE 34 $E k0939714 7]

IR ¥4 70 T B — A ] A P 78 AR e 2 5 K A e )

ISO TC86 SC8 WG8 T dem/s DL B BE R I 1 Ty ik

B IRAE 1S0817 Annex C(TE B R4 %) 43805 i b i
T e IR PR SO 1k i S vk
BFEAERY Annex C 7 R B —4F, @7 800 KT B4

5 [E PRBR AR 52, 56 B AT H AS 3 SR R A
N 8 N

I C b S7 A v 28 ) 22 b vfe
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S5 E R BRHES 0K ASHRAE 34 Fil ASHRAE 15,
350, A Ve 7R e 2045 2 5 [E FR AR RS SNAP ( the
significant new alternatives policy , T8 & il & F & 1C
U ) BOHEE , IT 51 SNAP 28/ (i FH il v4 0] — b 3¢
H, ASHRAE 34 S0l 1B A 5 al SR v 57 19
B, HEA T IEH B4 8 v 75 H R AR

ASHRAE 15 3 28 AR 58 U A B BN 25
N RSS20 ASHRAE 1S (9 EZEHANE ., L
Uit , ASHRAE 15 (1 ZEAS(BLRE R, — I 1] 2 it O
X FEE B RIHL 5 BRIV K LA, il 75
FoftJE AR A e 282 I ) il s 72 e B2 T RERY

ASHRAE 15 *J 38 B i BLE A1 1505149 Al
et ERR RCL ML B TR T BR LFL 1Y 25% .
Xof Jee A DX i A A8 X, A5 i s A7 S K sl i 2 A
/NI 4 AR IREFE AR AL E . B TS
HE BRI E, XA Al GEl it RCL BHLG, 5
T A4 JES A 10K B B 22 1/ NN XL 30 T, X EE TS
ARV ), A R A AR Y 07 T 4 XU T, R R )
B AR R EAE R B B iR
TEBREITE 427 C LT FE2 N AS R DL B
K A L S TT A A E AR BT 50 em DL B
JE, (HE4% ASHRAE RYRLRE , b i HLBT AT 1Y N 20
AR EARYE TG AT RIS, Tk
Ve R B B4 Kl AT RIS SR A K 3R,
Fr LR Te kA A TFHIER R

AR S [ Tl A 248 dE R | 38 R PRORR 19 A
HERE LR, B4 L HE T HFC-32 /£ PTAC ( pack-
aged terminal air conditioner , Z K 2 JHHLL ) AY %
|, HFO v M i e s i B, 5 oh ME il b
s 2, UL bt e iod f b X B 3554

H A 22 bR fERE S 64T B9 LB 4, T 1581 1
HASBUR BRI STRF AR o AR R R 4%
HERE ,EJZEE"JEI%@? H 1953/ H ( NEDO Project
research committee for the risk assessment of mildly
flammable refrigerants) , 735 %F Z ML B FPLLL M &
BRALIEAT MBS AL BIF 5T, T 7E 2015 4F 8 H By i
PRl K2 ICR2015 _bE47 1 & AR 4, 4 1 4 18
THFFENERY,

HOEEAC R PR R4 190 [EIBRAR e, 418 XURS: R 2 AT
PIEZ RS (HJE— EL5 R LES AR vl B2 o
8, Bl LA IOGZH B TARTEAR 5 R BLEE LA K A 35 1Y [+)
If, b FE—2BHESE T a7 1k 5 LR HEBR S AR BUE
WFSE N ASALIE RIS 40 BT DL LA K 52 B ik
X B H R — T 4518,

SML BT 4%t HRC-32 F1l HFC-1234yf

PEAT T KBS TEAS o HERIET I XU R 1 x 10 77, 4E 48 il
FH R A 1 x 10 7%, 3K 58 40 /2 180 & 2 hrife
(LR AR IS AR, LT T 1) B AT AR
FEHAR LT T A2L BRI SR ML, 7 AL R
gL 1,

ZHHL  ZEALA T R, Rt g
S, FLXUBS: PRI 2R H AR FE K, OOG 2 X Z BR AL T 3
AT PR JR A B T 2RI B IS, S5 R A
949% I ZIRHLIE B AL AT b (SRt s
BB 1% 8 TEHL B N (0.6% ) B S 1% 3 19 Hb T
(0.01% ), ZERHLAY 3 2 ARG SHe T 3k 26 4 ik 1
Bl XA R BRI T IPAL S5 A R I, AT R
FH % A5 it 1) Z2 A LA S i Y 45 1 T Je ik e %
SBUR T EER I N 1 % A4, DA & — > 80
U AER,

FRAIE KB KA K HLLE B T AR FL AR
AR TR K (E V8 AR ZE AL A% B, 45 B AH X 25
Gy LR 4518 0 - 3 i 4 AL, T L RS A )
3.9 x10 2, XAJLR/NF A 100 4F—k, [HEXTH
JREESR oA e, BRI B P E ST P R 5t

4 B4

A4k, EFR EXF T — AR A B %
B H AT LA E R . BT Ik, FEA —Fh
AT LAT 32 A A9 BRAR A 700 (M A IR L R00% s
B AR IREEPERELS) 1 B R AR V] BB I N &
B, ARTRI A 0 AR 45 0 25 A LR 64 7
TS BERE BN R AR B R A
R IE 2 %08 (fIk GWP, TEWIL/LCCP) F%E &5 i 30%
A E GWP 1Y HFCs il v 71 22 2 25 1 i {8 1, 1%
GWP (A AT HFCs il ¥4 77 SR A 0K o5 7 55 2 b
B AHENTRZ HA —E W AT B ; X F TR il v
FI A 07 FH 5 37 5 3 AR N R, I ISR AH 5& N B Y
FRNECE s AR AT AH 8 ), 982 i v 550 14 7o
R — NI R 3 AN, TR LRI A R A 7
AR

% 30k
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