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Advancements in Low-GWP Refrigerant Substitution and Lubricant
Technologies for Variable Refrigerant Flow Systems
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Abstract  Against the backdrop of global climate change mitigation and the accelerating transition toward low-GWP refrigerants,
research on alternative refrigerants for variable refrigerant flow (VRF) systems has emerged as a critical focus in refrigeration and air
conditioning. This paper presents a comprehensive review of recent advances in low-GWP refrigerant replacement technologies for VRF
systems. A three-dimensional analytical framework encompassing "policy-performance-technology" was developed to systematically
evaluate the influence of regulatory policies in major global economies on technological pathways and to assess the thermophysical
properties of alternative refrigerants such as R32 and R454B. The findings indicated that R32 offered a 2. 1%—10. 2% improvement in
energy efficiency compared with R410A although stricter control measures were required because of its A2L flammability classification.
In contrast, low-GWP refrigerants, such as R454C, met environmental requirements but resulted in a 5. 9%-7. 6% decline in energy
efficiency. Key technological breakthroughs were reviewed, including compressor optimization, lubricant management, and long-
distance refrigerant distribution. Special emphasis was placed on safety-enhancing solutions such as intelligent refrigerant charge
diagnostics based on deep learning and the application of secondary loop systems to reduce the charge of flammable refrigerants. To
address the challenges related to material compatibility and system integration, a phased implementation roadmap was proposed. This
review provided a systematic theoretical foundation for the low-carbon transition of the VRF industry and offered valuable insights for
future policymaking and technology development.
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Tab.1 Provisions of EU F-gas Regulation 2024/573 for split-type air conditioners and heat pumps

P AR il 7 & GWP B St B
il v SO R <3 kg IV H GWP<T50 2025-01-01
HUE A <12 kW Bk RYE ETRHI I GWP<150% 2027-01-01
BUEARE<12 kW RS R G E R4 GWP<150% 2029-01-01
Gy VR s AR A

HUE A <12 kW A 0 S IS 2035-01-01
RS 7 GWP<750% 2029-01-01

WERE>12 kW
ERURIA ] GWP<150% 2033-01-01

T R LA UG AT IR L 2 BRI R A

2 HXHRFIHI PFAS Bt
Tab.2 PFAS properties of relevant refrigerants
ikl JE TN PRAS T Z2 BRI Tt
R410A E
R32 1, Fie
R1234yf =
R1234z¢(E) e
R452B 2
R454B =
R454C e
R290 w

Rl 2 AR GWP AT A 48 07 T R 1 AAMAY
HORPREG o (EAF T R, R32AE N w7 it & A
Vo FARAT T Il INF A S BT A, DAk 8 58 T4 3 e ¢
ST 22 [R] 8 B 2 w8, SRy 2 BRAILAT Ml A 3 A v R
BRTAERME TRt A 1 X X T
ZWAUAR MY 58 LB A 2 7 2 Ui L L i A )R
AAHEEZ N,
1.4 £H

5 [ i v& T A8 4 SR A R LE AR 2 D o B R
2020 4F 12 H 2 [# [# £ 38 3 American Innovation and
Manufacturing Act 32 587 (TR FK : AIM B2 ) . R TE
B |23 8 AR B B AT D R GWP il v
BT, IigE HFCs PR B . 2023 4F 12 H B 1T5
HE—L G, B 2026 4F 1 A, ZERAL™ ah (AL 65K
ARG SR A 15 kW DL XA R 50) #4881 1f
F GWP>700 fy il ¥ 5 o (AT B AL , Bl 2 5 [
IR AL A, 56 R BRI R4 3 T 2025 4 3 E A
W TR VAl ATM 7 58 STt 4 D), ik — R A g e 3K
Ji R HAR SR AN [A] ) R & Az — e AR, 25 v Al
23 PRAT M 0 A TR R AN 1

BE AN, A A e S M B A SR R Sk s,

202542 H 42 H 89 SB 682 7 21 I 5E M 2040 4,
BRFFOR TS 005 DR I A I A1 B 4TI 2% 1E 5 PFAS
7 A B LR U R A A A R A 2 i
IR HATIEAL T 7 2 0 W B, R &l 515
W T 4 S A R4 BB 7 A R AR

H b, 2Bk EZ LTRSS E A T K HFCs 1Y
FHSCTEHL, an &l 1 fs .

B2 KR, 4Bk Z AL 7 2 T
TEAb T S A U, 4% [ O T CRE R 1E 28 ) AE 28
I T 22 AR SEME R AR . h E 2 58 R R22 T KO
137 RA10A =S A, {3 — PR AR B £k i R WA
H A3 i (U ik & 9 8 FRLIL ) AR 1% 52 T GWP<
750 .GWP<150 [ B Bt H b 5 BR W F-gas IR R HLS
B Bt 4 77 i S R ) i i A AR R [R]BF PRAS FR
il 4 58 R B AR T SR BT A AR 55 95 [ E O AT 7%
S A EAE AR R NN SB 682 122 %) PFAS 25
A ATREG A SEBURGE 1] . X BE UK 25 S N B
5 ]V R0 B L X B ORI & T B T (]
2K,

2 BHAHILH

2.1 BEBRFLFITFIE

i Z BCHLA Tl © R 52 5% F R22 [1] R410A 7Y
FARFE R, H AT IE AL F 1% GWP il ¥ 551 28 V8 11 O gk
BHT . JE T Y AT H R & R BUIR , ZBCAHL R 4e s Y
AV AT R G b 532 2 RIS - BT ] ¥4 AR
AR BARE AR SEOT LNk 3 R .

T AU VA 700 450, R32 [ HEE i GWP I R
(R T PE B LA K AE 53 18] 25 3] 25 v AR R I i 17 JH 48
5, A I B HL g 07 R A 5 i 7R TR & 1l
7 T, A7l T 4 6 T R452B  R454B , R454C Al
R466A 5B R T, (HA B A, X LEIR A iR 7
M T 415 22 5 5 00 I 35 O [R) 0 3 B O RS R
R454B 1 R452B 1) i BE 1 # AH XT8N (3 51124 0.9 °C

R 3 _



JIEN Wi

 HRERAZYIS K
PRI A E

eS|
© AIMEZR p .
o MINISB 68215

« F-GasiEZ
« PFASIEZE
- 3

o 202 14E AR5 1R
o 20234 R ATHEC B A4 7 58
. 20254 AT 5 7% ; '3

2

H7

* BRAL S B
FHFIE Y 4 BB IE
Sl

+ JRAGL-16:20251 1%
A2 0 e

v /

7~

B1 £ EZLEFE S EIE X RIERB R

Fig.1 Overview of environmental regulations for VRF systems in major global economies
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Tab.3 Thermophysical properties of alternative refrigerants
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Fig.2 Performance characteristics of alternative refrigerants
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