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High-temperature CO, Transcritical Heat Pump with
Optimized Tube-in-tube Heat Exchanger

Huang Rui' Hu Bin' Trygve Magne Eikevik> Wang Ruzhu' Ge Tianshu '
(1. Institute of Refrigeration and Cryogenics, Shanghai Jiao Tong University, Shanghai, 200240, China; 2. Depart-

ment of Energy and Process Engineering, Norwegian University of Science and Technology, Trondheim, 7501, Nor-
way )

Abstract In existing research, 90 °C is reported as the highest temperature of hot water supplied by a traditional CO, heat pump. To
supply pressurized hot water over 100 °C with the CO, transcritical heat pump, a tube-in-tube heat exchanger was redesigned and
optimized in this study. The internal heat exchanger system was adopted to verify the feasibility of a CO, heat pump with an optimized
tube-in-tube gas cooler to supply pressurized hot water over 100 C. The influences of ambient temperature and inlet and outlet water
temperatures on the heating capacity and system performance were studied by simulations and experiments. Results show that the error of
experiment and simulation is less than 7.59% , 100 °C hot water can be obtained through the redesign of the gas cooler under high-
temperature conditions. When the ambient temperature was 40 °C and the inlet water temperature was 9 “C, the highest COP ( coefficient
of performance) reached 3. 64 in the experiment and 3. 87 in the simulation. The highest COP in this study was 4.47 when the ambient
temperature was 40 C and the inlet and outlet water temperatures were 9 C and 85 °C, respectively. With an increase in ambient
temperature, the heating capacity increased and the COP exhibited the same variation trend as the heating capacity.

Keywords CO,; heat pump; high temperature heat pump; heat exchanger
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Fig.5 Simulation results of heating capacity

e B e B PR R A T R RS RO
FRARLN R, NI COP LB RS, LA, 5 Hm, CoP b1 fla s, PR T ARG B iy
PRI BE AN HIK A PR B e, BERE HOKIRBER KR A TS 2R 45 2, 320 COP B&fik, 7



F44% F48 #l % F W Vol. 44 ,No. 4
2023 £ 8 H Journal of Refrigeration August, 2023
T 85 T
w,out w.out
481 U s .
45 =90 7C 380_090‘@ o
—-95°C 2 7] 495°C
421 . 75 . X
e 42r 100 C 100 C
8 ﬁf 70+ °
39¢F = n X
i )
361 K///”///////// 651 g
60 v\ 1 I
33 L L L 1
25 30 35 40 2 aEEC 40
HEHRS/C (a) BKIEREHRO C
(a) #/KIRBEA9 C 85 T
T ou =85 C -
45, —=85C > 80T e00C :
90 C =< 751 4957C
421 ]
95 C B vi00C .
£ 3.9F 7 100°C & 70t i 3 .
U=
S ’
36k ::::::::::::::::::::: 65F
+
33r 60735 30 35 40
30— ' ' ' BRI/ C
25 30 35 40 e TSk o
IR BE/C (b) H/KEEHNIS C
(b) HEARERIS C 807
T ou 76F w85°C -
450 "85 C 2., e0C .
42_+90 0C ]]I]BH 495 DC A
Tl -95C F 68 v100 C : 2 v
(p— ° = v
§39 i%if///“/’////“/////x 64F n .
3.6 . M . . )
- — 603 30 35 40
3¥p T — BB/ C
3.0— (¢) #EKIREEH20 C

25 30 35 40
B EE/C
(c) BEKEBEA20 C
6 COP MTEZR
Fig.6 Simulation results of COP

R CYPRBE IR EE N 40 °C, FEHKIREE /28 9
°CF1 85 CHT, /7 COP i 4. 63,
3.2 RPHER

B 7 Fim b il o i S s a5 51 . 505 BA5 A
], FEAR TR A RIS ORI EE T, i BE A BE TR
TR I, o 00 HE IR B Bl R T A T
o T v, 7K AR 3 A g 384, {HL [T Pl T s K
TR 22 53 I A T 2 B o K TR
TG I g R K IR B 1 T v ) o A ) 34 n
HAERCBRAE R, T 1K IR T AN AT 3k 6 T BUK
e % (S A i 2= ) | P 1 0 N N i B2 i
U R EG LR RS Z 2w, SRR
JEN 40 °C ,HEKIREE K 15 °C , /K IR EE S 85 C I,
FEAEHLHES R J1°K 11. 84 MPa, 4 5256 (1) 5 25 il 34
4 82.8 kW,

Kl 8 FT7n N R GEAEAF ST o KRBT

7 HRELRER

Fig.7 Experiment results of heating capacity

COP 724k, COP TEAH[m] Y P15 I B2 F1 i 7K I B2 T B
KR EE AR TG N FEE 7K IRLEE [ 5 A [ B
T B R S 3G 0, COP [ BR4 JaL BE 1) T 1 A
Wi hn, Az YIRS 40 °C 3 KR
JEAr 9K 9 °C F 85 °C B, IE4E ML HE SR S
11.71 MPa, iz K COP 4 4.47,
3.3 EHEXTLE

3 2 R A ST 0 o s 5 AR AR R R 58 R0
FHIE S A5 1F T B SE B0 B0 X b, X LR b i R
GL¥oh IR R GE, ¥ LLAS SAE AR . 7R LAAE B
e, AR RS fe s KRS 91. 68 C , 3d i
XAV H LA, Il 2R G0 0 B e KR BE
FEEE 100 C, R HKIRERFER, IET 25
HARE MBI A MR, 4 Sun Shuojun %
AT, 24 PR IR E Ry 24 °C, HE K IR 43 91
23.7 “CF191.68 CHf, RS COP K 2.83, AW
SRR Ol 25 °C, E KRR 23 51 20 °C A
100 C I, 248 COP i 2.93, 7EHEW: T /K IR FE 1Y



Mt F4H

ETEEHRARMUN CO, BIFAARSEHAMRRARR

Vol. 44, No. 4
August, 2023

2023 £8 A
w.out
45, "8 T .
090 C
421 4 95 C " °
% 39 v 1.00 C . R .
O36f ° . N v
33F 4 : v
v
Il Y 1 ]
30 25 30 35 40
WEIRE/C
(a) HE/KEENRN C
w.out
451 o 85 C -
421 90T o
495 °C "
% 39+ v 100 UC ] . A
O36f * . .
33F a v v v
v
30 25 30 35 40
W&/ C
(o) #EAKEEANLS C
451
w,out
4.2+ =85 C .
o 39F  °90C - .
o A95C *® o
O 3.6+ [ ] v 100 oC : N A
33F 4 . v
v
Y | 1 |
3.0 25 30 35 40
HBHEE/C

() BEKIREEN20 C
[ 8 COP MEILE R
Fig.8 Experiment results of COP

xR 2 5EMAFEET

Tab.2 Compare with other experimental data

Wt W kR KR cop
Esc E/sC E/C

Sun Shuojun %! 24 23.7 91. 68 2.83
AL 25 20 100 2.93
Sun Shuojun %1% 24 23.26  82.49 3.02
AL 25 20 85 3.38
Wang Shuoguo 277 35 12 80 3.48
A3 35 15 85 3.83
Wang Shuoguo ZE1'1 25 12 80 3.29
¥ 5'e 25 15 85 3.49

[FIEF A $2 5 T &40 COP, 7£ Sun Shuojun A=) B
S, YPFIRIE R 24 °C |, UEH KT EE 4 3k 23. 26
°C F1182.49 CH}, &% COP 2}y 3.02, MiTEARMITH,
MR EE Sy 25 C, KR EE 23 ) S 20 °C

85 CHf, 245 COP H 3.38 42 T 12%, Xf It Wang
Shuoguo ST RGRIEST S BIEIRLE S 35 °C, HE K IR
FER R 12 C I 80 C I, ZR4E COP iy 3.48, TMifE
BT, Y PIRIREE N 35 °C , EKIRE N 15 CH,
KRB EE T 2 85 °C, RYE COP 7y 3.83, MIfHE
LR 25 °C KR 3908 12 “CF 80 C I, &
4 COP 2 3.29, MiASCH  FEMF FARIRE T,
KR EE 235124 15 °C 1 85 °C i, COP 24 3. 49,

4 i

ARSI TF AT BT R GG &, i T el
ARG BB 3 g X AR (4 () L SEEL T
I CO, TUIEAEZS 100 C UK, [RIBFAFSE T il
HA COP 5IREERE MU AGRIER R, 15314518
.

1) 38 3o X #5740 1 45 LR A 4 IR 1 A
1k AERBE IR K 40 35,3025 °C, B HIK IR 4>
5124 9.15 .20 CH, IIEER T 100 CRIHOK . X XF
CO, I — 3% ) HAA R L,

2) SEER R LA R R W], FEAR RIS H KR T,
A it A T P T IR Y KR A
B4 9 °C 100 °C, Hil i 63.4 kW 3 E 75.3
kW, FESEER T, i K & 1 A8 Ak, Y ik KR A
TR U P 115 T 4 A ek B 38 fom B il A O A 4
. TR, SEEG AL ) R 22 i K/ T 7. 59%

3) SEE R ELAE R B A A — i KR T,
COP BEMSE R W TH = mids i, S 4 1, 24
HEHKIEE S50 9 °C AT 100 °CHF, COP Hy 3. 15 4
2 3.64, WEAN, YK IR R BT R[5 2 B, COP B
YHIK I EE B T 3

4) 38 3 X LA RS R I, AR S AR B
HKIEE W R UE T REH A& COP, X
BAE, COP 4T 13%.,

S

SRR

F Carnavos J& 22 7 H 11 BRI
A—— IR E A, m?
N—T %k
d—>F% ,m
e i, m
s—F-INIELE  m

Re——TH %L

Pr—— L

p—%g7kym3



Mt F4H

#l % F W

Vol. 44,No. 4

2023 £ 8 H Journal of Refrigeration August, 2023

—HE, m/s (4] IR, P, AL, 2RI SRR R R 1Y

r—5 R AR EL KW/ (m-K) R RN O L O ISR [T ], R IEREDR, 2016,
u——B NFEE, Pa-s 38(11); 9-15. (LE Hui, LI Haoyue, JIANG Yi. Reali-

—EE m zation of substituting coal with electricity and enhancing the

A—FMEF KW/ (m-K) efficiency of electricity allocation by using air source heat

p—HE kg/m’ pump[ J]. Energy of China, 2016, 38(11): 9-15.)
Al—C B B m [5] Zokse, &8, B, 5. MPREARRER( 1) —AfE#k

oa—HRES, (°) MEEA S B K WP S B sl [J]. fERERE 2 SR,
Ap—JEF%  kPa 2013, 2(1):69-72. (LI Yongliang, JIN Yi, HUANG

p—HJ1,kPa Yun, et al. Principles and new development of thermal
K—&EEHLkW/ (m*-K) storage technology ( 1 ) [J]. Energy Storage Science and
Q— it kW Technology, 2013, 2(1) :69-72. )

W—IIFE kW [6] Renewable energy policies in a time of transition — heating
m—— i ke/s and cooling [ R]. ABU Dhabi: International Renewable
c, EREHE 1/( kg-K) Energy Agency, 2020.

S—, kJ/ (kg-K) (7] skelig, TAA0, &R, %5 POEEORMN RS %

h—% k) kg JERTELJ]. B 529 (dbat) , 2018, 18(1):1-8.

V—HEZE LA kg/m’ (ZHANG Zhaohui, WANG Ruonan, GAO Yu, et al. Ap-

T HRE ,C plication status and development prospect of heat pump

[J]. Refrigeration and Air-conditioning, 2018, 18(1); 1
TR -8.).

r— il 5 [8] JAKOBS R, CIBIS D, LAUE H J. Status and outlook in-
w—K dustrial heat pumps [ C]//International Refrigeration and
S—IKF 1] Air Conditioning Conference. Pudue, 2010, 1-8.
H—EH 17 [9] ARPAGAUS C, BLESS F, UHLMANN M, et al. High
fa £ X temperature heat pumps: market overview, state of the art,
fn SR research status, refrigerants, and application potentials
eq—255% [J]. Energy, 2018, 152: 985-1010.

i— N [10] WOLF S, LAMBAUER J, BLESL M, et al. Industrial heat
i,i NENE pumps in Germany: potentials, technological development
i,0 N IME and market barriers [ C ]//ECEEE Industrial Summer
Cu ok, Study 2012. 2012.543-550.

expr— LI 45 R [11] KIM M H, PETTERSEN J, BULLARD C W. Fundamental
amb PREE AR process and system design issues in CO, vapor compression
dis HEARZS systems[ J]. Progress in Energy and Combustion Science,

in— L ER A 1 2004, 30(2): 119-174.
out g o [12] AGRAWAL N, BHATTACHARYYA S, SARKAR J. Opti-
c B BEf A mization of two-stage transcritical carbon dioxide heat pump
e AR cycles[ J]. International Journal of Thermal Sciences,

PR 2007,‘46('2) . 180-187. | N
[13] XU Xiaoxiao, CHEN Guangming, TANG Liming, et al.
[1] AL-GHUSSAIN L. Global warming; review on driving Experimental evaluation of the effect of an internal heat ex-
forces and mitigation[ J]. Environmental Progress & Sus- changer on a transcritical CO, ejector system[ J]. Journal
tainable Energy, 2019, 38(1) . 13-21. of Zhejiang University-SCIENCE A, 2011, 12(2). 146-
[2] MONTZKA S A, DLUGOKENCKY E J, BUTLER ] H. 153.

Non-CO, greenhouse gases and climate change[J]. Na- [14] JIANG Yuntao, MA Yitai, LI Minxia, et al. An experi-
ture, 2011, 476(7358) . 43-50. mental study of trans-critical CO, water-water heat pump u-
[3] What is carbon neutrality and how can it be achieved by sing compact tube-in-tube heat exchangers [ J ]. Energy

20507 [Z]. European Parliament.

— 100 —

Conversion and Management, 2013, 76. 92-100.



F44E Fa4H
2023 £ 8 H

ETFEEHHAFMUN CO, B RARTEUAERRATR

Vol. 44, No. 4
August, 2023

[15] CAO Feng, SONG Yulong, LI Mingjia. Review on devel-
opment of air source transcritical CO, heat pump systems u-
sing direct-heated type and recirculating-heated type[ J].
International Journal of Refrigeration, 2019, 104. 455 -
475.

[16] MINETTO S, CECCHINATO L, BRIGNOLI R, et al. Wa-
ter-side reversible CO, heat pump for residential application
[J]. International Journal of Refrigeration, 2016, 63; 237
-250.

[17] WANG Shouguo, TUO Hanfei, CAO Feng, et al. Experi-
mental investigation on air-source transcritical CO, heat
pump water heater system at a fixed water inlet temperature
[J]. International Journal of Refrigeration, 2013, 36(3) :
701-716.

[18] BAEK C, HEO J, JUNG J, et al. Performance character-
istics of a two-stage CO, heat pump water heater adopting a
sub-cooler vapor injection cycle at various operating condi-
tions[ J]. Energy, 2014, 77. 570-578.

[19] ELBEL S. Historical and present developments of ejector
refrigeration systems with emphasis on transcritical carbon
dioxide air-conditioning applications [ J |. International
Journal of Refrigeration, 2011, 34(7) . 1545-1561.

[20] ABFER, A4k3C, XK, 55, B A S AL Bk AR 0 4
PEERSLIR[J]. fk T 224k, 2016, 67(4):1520-1526.
(ZOU Chunmei, CEN Jiwen, LIU Pei, et al. Transcritical
CO, heat pump system with an ejector[ J]. CIESC Journal,
2016, 67(4) :1520-1526. )

[21] ZHU Yinhai, HUANG Yulei, LI Conghui, et al. Experi-

( L4256 67 1)

[17] DONG Junqgi, CHEN Jiangping, CHEN Zhijiu, et al. Heat
transfer and pressure drop correlations for the multi-lou-
vered fin compact heat exchangers[ J|. Energy Conversion
and Management, 2007, 48(5) . 1506—-1515.

[18] KAYS W M, LONDON A L. Compact heat exchangers
[M]. 3rd ed. New York: McGraw-Hill, 1984.

[19] MOFFAT R J. Describing the uncertainties in experimental
results [ J ].
1988, 1(1) . 3-17.

[20] CHANG Y J, WANG C C. A generalized heat transfer cor-
relation for louver fin geometry[ J]. International Journal of
Heat and Mass Transfer, 1997, 40(3) . 533-544.

[21] CHANGY J, HSU K C, LIN Y T, et al. A generalized

Experimental Thermal and Fluid Science,

mental investigation on the performance of transcritical CO,
ejector-expansion heat pump water heater system [ J].
Energy Conversion and Management, 2018, 167. 147 -
155.

[22] WU Di, HU Bin, WANG R Z. Vapor compression heat
pumps with pure Low-GWP refrigerants [ J ]. Renewable
and Sustainable Energy Reviews, 2021, 138. 110571.

[23] DANG Chaobin, HIHARA E. In-tube cooling heat transfer
of supercritical carbon dioxide. part 1. experimental meas-
urement[ J ]. International Journal of Refrigeration, 2004,
27(7) : 736-747.

[24] CARNAVOS T C. Heat transfer performance of internally
finned tubes in turbulent flow[ J].
ing, 1980, 1(4): 32-37.

[25] SUN Shuojun, GUO Hao, LU Ding, et al. Performance of

Heat Transfer Engineer-

a single-stage recuperative high-temperature air source heat

pump [ J]. Applied Thermal Engineering, 2021, 193.
116969.
BIEIEERET

FRE, Lo B, Bl 3SE R LS 8 ) TR % B, 021-
34206546 , E-mail ; baby_wo@ sjtu. edu. cn, fF 5% 77 ]« [E R BR
M2, 23R CO, HEIE(DAC)

About the corresponding author

Ge Tianshu, female, professor, School of Mechanical Enginee-
ring, Shanghai Jiao Tong University, +86 21-34206546, E-mail.
baby_wo@ sjtu. edu. cn. Research fields: solid desiccant air con-

ditioning, direct air CO, capture.

friction correlation for louver fin geometry[ J|. International
Journal of Heat and Mass Transfer, 2000, 43(12) . 2237-
2243.

BIEEZE N

PRI 55 e, Bz, B S0 il R e 5 R TR E 5
FIr,021-34206775 , E-mail ; jpchen_sjtu@ 163. com, #F5% 77 1] ;
il Ve SR T PR,

About the corresponding author

Chen Jiangping, male, Ph. D. , professor, Institute of Refrigera-
tion and Cryogenics, Shanghai Jiao Tong University, +86 21-
34206775, E-mail: jpchen_sjtu@ 163. com. Research fields: re-

frigeration and cryogenics, automotive air conditioning technology.

— 101 —





