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Abstract: To enhance the energy flexibility of building air conditioning systems and meet
distinct seasonal energy supply demands, this study proposes a novel open-type non-
pressurized shell-and-tube phase-change energy storage tank, which allows convenient
replacement of phase change material, and integrates it into a conventional air-source heat
pump system. The thermal performance and energy regulation capacity of the integrated
system under two operating modes were systematically investigated through combined
experimental and numerical approaches. Results show that during winter operation, by
adjusting the fan-coil unit set temperature (20—24°C ) and fan speed (850—1430 m°/h), the
heat release duration of the phase-change energy storage tank could be regulated from
48 min to 90 min, representing an increase of up to 87.5%, while the system's electricity
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consumption reduction reached 89.2%—95.3%. Summer experiments verified the feasibility
and operational stability of the cooling release mode. Simulations indicated that a fully
charged tank could sustain continuous cooling for approximately 155 min. Furthermore,
simulation-based optimization suggested that the full heat storage time could be shortened by
about 57% compared to the experimental conditions. Through structural innovation and
operational mode design, this work significantly improves the energy regulation capability of
air-source heat pump systems under both heating and cooling conditions, offering a technical
reference for the application of phase-change energy storage in building air conditioning.

Keywords: air source heat pumps; energy consumption characteristics; dual-mode operation;

phase change energy storage

FE XK s B AR R, M LRl AR RE
PN TARBET Y i) R G oL SR I
AT N RETE T A S BRI S B AT 1], T RE 4
FIRE R SRVEACH AL T Se B Atk S B
BAREER ™, R, K. Je ke a4 R R
KA EA BE I E S SR, S
ST BE 75 K i 2 AT AL A7 AL 2 T, X 2 T
AT AR RE U E S SR A B v O S A
g, FEUET RN, MEREBORDHAE SCBLRE BN
AP, ARCPIETR B RS R G
HE AT, B i 33E 2 SR A0 T 14 A= RE UL vt 5CR
R TTH HUH e 52 B 7 XU B 3h (1 5
BRH,

FHAZ Atk BEA FHARAZ AT RES PR AR e A IR e oRe
JBUAAER FRVRF PR R 58 R BE AURE BB, AR HU A T &
&b e A RO 98 TR AR REVEOE I B RS, A2
JER IR AR T B e B A R v B B A
ECRT, LA E RE W% A B AP ARl
AVE Fe 455 2 Ak iE I 3. & 7o SUM AR ik ds
Rl EE g B, BRSNS 3 R A
RAGHEEWMBE L — . At — BRI HAE
i, FHEORITEZOIIL, Tiari 55 N B KA
IR Fr < Yang 5 NI 252 il e 4 4
FHKFA TR T, Safari™ K AT 9
ARPRHE Y T i e 3485 LR SRR e M B i ik
I T gk 1 27.05% . AEAERE A5 I IR IR 5]
RAAAZIEIR , i L Z HUHE K 5 207 2 A
Shakrina™ 548 1A AL e A A R S HO R GeERE
TR, S5 RAR BN E S AR A R R 2
WIMAG RIS R . KGN T SEIR T TR
BUE 5 FUAH AL Al A (0 ik R 2 B o VA 1Y

TN AR . AR P BN AR, ) S
FREA R PIZAA] DU . 10 BB 0 KRR T 5
— L, BAYERR T LOLISAT MM REK
U, H R 2 PR T/ BB AIE S 56 BRI THT, R
Z SEBR BT SR IR IE .

gi Lprid, BUA TR B A M 2 R A UK
B X I R G A A RUB AT RS E FEM R, MR
B JEE LLE e, A L& R & E P2 AN R AR AL AR
MR, HUESR @5 DA B2 a5 R 4
L5 0 5 AR B AT RS e O AT B M AT k. It
b, WHE 2B T E B S TE RN & 4
A, BRZAELPRE T W RGP T R RRE
J85 & B T HFFIEAT I SEERT 7T -

FEXTEBLA R TCHIAN E , A TARR QR A5 £
TUHRRIE LU 7 T, AR AR I T — g
ROF, ARRIE 0 e A BE KRR, (8 T AL
OB EH DUE N 2 F A F oK. RAMKTH,
AR I, R DR B AR G0 AR S 1 2tk
P T AR R RE S IRAR E & R4l it 2
M SNS, TR T X FERREEFERAN
WL e R ALY, B, REHTT
T MR RE KRR SEPREE Sz 57 P KB AT TERE S
HMBERTTBETT
1 ZARBRMLERASRT LS X

WA
1.1 =FFEARELHERRRE
1.4 AAAR Gk RE AR Gty e L 4% i T B 7T

FEDUAT R IR 2R R GE At B iR AR
A RE /KA AR AL RE R L, [N N SEBAN R T
PERESCHI DI, 0N FL R I S5 P A Je e 42 )~ 1 S



796 it B B ¥ H H KR 2026 55 15 4%
AT AR, R EEEWE A s
;j-; oo o
12
%‘\ 4/
- I E ) - ™5 eeoeo
1,23, 4.7 —
{1l N
Hisko- TR R g
G0 1. 6.7 —Ti%
By BSR TPRA 2t
RHLEE 1?2 3. 4':" 6|\ 7 ———— 3 i:g%)ﬂjﬂ%@
— sk — s e =l st
WAKE o St oL 6— ik
o P—oap M2 sk R EE
ﬁ%gﬁb THE Fig.2 Schematic diagram of the phase change
i energy storage water tank structure

E1 RZREE

Fig. 1 System schematic diagram

BT DAL SR BB X B AR R G AT OE
K A ik RE KA 55 M LA B A i BB AE IR VIR 2
RGN . KH SRR 5 XA IR LA H R DI 4 b
B “MERESCERT 5 CORRESCER T PRSI, ST
T R D . il RESCOE SRR AR AR A
Fhm AT R JRIR B A TFA A, AT K
FEMHRENE Lo R RESCRRICBEA MBI KA, TRBLEL
Bitae. RGUa TR RERT AT . RS
FEINVRHEATIE, LB TR KR Hh
il RERE I MMLELE KRR G Is AT I, KA RERE
e
1.1.2 JFaUMRAR B REK AR it

BUA W T o 22 K A0 AR fil RE KA e i D P 3K s
gik, AR THFEHAIRL . Xk, AHE A
g re NN B O BRI ¥ it 1—Fh e IS AR AL
REZKA st , ahyn e B 2 s

FRAR i R 7K AR 5 44 B 304 A4 il e 71 15 £
=, I H ARG, B B n] % 3 T
T FEE AR RL . KA BEMEK B, AR A E
KA BN, % B30 E B2
Bhe KFEAM B o DR ARKE, K
Nk ERl. B or/ERIK AR SR N AT ES  ARE AE E
HEEBREHNSAME. HEMRHETE TR
t, AOKAER RS WS, s B S A
AR

F I8 R GUEAT 1 45°C 1Y e e [ 7K B AT 9°C 1Y
AR, BLAeze4s, MR AR THEEDR, A

W J0 4 25K AR AR iR B2 N 43 C AL IR 2 &
FHASAPRE,  F B RS R =R IR H s . —ARA R
H s A = A S R e, R Rk AR AR IR
10°CHIA NS, BARMIESHILEA.

&1 HETHRESH
Phase change material parameter
kB EIJIg) %P (glem®) A SEIC
0.86 <1
0.89 <1

Table 1
fEHZY MRIREEC
pE- 43 190
FE= 10 200

1.2 ZREWIT RS HRIZIT

NIGE 2 G8 i H AR IS AT 1 e 5 H AR it e /K AR 1)
SKPRIETERE . IR NA . EWEIRT, XEH
FUIHASEREGRREMNANNE. SN, N
PRUEFENEITRRE, KA IR [ B [a) KU LA
Kim MM KRR, BERENBL, HIfBREKAH
T I SRR KR IR BN 1] RLEL L e, R AL
RNIBAT o T FE 0 S IR AL AR A RRIR S
%, X, HELBHRNEE S HIE2,

FA s B /K A I B RGZ AT OB B BT L A

R2 ZIUHREEBY
Table 2 Experimental scheme setting parameters
= By % WE S
KL vee 1 . 20°C, Wl {K3#(850 m*h)
HEERERSG 2 W 22°C, K {K3#(850 m¥h)
PRIl . 24°C, Wl {K3#(850 m*h)
A7F
4. A L
PIBEBIE 4 o, oo, ks (1140 m¥h)
JRGHUR B
B 5 . 22°C, WEE: =i#(1430 m¥h)
HERA TN
z ™ L 26°C, Kk {iE(850 m/h)
AL AT 1 S




% 3 4

FOMEE: B e BAE IR RGO L AL AT R 5 F RE TR P20 7T

797

IR, HABEHIREESHEGE . K
WL B AT L KR S s, sk
(1) FHAZA# B8 7K 48 H 52 PR IL 0B AHAE A4 8L 95 kg,
FIHAE 9 190 kJ/kg, BT A7 it #H AL ¥ #4 18050 kJ,
i AT 45 H AN R 00 AH AR i B 7K AR 1A AR 78 # g
e, n(2).
Qe = DT~ T5)Quep, Gyl 1)
b, QAW E EAE, kd: T RRWML
fEMHOEE, C; T, ARPLEE I H O R
FE, Cs QB KEHES) T & h A K IR
&, m¥s; p, ARMBKIERL, kg/m®s C,, N
KB AR, kdI(kg-C)s 1y KALEL & 19 TAE K
H, so

Qe
= 2

b, n KRR AR RISV, AR A
FHOARRL, m?s o NS A RN # T, kg/m?®s

h, ARAE AR HY - JIkg o
MR R AR B R T SRS AN A 0L T RGP
FEHLER, 3X(3).

V= @)

by AR KAA I ] s B s Wk
N KA E RO FEHL R, KWh W, AR S R
IKEFERE, kKWh; W, ARSR A A 7K A I &
girAEr R, kWh.
1.3 MASHERN=HE

S MBS HOI AT B 3 P, EE
EZHNAR3. EPIREEIN A 1E] 3(a)]i b Tl X
ML= E, b 1.5 m; FEAMEE I R
TARMANGE Fh s LA E 38 XU B2 5 BT X
Abo D9 MEINARAR AR AR IR BEAR AL, A4k REZK AR
b s TR =S R R B IR R [P 3 ()]
KB F G 5 R A% B 3(b) P A B
BTy it thi 5 H S B 3R E R GESEHE R .

*=3 MESH
Table 3 Measurement parameter
WA
W24 s L&D
LRSS ZH
= PV T S WEAEE: 0.5
" S LRI 1 CTR-380-16
RIS it 6K A 00 20 T.T,T. C fEERx JEERE: 0~1300°C
SN Tou S WIRERFE : £0.5°C
RN TR 18 34X RC-4HC ‘
LA L T, e AR REa FIRT. -30~60°C
KR RS KIR T, T, C
WHUEE HE,  HKIR T, T, C TSEERE . +0.1°C
. B L o L RS PH0O MR
PIEHVALLE, KGR T, T, C MEFEHE: -50~200C
KA R T, T, e
. MEAEE: +0.1%
KA K Q, kg/m?® W U 2 1% 88 HR-LWGB-15 S N
MHEFEHE: 0~6 m°h
ELS (E SRS P, w B
s , o . LHTHKS: 5(80) A
RN D% P, w A R T S PUE AT R A R AE R DDS4921 o )
X H % 1600 imp/kWh
BAOKFEIIR P, W

2 BAFHEA

fER R RS T IRER

FETRAA I & IR B By, BB AU AL
MOROF I, L ERZHT K. T REUEN
KESHAEEMLERGZ, #F LA B2 A
vy TR A 4R b, RISV KR T 1
TR NTT, S ToTAE .

21

Tt B A% LR AT 90 O TSR 221 (DI
B AR 5PEUE N EER R A RE . @B
EEER) S AGERE, OBV SN S AR XHA
HIERE, @SR EHE L AL R, O
MEHOARAS RS, W4 .

(1) PBUE IR 5P EUE A BE 2 18] FRX
fehad RErh, PSUE IR IR B AT 9 i it
(URF o IR IR KU 0 £ 55 28 7K %X Nu,,, - BT BAAE A



798 it fe 5 #H X 2026 55 15 &
ng.i' Ty 1 i%
Y L -
@w%— '\"'"’::Z::::Z,ﬂ” .
7
I B S =
<L, ‘ )
i{glip«%— — |
S g T, /J’Igﬁ’,@, P )
4 I
i
T2l

(a) T3 =W 5
(a) Laboratory

measurement point point

(b) RS s5
(b) System test

(c) 7KAE I A
(c) Water tank internal
measurement point

E3 LENSHE
Fig. 3 Experimental measurement point layout

/ [ A5 AR AR

AN AR SO

/ A MR

l\ “Q
7\,;77 - 77’.;,; 7/‘%‘ ) 7R07 ;?ou;.iyrnjf+1\
/ R
//
- I — /
(a) KL BN TT a4 T

(b) e

E4 fEHREKBLEIEREE
Fig. 4 Schematic diagram of heat storage and cooling release process

Dittus-Boelter /7 F£[3X(4)]115
Nu,, = 0.023Re?8Pr23 (4)
K, Re, &K EER: Pr, &K
AR
W BUE P BE L BB TK 2 1) [R50 I A 4 28 30FN 4
BE AT LA =0(5) F=0(B) T 54

_ Ay
o = Nu, 5 (5)
R, = 1 ®)
vl 2mh,r, !

X, h, RIESUE N BE S K 2 B B RAL 4 R
B, WI(m*C): r, RIESUEMN¥EE, m: RN
WEUE N RE SRR Z R FAEH, C/Ws RTOT
K, m.

(2) P LUE RN T ABH AT LLE A X (7)
T

2mA 1
X, R, NBSUE B RN S AN, C/W;
r NESUE AN, ms ACNESUE N SRR
éﬁ’ W/(m°C)o

R, = ln( ) @

(3) PLUE HMEE S HIARM R Z TR XA AR G
FEFF, FHARRA RN IR 5% 28 /K 45 5 56 F Churchill A1
ChuP$g i 230 A A @) A, ZaXiE
KT AR B AR AL O A .

0.387Ra;*
Nu, = {0.60 + % (8)

1+ (0.559/Prp)9”6T/27
P, Ra, MM B EGH LG Pr, A H
BHEE R
PSR ANEE MU AR RRL 2 18] R XA 5 28 o
FABE AT I Q)M L (10) T4 -

A
h - Nup2 oul (9)
R = (10)
= 2y

oo b R SR SR 15 A B2 TR
WEH, WIMSC): R, JE U8 SRS bR
2[R, CIW.

(4) A TS LA £ He R A A b 2
CEPE SO R O FF, A L B AT L T 5



% 3 4

FOMEE: B e BAE IR RGO L AL AT R 5 F RE TR P20 7T

799

AR ARARTRIA AP AT R (1) T 5

_ 1 Tecm,i
RPCM,I’_ ZTTAplln( I ) (11)

KH Regy MM BHIIAI, CW; rgy,
NI ZIRAERRI3A A2, m

UE IR R T P AR R AR A 2 T PR A 24
Bl R (12)85E -

T, T,
Q=

in, i - p

R, * R+ R,;+ Recu;
Roef, QWL E RN ARG, b T,
JTE R K N CURLE, °C s T B AT
M, s
(5) HIASRPRHIAHIAS I B2 R, K P fE 3
PR PR 7 R R, HH 7
JR(13):
Q= Qs = hoou | (rhews)” ~ (rles) [l .
AR, QA A KR AL TR G R, s

r (12)

(13)

hocu NHRZER R AZ TR, JIKGs Mo, AAHAERS
BEAAE I ZIHI A2, my rhgn, e HE A REIAAE j-1
242, mo

AR PR AT DU R EE VA SR I E, T

X (14), Hk, Hocif R E T, ns(15):
Q1,i = Cp,wQV,wpr(Tin.i - Tout,i) (14)
- _ Q1,i
Tout,i - 7—in,i Cp,va,wpr (15)

ST i+, N DR E TR H R
B, tn(16):

Tiniv1 = Tou (16)
2.2 BRREATRREEE
221 BB E A E

ERER KB R EREEE N=H O
WAUE WK 58U A BERI R GE R @
W OUE BEI) L RE ;. @UEUE SMEE S AR RH
SRR . Wi 5 AR

I 7"7 N o rig roEt
\ T 7-"17;» R{ Rc —»Tout,hTin,iH\\ #Lﬁﬂ'ﬂ(
= Z FNDR
R
’ \7\ﬁ§mﬁﬁﬂ
/ - L > /
(@) KGR B 5 [F A T (b) BLUE# M

E5 BRARELIEEREE
Fig. 5 Schematic diagram of heat release and cold storage process

(1) BRI U N BE 2 T8 (X6 A% A 72
rh, %% 92 R ¥4 T Dittus-Boelter™ 5 f& i 58 . 7EFE
MBI, BEUE WA KR E LT AR,
DAL e 75 A R R 236 A SRR (1 7) R R 2

Nu, = 0.023Re0*Pro* (17)

WEBUE P RE S K 2 18] (AL K R 5 b, A
IE R, T EME X (9) M= (10) 15 .

(2) WEUERER) SRR, HotgrE
RE [ 3 8 R 45007 LA A 20 ( 1) THE

(3) PHBUE HIMEEFOWARAH AR AL 22 T (0 ot 378 62
WEHR, SR, A5 (8)~ (10)H i1 5 75 1%
B o I S 2 B ) VB K 5 A A A R 2 T
(A ] A 2(18) 15

T, T
"R, *tR,*R,,

L, Q, BMULlE BB A EAR KM TH
i, Jo

FRAHE 7K A A% 3 1 PR AT R A O B AR R K (19)
WEAR, foord DEE T, 7B (20) 15
13t

Q.. (18)

Q,,; = Cp,wQV,wpr(Tout,i - Tin,i) (19)
Q2 i

Tou i = 7-in i + = 20

" ' Cp,wQV‘wpr ( )

LK FEREI B VI, PRK R T 2 B A
SUB IHCR T REAR . BeSUEBOENE, KHE I ZI)
HH KR A j+ 1 I ZI B KA R, i (21).



800 1

2026 #5515 %

, : Q
Jr1 = T _ FCU
Tm,1 Tout, n vawovvawt (21 )

Ao, TR WSV A R 2N DR
FE, Cs Tl , RNESUETE I ZIH HRE, C;
Quoo BRI LUE B AR, J; ¢ K I il
SUE I IE], s.

222 VBRI ELER

BB EAERE R R ES =0 Ol
GUE IR 5 IR SUE W RIS E . @3
GUEREN) S HGLRE ;. ORI BN ) #E T it
T o BV 0 20 K I S TR A R B A B, LA
2217,

[ A A AR R [ R Sk R, A A AR A
RIS AR SUE R BRI, e fad FEn A+
SRR AHASM R IR BB AT 42 50 (1) 1. A
A 5K 5 R AR AR P 2 8] B AT e % 5K (22)

XA, Q RMITHEEIBRKEAZLETH
e, Jo

B R K B A RE AT, IR AL 5 [ A
A O AH AR R ) RS R AR, a2 (23)
FioR :

QS.i

Qs = Q= M| (Fhow)” ~ (rle) Jops (23)
X, Q, T EHEEFE R HE, J;
0, eV B %, kg/m®,
AR, AR AR K B B 3 R s L
AR RS, THE AN E(24)F1(25).
Qs = CouQuuPul (T~ T (24)

= T QB,i

T o
" Cp,wQV,wpr

out, i

3 HER504

3.1 LWERESH
341 RFSLRER N

& IR KA A A A AT RIR 2 O ] 25 [ 6(a)]
22280 7rpPERG, KAMERETE R JKAT WA
BH A AR S [E 6(b)]. AR AR BRI UG - 35 iR
JEN39.5°C, fifi e se U HoV 2 L1k 43°C . 4
SRR, AR R IR WL RN Dy ML 5 K AR
REMIRLEUR . RGREW RS EBAT

(25)

(a) /KA AFFURITAHASRRRZS
(a) Phase change material state at the start of water tank heat

storage

(b) ZKAF B FA 5T U AHASARRIRZS
(b) Phase change material state when the water tank has finished
storing heat

El6 KEEHRIIEEBMEMRTSER
Fig. 6 The state change of phase change material
during the heat storage process of the water tank

BRI B R A R WL S AR e R E S
IERGERE T, FHAREREKAE R AR RE . SEIRTT IR
B, K A AR M R e Ak, TR RIS A
B, SPIJEE 48°C . KAR HKIR BB 2 30°C il
BRI RRLE W, L /K AR N ORER 43 #H AR AR L
M, NALEBRERT). AHLEE R EREN
20°C. 22°CH124°C, VAR, . =R onf
J% 850 m*/h. 1140 m*h F1 1430 m*/h) F () 4% T.3%
SEIG ZHAR A AN 8 AT R

E7 KFEFRAERETHRIRTS
Fig. 7 The state of phase change material at the end
of heat release in the tank

RERMNTRBA R WK AR, RGAEF LN
NI T 89.2%~95.3% HIH i H LR E, H
FHAZ At RE K AR A 5 A AT IR IR PRIz 4T 2
HARMEIZESR . JHHRERNEIETT, BE



% 3 4

FOMEE: B e BAE IR RGO L AL AT R 5 F RE TR P20 7T

48

— 20°C, low wind speed
461 — 22°C, low wind speed
445 ——— 24°C, low wind speed
42+ 22°C, medium speed

high speed

o
T

Temperature/°C
W W b
[e]
1

801
a7k —20°C, low wind speed
—— 22°C, high wind speed
— 24°C, medium wind speed
461 —— 22°C, low wind speed
£ ———22°C, high wind speed
S 45}
©
[0}
o
5 a4k
'_
——————————————————————————————— 433
___________________________ e ]
43 o ____ |42
--------------------------------- 42
“““““““““““““““““ 42
| 1 | 1 1 |
42
0 20 40 60 80 100
Time/min

(b) AHAR AL iR A2 Ak

(b) Average temperature change of phase change material

——20°C, low wind speed
40 ——22°C, low wind speed
——24°C, low wind speed
35k 22°C, med wind speed
) ——22°C, high wind speed
®
2 30 N
®©
8 ~
% 25
'_
20 NS
15 1 1 L 1 L 1
0 20 40 60 80 100 120
B (8] /min
(d) 1R A

(d) Supply air temperature variation

El8 ZFBRARTIALEER
Fig. 8 Experimental results of each working condition of heat release in winter

6 -
341
325 \
30 \
28 1 1 1 1 1 1
0 20 40 60 80 100 120
Time/min
(a) 7K 4 H I3 2R
(a) Water tank outlet temperature variation
B ——20°C, low speed
24 ——22°C, low speed
23+ ——24°C, low speed
——22°C, med speed|
L 22°C, high speed
8 22 .
3}
5 21
©
o 201
o
5 19|
K 19
18-
17F
16 1 1 1 1 1 1
0 20 40 60 80 100 120
Time/min
(c) EWNIREAN
(c) Indoor temperature changes
TN 20°C, =8 P il 8 A E Ik B BE AT UL

AE AT, BEMLOURRRIESHEAT, IR &
fiX, HN57.1%, EREME KA REFR K. BOE
TN 22°C ARNIEIB TR, RGisiT RN,
SRR IS B B = 1 71.0%, BEARB KN 8140
Bl BB IR BN 24°C AR KGRI, FHAR AL R} B [

=4

R, B RIEEUR N 67.2%, B KA
90 min. £ EIRIE 22°CHIZM T, RHLEE X
TR H (1140 m/n),  FHAR i A8 IR 1T 5K R AR
K109 708, WASEEE N 61.3%: M IHBEN
(1430 mYh)iF, BEHCGRE KR, A48 min,
TR AN K, 2989.2%.

ZFERTRILWLE

Table 4 Experimental results under various operating conditions in winter
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4 22°CHIH 109 69 11059.8 61.3% 2.30 0.14 0.13 94.3%
5 22°C il 48 48 8691.84 48.2% 1.02 0.14 0.1 89.2%
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