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Synergistic Heat Transfer Mechanism of a Composite Energy Geo-Structure
under Seepage Conditions
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Abstract  Ground-source heat pump ( GSHP) systems using composite energy geostructures can efficiently transfer heat to soil and
provide a high coefficient of performance (COP) for both cooling and heating, which has broad application prospects for energy saving in
buildings. However, groundwater seepage in the soil can significantly affect the heat-transfer performance of a composite energy
geostructure, thereby affecting the overall system performance. Therefore, this study establishes a numerical model of composite energy
geo-structures considering groundwater seepage and investigates their synergistic heat transfer mechanism of composite energy geo-
structures during summer. The results indicate that the heat transfer of composite energy geostructures is 60% higher than that of single
energy piles under seepage conditions owing to the synergistic heat transfer of the energy pile and borehole. Groundwater seepage
contributes to heat transfer in composite energy geostructures. When the seepage velocity reaches 60 m/a, heat transfer capacity increases
by 1.39 compared to non-seepage conditions, while the temperature rise of the structure itself decreases by 25.32%. Under seepage, the
upstream energy geostructures exhibit greater heat transfer with the soil than those downstream. The thermal influence area of the energy
geostructures significantly reduced upstream and expanded downstream. This study guides the rational application of composite energy
geostructures in regions with seepage.
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under seepage conditions
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Tab.1 Geometric parameters of the model

28 Bl
REVREAEVR i/ m 40
REVRBERESR/m 0.6
REVEAERE [E]FE/ m 4.2
BT IR e ~F 42/ m 0.24
AL/ m 60
HifL A2/ m 0.12
HhifLIE IR/ m 4.2
U A HRE/m 60
U A5/ m 0.03
HE N/ mm 2
B S/ mm 3
AR A m® 10 x10
TAARE/m 80

1.1 YpIEfE Ry

T E T PG AR A A A B AR R
i

1) M 4 1 8 A AR RE TR BE 55 4R
DAL PR T A R0 45 i [P A B G



Tk F4 4
2025 4 8 A

il v 2 4

Vol. 46,No. 4
August, 2025

PYNES RO 232 BRI AL , I 200 7K o3
SR A ES GRS SR

2) REVEAE (BEAL) 5 3 4 fuh s 06 1 i S
A

3) REVRAR (BhFL) J& Bl L83 22 L HL S 7K 73 B9
A5, TR L A% 38 T7 2R AR PR S TR
RS AR

4) B N R TT 1], TR R AN OF HAE
JEB WAL R T ) A2
1.2 #=HAE

B A4 ) 5 RE AL 4  RE VAL RN Bl AL b 1 A5
AT SRS, DU 5 PR N U R P A PR i s 2 11 D7
e s REVR L T 4548 I B 1% Pl 07 e 5 3 b A e 3
TUKBU, WA B LS R IR M S5 48 1 PO 7R K
BIKR TS T
L2.1 BN REIEH 2

AR 254 v PR A DR 1) O 3 S i A
2, WU k= i AL T SRR A T A i
k) =

]

0 M\ ok
a|:(:“+):|+ck_pf8 (1)
¥ o) 0%,

»
0x

J
—(p;k) +
8t(pf )

dp
5(/’{‘9) + (pfguj> =

a[(ﬂ + “’) ‘9‘9} Fpdse —pB—C ()
axj o axj + Jyve
b o HISIE], s 5 p, NHRPVEE N TRIR I BE  kg/m?
kTRENHE, T5 u W v, A b O A
mz/s; m FRAER B IR E Pa-s; M, Ay i U 26
Pa-s; v HIBEIFE , m*/s; & HIRAERR; G, 2
TR AL A kAR AT i BB RE & e
) Prandtl 0 o, o, S0 5IHL 1.0 A1 1. 25 A F1 B M4
K H R
1.2.2 geiRM T ERIRE 712
REVEBE AL FL A &R B B 1 3 TA B I 200 o 5
B PR TR

&

oT.
Pty o = VgA VT, (3)

e p, AR FE A (SR AL IR IR ) 1Y A R R

kg/m*; ¢, MERBRHG L E FRIAE 1/ (kg-K) 5 T,

TR IRLEE K A, SRR R S B R

W/(m-K) .

1.2.3 geiRit THEMBE T IESRIEHR A E
REVR M T 45 44) JA] [l - 598 v (9 b T 7K 2 Ui Pl i 2

P S AR E S FE T RRE  ansXi(4) ~2(6) R,

d(ypy)
ot

+ V- (yovy) =0 (4)

2

9 9 9 u
oy (Partt) * = (pgun) = p P S; (5)

0

—lyo Es+ (1 -y)pE] + V-

Py [st(Pstsf +p) ] =

Sy + Ve [Au VI = (X k) + (m-v) ] (6)

by BEIEAALBER,; v, HBROKIE, m/s; p,
M p, 5390 R 22 FLA Bt B i K Y %8 B8 0 4 331 1)
WRE kg/m’ s S, ARER i TR AMB M 5 R Y451 2 T
E FE, 53500 22 LA BT B i K F0 - 33 T b ) B
LT 2288, T 5 p HIESR, Pa; S, AZ AR
TR K, 17K by B RK IR T 0, Bk
Tfﬁﬁﬁi,kg/(mz-s) s Ao NEZFLA T B R T
FHW/ (m-K) iR (7) 75,
A =YAs + (1 —y)A, (7)
Ao A FA 235 Z AU BB iR KR T
B SRR, W/ (m-K)
1.3 EfEFEMH
I COMSOL Hh iyl S5 T4 3 Ui 49y 2L 7 S B ik
A LR i sl DA B R Z2 LA B AL A Bl
FIB TR T AU T 2540 B S 5 3R
e, Vo T AE REAG I 22 W) L7 S R4 AV 5 e R
A ] AL RS
1.3.1REH
D) WG A1
T.(f,t) =T (x,y,z,t) =T (%,y,z,t) =T,(t =0)
(8)
s To(f,0) 4 o B 20 BEUR H T 45 Ky v 5 VA 1) T
BE,°C 5 T.(x,y,2,t) Mt BT (x,y,2) ZAERIRERME Bk
NFL) BIREE ,°C 5 T.(x,y,2,0) He BT (x,y,2) 401G
TR, °C 5 Ty N T IERIIRIRE °C
2) L FAT
T e 5t .
q(x,y,2,0) |20 =0 (9)
AT 5
T(x,y,z,t) L:ozTa (10)
AR 5
T(x,y,2,t) ‘z:-sozTo (11)
Kby ¢ MPGREEE , W/m®; T, WENZSIRIRE,C,
1.3.2 &5
T KB A DA TR S R R R A,
BT ) R B E e L (« BT 1) 9 ETT 1))
It HRTE « $O7r B T B . B A R BE



%46 % 2F 4 )
2025 4 8 A

We 28 B AT 25 BE IR T S5 F 1Y bl [ £ LB

Vol. 46, No. 4
August, 2025

20 °C, 1 EBE ARE R T Dk g A
B
1. 4 HRBIIGIIE

EGUE E AR HER M R T B AR T
SR UG IR R &, IR 2(a) FoR , 2 A2
HETE BE VAR AN 3 AR 5 U JE M HR A R4 i, 5K
LA 40 L/h BIFEIRIREE (45 °C B 1E 2 /K I A 454
P B 2 ) LR T, 1817 24 h TE
COMSOL Hr sy T 5 52 55 A5 AU A AH W) )RS | AH [R] 44
L A AL R R B AR, )4k R R S T
LRI (V- 34 - HE YR BE (28,7 °C ), FH 5256 v I A5 4 9%
BA KR EA O IR 5 A

A RETRM R 45k kKR A% e an i 2(b)
Fis , T R SE R I R 22 (0.2 °C) /KR
PO FEAS AT ATE SC S (E iR 25 i R O B4 2R 5 58
as A RAT, BT & 1R A R b S5 f i
BA RBHRE R, AT AT S T A B G el T
LR B FPERE

- Lj

G I [l

i
il

—

46
-l /.
45F '\‘1 /ll\‘(,l;kll\ /ﬁ\'—l t"'/ﬂ-\/’
O W o kR ‘”fﬁﬁ/r
g /f’r*f: o o 0000
43 e
b y <
0+ F
% = Bk OKiE
41t° o W EKIR SRR
~ i FKIRBUME
400 3 6 9 1I2 15 1I8 2Il 2‘4
I} 1) /h
(b) 3t F KB
[ 2 #EVIGHIE
Fig.2 Model verification
2HEERESMH

K H A BRI 5 2 o 47 R M, A A B R N
618 172 NMUTE MK, LB FT A 30 d, B &

REVE ML T 454 h & B IV 1A FTKIR A 35 °C, T i
0.2 m/s, FIERPTAR T B E Ry 20 °C, 1T UK
B R 60 m/a, T PRI B B H 2% N 25
TG 26 °C T T AR S e b 75 A1 300 W o) 0 4%
JfEIR)Z 20 Y M S A T B B0 B AN 2 B
TN o BEVRAEME B AR EE £, L AR R
SRR I, EHONZR A HIESE H ST
22+ B S S I o B
PIB AR T E A BEVR T 45 F4 F {3 R WA 25 44 Y
TR LA AT RE JEAE 0l FL 1 35185 11 P[] A% AL B
SR A RE TR M T S5 M AE TS B TAA B R 00
TNIEER LB TR 2 A AR IR M S5 R % R
TRAR

*® 2 MEHHYESHY
Tab.2 Thermophysical parameters of the model
SHREY wWE/ e/ ‘
MR W] (et (k] TR
REVRBERE LY 2.3 2551 960 —
BhiAL MR R 2.2 2 050 1 068 —
BN 1.8 1830 1500 0.4
g 0.42 — — —

2.1 gEiREHE S $HFLIB E B th R (& 34

BN, AR T 25 P AH L B — AU AB IR
S FA AT ELA T e %) A A o TR B R A A il X s, 3R
PR T L A 3R

Kl 3 firs R — YRR IR AR 45 A N & S RE R ML T
LA AR KB T N 21730 d JGHL R 20 m
TRAL AR =~ 8, mTRAK R, AR R A & A g
T b 5 R4 1 ARG ] DI 3 S AR U 55 B AL D
] TAE S BEAEARE I Mpre, BRI S , £ 148
T ALk B — T R VR 45 44 I 52 A R TR b T 2544 1Y £ 4
FUIRE AT 23.0 °C F1 23,1 °C, B—TIRE IR AR
ik TR REIEAE P2 A Z Bk A L UFRE IR AE P1
BRI B A BETR L T 4548 P, R iR REJEAE P2
[l 32 25k [ EirRETEAE P1 AL B1 454l B2 H31H
S

HAREHR N5 5 - gt 1 BT
H—RIRRIEME , THE T8 T 25 30 RIF45 AT
SERI R R IARE T . B TR T B — AU R IR B
R RERAE P1 P2 (Y4 AARE T 4000 R 83.12.78. 14
W/m; BHARAES T2 AU N 450 eI P1
P2 3 IEE J1 435 M 83. 10.76. 30 W/m, 4L B1 Fl
B2 By IAE S K 33.05 W/m, BI7ERE JEUbE ] i v



Tk F4 4
2025 4 8 A

il v 2 4

Vol. 46,No. 4
August, 2025

5
4
3
z 2
‘E\E 1
& 0 » P
%,
-3
-4
y —5
L -6 4 -2 0 2 4 6
X xR B /m
(a) I RETRIE S5 1
5
4
3
=) 2 o
|
& 0 > e
Efl
~ -2 &
-3
-4
y _5
I_.X -6 4 2 0 2 4 6

xHHFE B /m
(b) BERETEHES A
3 BERM T ERERERTLE
Fig.3 Comparison of temperature nephogram of energy

geo-structure

INAERSL, 6F EUFREJEME P1 A IAEE T LTI A
SoMA R IEREVRAE P2 194 AR AR 7 LA SZ BN H
55, Wi A EEFL B1 AT B2 W] 5 JEURE JE AR B3 ] B A
HEIHE R R G S it

Bl 4 Fin s kA N e — R IR IE 5 2 G BE
TR T 2540 S R /% X L, BRI, 1817 1
MHJE, H—AUBR IR AR S5 44 ) S T iy 6 450 W,
SABRIRHL T 2509 1 B Al 10 342 WL R T

60% o XS R A iE A A R, B 1 M A 5 B IR
[ PRAE T SRR B, AR B AR /N, B b 3 %o
D RE TS () 5 A BB LTV A8 1) 553 , A S e AH IR )
5 FH AR REJERE AR A P [R) S HEE T E £
FIPEEAS L $215 T GSHP BYREER, MR T 56
T b 45 R4 11 Hb 5 AR R g8 ELA SR A A B, 1T
SRy A SR T g ) A i T R T AR R AR S
TR, HAEHIRIGE R e 2 A )
I FH TS

207

—o— L —TURRIRHE 45 1
- RE R T 45

[
N
T

BHAERAW
o

0 5 10 15 20 25 30
IS 1 /d
& 4 geiRi T &SRB ERT L
Fig.4 Comparison of total heat transfer of energy

geo-structures

2.2 BN EGRE TEHMERIGEHER
2.2.1 #AFM3EE

FE XCRE TR LT 2548 JE R R T 3 C I
BRSNS, B S B TG T KB R AA
BWTH FiE17 30 dJ5, 1R 20 m WA E A RETF b
TEEE IR S E, ERBR TN, 45168
VT S5 F (REVEAE BhAL) B[R] AR, X Jl Bl 4 3 3k
FIXTFRHERR , EARBERAE S BN FL AR TR i (1

BE/T 20 21 22 23 24

5
4
3
= o
w1
m O O
-3
4
y-5
L., 6 4 2 0 2 4 &6
Xl B B/ m
() EBER T

Nl
9]

5
4
3
s 2
.13\‘@ 1
w0
-1
)
-3
-4
-5
-6 4 2 0 2 4 6
X Bl R B /m
(b) BRI

B5sALSRIATESREMTEN 20 m RELBERERE

Fig.5 Temperature nephogram at 20 m depth of composite energy geo-structure with or without seepage conditions



5546 & 5 4 ]

We 28 B AT 25 BE IR T S5 F 1Y bl [ £ LB

Vol. 46, No. 4

2025 4E 8 H August, 2025
AEUBE AL DTS BB AT 120 m B AL IO 0 2

1255 0.65 m, K HWBEAT5A T g 2 7 50 .
MR LEB U T UL, IR 552 R K o7 3 £ S SOaaa
Dy i . BLURTT 7, BRI T K AR B e
10 B - SRS R BB 23500 0. 52,2, 10 m; B fLAEHE %6;ﬁ,¢g¢:::t...*4
K AR G 9 - S 0 5 40 0,26, £

116 m, 4 FORIB WA IR , BETR M T 454 = o R
AT K L I B BB T 402 T o K £ o BRI
W) 4200 F1 175% , il S BT, 2 4 RE ML T 45 = . v%vf.am
Favht MR B R KB LI M R 050 s 20 s

/0N A5 G BB IR M T 45 A4 I8 B AR AR A T
1T, (HB R AAATE R B A 450 T HERE U AN
L) 3 L3 T IS T T AL, TS
T HERE R M R 45+ 1Y BOARIUR |
2.2.2 BERMI TN EMR T

REVS Y T 24544 5 - 198 [A] (1) % $A T 2 2 5% ) b Y5
PO RGEVERE OGN A 38 T VR FH U R 8 i/ s
REVE T 2544 19 B (10305 B2 A8 AR B | 4 1 R v )
IR 2

6 FIr7n A JCHL T KB A BL T Re TR b T 45
¥ B SR TR, AT A B S 2R IR
T SR AL AR AR BE KD, B AniE AT 2 5 30
K, REVEME P1 A1 P2 764 JoHh T /KB W O 1)
BTE5350°4 10.0.7. 4 °C &L B1 F1 B2 764 oL T
IKBHAEOLT BT 53 0K 8.8.6.7 C, B flifs
REVR T 4549 5 B -1 BRI FE K 25. 32%
2.2.3 A=

524 R S48 19 5 KA i 2 BE UR AT 5 Hb 3
B E: L [EE ) GSHP By Hh T a2y, 5 1 5
U LS A s =N TR S L 3T e SR ]
B ETE T ] DLtk — 2042 5 G AR IR M T 2544

1507 LER B

AFHEK B R /(W/m)
2 g B

W
(e}
L

0 5 0 15 20 25 30
B ] /d
(a) BEVR L T S5 B AR T

B78LERT

Bl 6 BLEm FTeEREM TEMRATH
Fig.6 Temperature rise of energy geo-structure with

or without seepage conditions

) P [ e A i

B 7 B A GBI N 2 A AR LT 251 4 44
PEREXT L, FTANB T VE R T 2 G ek T 25
e ERe . BRI T, B B R RS, T8 I
THUTRREAE P1 P2 FNESFL B1 B2 AR K et it
Frgai /b H A A /N T4 1N KB i 0L,
RAREIE L T 45 e B MR T, A L A0 e R A
P11 K A0 S i o 25 B i) (14 41 A% 3 Wi 422 A
P F T I RE VR AE P2 37 3 F HERE IR Mb T 4548 P1,
B1 B2 i %3 | LA i SR A A -l 25 i ) 8
B ZGm TRB WM THL, Wit 245 30 XEF, 6
B TOUR , GEUEAE P1 P2 AR N 49. 84 W/m,
MBI TO0 T BEEAE P1 AY IR B 83. 10 W/m;
REVRAE P2 (4 #45R B A 76. 30 W/m, %5fL B1,B2
(4 AR LM 23. 94 W/m THZ 33. 06 W/m, %2
PR L T /K A AE S S M B 2 HE s A v
By s, ISl T #vE < iE 88 IR T fig

201
18F

—_
N

BHPEAW
S

—
(e}
T

0 5 10 15 20 25 30
B ] /d
(b) BB BRI 4840

BREIRM T IR A BEXT L

Fig.7 Comparison of heat transfer performance of composite energy geo-structure with or without seepage conditions



Tk F4 4
2025 4 8 A

il v 2 4

Vol. 46,No. 4
August, 2025

VEARAS By EHFLAS B A 800 IR TH iR B, (A5 2 Ak
T5kh T 25 M H AR RESE 08

AN M, 7ETCB I TOU T, A BE VR M T 254 1
S B 2 B[R] RS R b, B BN
B THL, H B T 00T e $4 f 5F R] 7 D3 /) %6
%, BN, SiB4T 3 15 KR, JCB 7 T80T i R 4
BHNT 752 W, MAEB R TH TN 10 795 W, B
39% ., H.2 Fp 00T 40 5 119 22 Bl 25 1) ] (%) 4 B2
TR, B, 321755 3 K, P& 1) H e 5
Z2{H N 2 067 W, 1fiiiz 17 B Jq — KiF, 2 =
3482 W,
3 AEIERREN

HER 2.2 WESIR A, B A ReIR L N A AR L T
KB T, . WS RN R FL 1 TR T e A5 3 R
IS, A RRAS B0 . AW FB IR 2 A
REVR ML S5 F M R HEAT TR SE . AR AR 1B 3 it
HA 40,60 .80,100 m/a, 217 30 d J5 I & HETR H
A5 S R R EE R YR AN R 8 R

AR 112

o 801 - U 4RI
g: N\ \
§7.5 I 2
& i
= 17.0 #
= t:S
LS 10 0
265
4o
* 6.0 —= : : =g

' 40 60 80 100

B IRHE/(m/a)

8 BMmIEX & & B IR M T S M sE R F2 00
Fig.8 Impact of seepage velocity on heat transfer

performance of composite energy geo-structure

H I 8 AT N, B Zx ] e HER T AL T B g
TR AT DL R A AR M R S A ) B 18
ITZR % 30 KBF, 7E K F B W By 40,60, 80,
100 m/a T, 5 2= T80 H X Ry A9 6 300 2 31 ok
9 604 .10 342 .10 970 .11 508 W, XK i T /kiB
DI TARE PR B A RE R b T 25 A B R AR Y B
s R R R TR AER R T P E G
T5Hb T 2548 () i A5 BN iR o3 5 7.4.7.3
7.2.7.1 C XK T REIR HL T 2540 4% B 55 o A
Z IR AR 22 | BT LS & RETR L T 2540 e A el
B, PR, b 7K it T X B TR M A5 ) 4 24
PERESZ M E K . Rl & 7E & A Re I b T 4544 1) 3 ]
PP B A OB TNHE AR ) 1 WA A 1T

S RS H B IR, B U T B
O 8 R AL

4 &ip

ARSI TAHBRICHA COMSOL 7 T % &80
YERI RS A R TR LT 25 48 BB ST Y I B 40 5 2 50
)RR RE . SRR WA E A ReIE T
S5K) IS TR R B — AU VR AL S5 M VR XT B, B 5T
TBWHAE T B A e R 454 (1 P Rl S LB,
(R ray I

1) A REUEHL T 45 1) T RE VR A F RS FL M A5 1Y
PRE TAE ATl R B B S i, EB R T
T AT —RRUR AT, B2 G AR R M T 45 48 Y 4 AR
AT 60%

)BT, & A He IR M T 45 44 & A £ e
BEY WA BRI kA ER” . — I,
230} JEHERE TR 25 4 A4 Pk R 77 AR R e, SRINAE
B A RERHL T 45 H995 I T 00 A b i ) SRR ) v 2
TCHL T KB T ORI 175% , 11 F I A8 A5 i 315 B
WCRTCHL T KB T W 42% ., 55—, +
SR AR B0 PR sl I i 52 5 RE R T 4545
BPMER R TR s 1T,

3) M T /KB WA B T B A e IR LT 25 f HE
i g AR NI/ T TR BE TEAE B L AN
R B R AR AR B A RRUE L T 254 1 B R T
IR BETEIS S A T - Y BEAR 2 25.32% X AERF T
5K B B IR 22 TSR T RE IR HL T 4544 1) S A
PERE, HB WY, tREE R 7E 60 m/a (B
HE T BT RS 15 REF, A BEIRHL T 2544 1) B4
P L TEB I T 00T 45 39% .,

ARICEZT AR AR S5 0 A A 5 4 (2020A151511
0391) Wi H % B, (The project was supported by the Guangdong
Basic and Applied Basic Research Foundation (No. 2020A15151
10391).)

S% 3k

(1] PRMEAE, Vide, BRiRez, 45, el s A Mk
GRABITIIFE[T]. WA, 2024, 45(1): 110-
117. (CHEN Pengxu, XU Bo, CHEN Zhenqian, et al.
Investigating optimal operation of buried pipe side water

system of ground source heat pump [ J]. Journal of

Refrigeration, 2024, 45(1); 110-117.)

(2] SRFWL, FMEE, sk/MR, 25 fEEHIRAR RGBT X
AFFBATPERE T[], VAL, 2020, 41(5): 89~
95. (ZHANG Yuhang, SUN Bo, ZHANG Xiaosong, et



5546 & 5 4 ]

2025 4 8 A

We 28 B AT 25 BE IR T S5 F 1Y bl [ £ LB

Vol. 46, No. 4
August, 2025

(3]

(4]

[5]

(6]

[7]

(8]

(9]

[10]

[11]

al. Design and performance analysis under winter condition
of a residential ground-source heat pump system [ J].
Journal of Refrigeration, 2020, 41(5) ; 89-95.)

AR, B, SRR, EDE AR LUK R G HE )
e A (1], HFL, 2018, 34(12): 165~
173. (XU Wei, YANG Xinyan, ZHANG Shicong. Key
issues and solutions for the development of near-zero energy
buildings in China[J]. Building Science, 2018, 34(12) .
165-173.)

WAEF, BRI, X2, 5. BRI T 455 S
FHAERELT]. HEM 5 58, 2022, 50(10): 119-
130. (WEN Jiwei, HOU Junlong, LIU Xinghong, et al.
Research and application progress of energy underground
structures[ J ]. Coal Geology & Exploration, 2022, 50
(10) . 119-130.)

TR, VR, TR, S RZH A AR T
BATAT[T]. R A1, 2023, S3(HEFI 1) 24-27.
(DING Zongbao, XU Jian, WANG Yuzhe, et al. Design
and operation analysis of shallow geothermal ground heat
pump[ J]. Journal of HV & AC, 2023, 53(Suppl. 1) : 24
-27.)

M. M IRAGE RGNS B AP o [ D] e
B RO T R %, 2022, (HAO Mei.

thermal balance analysis of buried pipe in ground source

Design and

heat pump system [ D]. Huainan:; Anhui University of
Science & Technology, 2022. )

SANI A K, SINGH R M, AMIS T, et al. A review on the
performance of geothermal energy pile foundation, its
design process and applications [ J ]. Renewable and
Sustainable Energy Reviews, 2019, 106. 54-78.

R, B R, G/MEe, 55 AR AR L2 AR
REVRAEAEREDI[ ], TR R (A SRBHE M) |
2022, 62 (5): 881 -890. ( CUI Hongzhi, LI Haixing,
BAO Xiaohua, et al. Measured thermal characteristics of a
phase change energy pile in unsaturated clay[ J]. Journal
of Tsinghua University ( Science and Technology ), 2022,
62(5) : 881-890. )

YOU Tian, ZENG Weitao. Zoning operation of energy piles
to alleviate the soil thermal imbalance of ground source heat
pump systems[ J ]. Energy and Built Environment, 2023,
4(1): 57-63.

YOU Tian, ZHANG Yongzheng, ZHOU Sihan, et al.
Investigation on the heat transfer performance of a novel
composite energy geo-structure with energy piles and
boreholes[ J]. Renewable Energy, 2024, 220. 119614.
YOU Tian, LI Xianting, CAO Sunliang, et al. Soil thermal
imbalance of ground source heat pump systems with spiral-
coil energy pile groups under seepage conditions and

various influential factors [ J ]. Energy Conversion and

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

Management, 2018, 178, 123-136.

ZHANG Wenke, ZHANG Linhua, CUI Ping, et al. The
influence of groundwater seepage on the performance of
ground source heat pump system with energy pile [ J].
Applied Thermal Engineering, 2019, 162, 114217.
ZHANG Wenke, YANG Hongxing, FANG Liang, et al.
Study on heat transfer of pile foundation ground heat
exchanger with three-dimensional groundwater seepage[ J].
International Journal of Heat and Mass Transfer, 2017,
105: 58-66.

WA, R, %, & T KB RANRZ G
AETRME 12 BBk R o ma [ 0], 1] SR 2 B 5
2023, 49(5): 66-76. (YANG Junbing, LIAN Xingwei,
LI Jun, et al. The influence of groundwater seepage on the
heat transfer characteristics of deep buried pipe energy pile
[J]. Sichuan Building Science, 2023, 49(5) : 66-76. )
LOU Yang, FANG Pengfei, XIE Xinyu, et al. Numerical
research on thermal response for geothermal energy pile
groups under groundwater flow [ J]. Geomechanics for
Energy and the Environment, 2021, 28 100257.

B, TR, ORAE, A BUAERE REURAE 1
IAERE S-SR [ D] TR RS2 (A AR
SRR, 2022, 62(5): 891-899. ( YANG Weibo, YAN
Chaoyi, ZHANG Laijun, et al. Heat transfer and thermal-
mechanical coupling characteristics of an energy pile with
groundwater seepage [ J ]. Journal of Tsinghua University
(Science and Technology) , 2022, 62(5) : 891-899. )
CHEN Fei, MAO Jinfeng, CHEN Shangyuan, et al.
Efficiency analysis of utilizing phase change materials as
grout for a vertical U-tube heat exchanger coupled ground
source heat pump system [ J ]. Applied Thermal
Engineering, 2018, 130. 698-709.

A ETRRE , MR, 4. BN E A IR AR R
GEPERE S MR A I AT (D], AL Tk Rz 22 4R
2022, 51(4) . 80-86. (LI Shaohua, TENG Yiwang, LIN
Nan, et al. Monitoring and analysis of ground temperature
field for a ground source heat pump system in Hangzhou
[J]. Journal of Hebei University of Technology, 2022, 51
(4): 80-86.)

W, IR AR AR AT XS A = 0 E g
[C] /7% 6 Jm Az R AR ERSE 5 B A R A2 R SCER.
J7H, 2015; 194-197. (HUANG Yong. Application of
ground-source heat pump technology in a residential project
in Hangzhou area [ C]//Proceedings of the 6th National
Building Environment and Equipment Technology Exchange
Conference of China Survey and Design Association
Building Environment and Equipment Branch. Guangzhou:

2015:194-197.)
(FH4 60 1)



Tk F4 4
2025 4 8 A

Vol. 46,No. 4
August, 2025

il v 2 4

[20] MAD D, XIA G D, WANG J, et al. An experimental
study on hydrothermal performance of microchannel heat
sinks with 4—ports and offset zigzag channels[J]. Energy
Conversion and Management, 2017, 152, 157-165.

[21] WU J M, ZHAO J Y, TSENG K J. Parametric study on
the performance of double-layered microchannels heat sink

[J]. Energy Conversion and Management, 2014, 80.
550-560.

(L5 51 50)

[20] B, KRR, LI RGP E RN Tk
WFoE (1], ¥ 24k, 2016, 37(3): 42-47. (LYU
Chao, ZHENG Maoyu. Research on evaluation method of

soil heat balance of ground-coupled heat pump system[ J ].
Journal of Refrigeration, 2016, 37(3) . 42-47.)

BEEEET
et 2o, @l #of, IRy K5 2 TR

=

’

BIEEEEN

L, Lo, B BB, H OB PH R S AL TR o B,
18661739996, E-mail ; lihongyan@ qust. edu. cn, 5% 47 I9] ; #L
RS R BE 3 A

About the corresponding author

Li Hongyan, female, associate professor, College of Electrome-
chanical Engineering, Qingdao University of Science and Techno-
logy, 86-18661739996, E-mail; lihongyan@ qust. edu. cn. Re-

search fields: strength analysis of mechanical structure.

18210065523 , E-mail ; youtian@ szu. edu. cn, BF5E 77 7] ; BEJ5 H
TEER RS AL, TR REIERIT, B REROR .
About the corresponding author

You Tian, female, associate professor, College of Civil and Trans-
portation Engineering, Shenzhen University, 86 — 18210065523,
E-mail; youtian@ szu. edu. cn. Research fields: energy geo-struc-
ture, building integrated photovoltaics, renewable energy utiliza-

tion, building energy efficiency.





