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Study on Optimization of Energy Pile System for Snow Melting

on Airport Pavement
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Abstract: In this study, by means of numerical analyses, taking the energy pile system as the object,
the snow melting process is input into the numerical model in the form of differential equations, and
the influence of the loop inside the pile on heat extraction is analyzed; the difference in snow melting
effect between adding heat storage water tank and direct shallow geothermal energy methods is com~-
pared. The study shows that when the internal loop of the pile is spiral, it can provide more shallow
geothermal energy. The energy pile system is used to provide heat for the pavement to melt snow,
and the area of melting snow decreases with the increase of duration. When the heat storage tank is
added, the operation process of the system can be divided into two stages: pre-snow heat storage and
snow melting. Ensuring that the water tank reaches a stable temperature in the pre-snow heat storage
stage can effectively increase the snow-melting area. Additionally, with the increase of the water tank
volume, the time needed to reach the stable temperature increases, and the snow-melting area shows

the diminishing marginal utility. In the process of practical use, increasing the energy storage tank can
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significantly improve the snow melting ability of the energy pile, and the determination of the water

tank volume needs to be taken into consideration comprehensively according to the snow melting ener-

gy consumption and airport management.

Keywords: shallow geothermal energy; Energy pile; Airport pavement; Snow melting

5l

il

R =5 X AL 37 I K A5 28 T I B L, A
B AT H R A . JE X T ALY, B Rl &
ZERATATPEAE 3 O |, A 2B S5 WAy B A il
TR UKW L & T F R TAEZ —.

20 22 8OAFEAX LAk , F& I ML 47 1) il =5 ok vk T4
MEZEFEANTHRZELRERS T ERHES A
T REE AR TR, AW & R TSROR b
N R B &isfTRefE R B2 kS
AR AN KT — 3.9 “CH, ATl i Ak 22 il 25 50 ( Toll
FHER) HEAT R TR B 5 2 2 bk & T, [ B 5
YA B  BHIEAE Y A K . RIEER R BR Al S oy X
B JRy B dhE B HG X B3 1 5 i), £ BT S AL I ) 1
I T B B Rl 2R B A A A S e OG T Y (8]
A, AT A H A T S R A TN A AT 5 I
I 30 2 e R U, mOKE T TP Qs U IR
BEE SO RARRREE " EE AL S GE
S R I PR AR IR VA B AR
VLA B R R e A . b, H
PR FE LA R, R AN AR PN AH AR AR IR )
T AR 3 B A% 3, R By #5515 WA B B i A
I F 5 2l v 2 M A RE I, BERE R AIS IR
B SMHE ORI B AR e /N B R B O 3R S
“BRiA W BRI B A RGE AR . [FIE TR TZ R
Se s}, 38 T AT SO BH AR AR A% 0t B 2R 0 I hE
it A7, S BT £ AR v S A A oY AR
L FE A 43 A T T Rl R BRE (L 45 R 4 . T T
Al ER AT AT R B, B Al EEAEH
ASHRAE Bt FWH& iR 28 07 #2 % 7 st 5l
R, A5 R MERS , 7E Y I HL7 1A T RE AR
SR A3 2] N S R R RS T
LT H. N, Xu % i FORTRAN i 5 5K
PRI A5 A B A ) 2P 0 &, 45 20 E Y LA R IR
A SR Bl REAE TR K . K2R BRI LSS 2
1 % AT AL, AR i A 7] 9 Ml A58 4 38 08 5K, 2 R

882

X 7RG AR o B RE 13t 7 i 119 2 4 A 1 il o
Mo YR AR IR OK AR R BRI AT B T I T R
P VAR TR L A AR T AR R
R, e i e s 592 Bom T vp M O 5 B el
FHOKAS 0 2R FRAR, HASAH G T AR R W - A
PR A AL, 695 m” i e i 75 AR AR AR BLUR 230 m™
G. Q. Kong %" 3 2t ) F 3t #4 B A5 11 i 35 30 3% 38
56, 2% W b AR S e 0 Ol LKA, Al 3k 31 -5 s 3
FEARIT P ROCR o B BAE T 1 CFG g I AE Xt IR Bt
5% THT R K R Y 6 W S E T AR T K R
0] g% A O S 2 14t ) AT O B, AT L7 A B i Y
BRUKRCR

i L Rrd MR )Z A RERE T, 5 A SR
P 0 AL RE T7 322 Wl K - i 3t 3t PR RE I R 2 ) A
S AR I T AN 2 J S0P ) B Ot I 5 A
e R MR RE LSS 2 O H b, A S A I 2= 1Y
BLan ¥ o (e MRS b A SCE A LT AL RO X
T J B4 M AE TROE 28 e 28 A 0 1fd %) il &5 3, e
BOE AL J7 2, LUBE TR ME R G W OF TS &2, Bl S
i i DA Gl o3 05 8 i A o 0F 5 i A SR AR 0 R i
PN (R RR 4T 1 — AP BHE - LAV R A e e R it 2
O H bR B BE IR B A [l A B S, LA L B
1y BEVRUME B (A I RE 4 1 itk BE /KRG X il =5 A e ik
e

1 RBIEST

RO ASE A AT DL S A R A BE SR
BAF R AL I H S g 5t RE IR MR AL FAT , 32 JH 14
PRE 52 B, b 3R TR RE 52 0 R IR A A% B 10 %
PF N IR o0 AT U E T 2 IR HUARE
MR B A B T, 5 RE URUBE Y S PR RE . A
AP TR S S B 50 X R AL A B 5T AT o0 i, R AT
AE i i AL

1.1 FHUEE

b T i B A7 M 3R RS S O R B — R Y i
Ja e, B PRRT 3R B S TR RN [ 4 e K, s (D)



Fﬁi_\dle]:
s »
T(z,t)=T,+ T,e "*coslw(t—1t,)—=z 271
[N

(D
Hor, T8 B R, °Cs TR AR IR AR AR IR R, °C
2 MR R  ms o iR AR AR 27/365 d
a, H R ECR B, m* s AL d s g o R S
ikt BB A d
e B 5 M B B IR G TR 1R B A 1 BT R
4 A [) T 63 1) 3 o3 A o 8 B— 03 ) a1
ML il 2, — O AP 249 3 R A M S R

- L
T T T T

TR /m
=

2055-15-10-5 0 5 10 15 20 25 30 35 40 45
iRAE /T
K1 bR oA

Fig.1 Distribution of ground temperature

1.2 ERNERYE

R A TR 14 b 5 380 A 41 4, 09056 3 ik ik
Mo LT RS R R R L AR s (b Sk
Hi R AE ) FH AR bR e ) (JGT/T438—2018)"7, %
MY S B E 1,

Table 1 Thermophysical parameters

R/ FIMFRE/ L2 /
j[\}ﬁ —3 —1 —1 —1 —1
(kgem?) (Wem '-K™) (J.kg K™
HiE 950 0.42 2200
TR BE L 2500 2 970
A A 2000 1.7 1325
IRLS 998.2 0.6 4182

1.3 RGEEBITHE

FI I, B8 & R W) BRI Bl g 2 A0 OGBS Y

Je& 3 2ok 1 8 kTR AR R I K R B T B
S 4 o R D T RE R RSP, R A K
FH AT 35 9~10d" . 254 (38 H 28 AUk S il 1R
R 5 M) (Afi32—1002)"™, & X FH F il 35 % vk
(4 e YR A A Bl 7 d X R AR AR HL
N. Xu S5 - A 45 A0 1 BIF 58 45 21, L PR S 4
B — e AN B3 24 h, AT HEAT 5 h A T, T A 2K
U S BT R BE L ORISR ) RS s AT
6] 4 29 he

455 Re VR WE AL PRE P B AR AT ], BE B 10 m X
10 m X 25 m iy 7 5 PR A R A% #4025 0], BE JRAE & T 3
o, IR EEAT AR R G 1R 2 B % o 2s Ja) Y R S T
15 S A SRy A A T T IR R Oy i 3R B U UR B
I F T A P 1P — 003 0 b 3 il 2 o A P [l ol
COMSOL # {1y 48 38 15 #4421 37 85 5, 5 o %o
2R B ) BRI 4 D A R A O LA T N A
TR A5 G RE A RE 5 R A I A AR B R

(a) LI

(b) FE
K2 A ROTEERIR

Fig.2 Finite element model

2 EEREEX

I8 Y ATE 38 3k M P [T B ) A 0 B S B A )
TR AR e, B A B 5T B AL B S
TIE BT 24 RE ISR T T 2 0 B e A ] % AT
BUR WU, = U S [ g oA 0 i vk fg L 1R B0
S5 ) 8 RN, R E [ 0 A TR e, RR A T
B 1) 7 1 U (L 67 A, O L AT ORE G 22 U AL [ B R T
R R AR . 2 R B ]
7 BE % 42 1L 5 22 1 M AR T IBOH R A T3 ) B
JEAL B U A 3U B JRAE HE AT AT o

883



FE VA ATE L B PN S T f RS L 3% 2, B RS G 1] 3
[ R CIN v A N i M G O = S ER
(/INTF 25 em) 2 3 B B I A oK Sk Bt O A 4B A IA
PR S X T A Y B B K R
TE HCLR R 78 T Uit (75 35 2L Re==8 000) , fH X 7E &
YL N 0.4~1.2 m/s"™ . fE B R H KM

T, 2% 2 A [n] AR B O I E O 0.51/s, B U T[]
HERE U 1 m /s BRI T 5 0T UEURE B, 24 N
%R 32 mm B, 0.9 m SR Y IR iE B B P A 53U
T[] 6 AH ] A [l B 4 B, 2 MEE ] B B R Al
FH B N 42 25 mm 45 T8 B, B2 45 ) % B 0.45 m Al
0.3 m,

F2 mBEHERS

Table 2 Dimensions of the energy pile A7 :mm
ZH BERK PEAR [m] % 2 2 U AR (155 o) [ ) ot 1] 3 B HENE A 16 BE 5L
15 e Y 800 300/450/900 25/25/32 2.3/2.3/3
R 20 000 1000 U B 800 — 32 3
3U 566 — 32 3
) Fa B U Y (] % A HE T RE R W /N i A
IR B R U8 PR WA S R A B B E 4 o ]
2, BETRAE Y ORI 2 =X (2) s, HOR AR e T
18 BRI A SRR CRIRL 22 ) , 5 5 BBOCRR G B2 Ot ) A7
' K, Je M A IR, A H 78 53 B AR S It i el /s
Q=mycy(toy — ;) (2)
L y f 4 H ot om0 SRR B PR B B kg /s e, R FF G
U sz vy s e 9 R B AR 2L T/ (kgeC ) 5 4, S i TBLAE B9 i 11 3R
HEWEHERE

3 BERME K E N R BRAE AT BN B

Fig.3 Energy pile and internal configurations of pipe

H P14 AT Al R A G R e I B A
P [R] B 3G 0N O R T AR E o % PR ) A [
BF, 1 m/s ¥ 3 /Y B U AY (] B oK O BE /N 5 R
U, 90 cm BRI (Y 12 5E Y , 3U, 45 cm .30 cm BRI 119 12
Jié Y [l B it KT I BE AR R . v, 3U Y
90 cm WRBE (4 B2 E B [ B 1R AR GE o R A AR

6
—u— UR[E B
s —0— URY[E B (E ] m/s)
—a— 3URLE B
‘ —o— 0.9 miRFR R ] %

—8— 0.45 miR PEAZ i 5] %
—e— 0.3 miRFEIE i Bl %

HIHRE/ C

et IE] / d
4 I IR] [l g% 00 BEJERE HY 11 KR

Fig.4 Outlet water temperature of different pipe configura-

tions

884

JE,°Cs 2, A RETRAE MY H R, C

AR 5 B, U B o] B AL AR ol A b/, BN [A)
PSR 5 e i R B M B ¢ S Y 1 R B
T, 0.51/s 14 P BRI AR T AT G A5 3 04 58 o
B TRAN TR /NN I o B A AR ] (] %R B 3U
T[] i 5509 m SR 1% R B [0 g% A% R ) AR A AL, /)
T 0.45 m 0.3 m BRI A4 BRE ] % A% B 2 5, ] L [m]
I 5 J] 104 T B4 A PR AR R i 1 AT AR
JECIAL T R E JE 101 g, mT A %0 0 5 ] i A o i A%
P AR 7R BV LN MR | A P SRR

4.0
—A— UR [

35k —a— UR ] B (R 1 m/s)
—A— 3URY A%
—0— 0.9 mAZ FFIE i =] %

3.0 —o— 0.45 mIR R i ] B

—— 0.3 mURPRURE B 2%

TERIIE kW

2 3 4
te4kati /d
5 A [a] [Tl B A R IR AR £ # D) %

Fig.5 Power of different pipe configurations



3 JKFEXT P BE 45 2 i

R A 1 SC T A&, ) 6 )2 b A BB X 3 T A A I
it il =5 VR, T AR 4l 1 A OK AR 5 A i
A3 R AN L 6 Fir s 19 B4z il =5 s o i B OK A8 TR] 42
AP A A E RS R IR PR e
B TR A (3) . AR H. N X 58 VA ¢
AFF 58 BUAL | 326 B AR SC T4 AH DS E 79 il =5 BT 75 i 6
640 W/m*,

g(t)=mycy(tow — )= pm A (3)
o, AL Rl T AR po, R RS TR D%

$

ﬁ’m 10,

BENEFE =1
™
#
%’
0
&
#
i
R
(a) ELER B LR R (b) AEVRER LK

FL6 IR RE DR 1 il 5 7 X

Fig.6  Two methods of snow melting by using energy piles

K X (3) iy A B (E R R, T il =5 T AR B RE DR AE
iz A7 I 1) A 3 i gd /N (I 7)), 25z 47 2 29 h, Bl
T EEAIN AT T AR O 4.3 m?.

BEHA /m’

3

135 7 9 1113151719 21 23 25 27 29
BATHE /b
Pl 7 nl R T FR A2 A7 i ] £ 28

Fig.7 Variation of melting snow area with time

K K A8 A O it RE L , 75 e = o A b ORI % AE
JK A TP TR e AR B MG S T HE AT A 5 HLAE
ot R AR REIRAE Y is AT . BRIEAT R 2 M

AN BB, KR AR B B Rl B B

XE AR — B B, LLRE URBE 0 0T TS0 42, il T oK
R AFAE , ¢4 de Ik 220 RE DR A 2 1 IR E , 26 T ¢ i %1
fi% 2E 10138 B CRI K AR Al JBE ) 5 92 I 220 2 o i TR
1] 7K A A 138 114 3l B BB R B 280, e R ks
A (D) Fros o [ F R CARAKX () h, B4 3 £
P 221 K A6 PA 3t R 7 A 19 3oy D5 R (5D ¢

Ty (t+de)=T,(1)+ Q) (4)
\re
AT, (1) v, B
d[ - VI:Toul([) Tir\(t):l (5)

fii FH COMSOL H5 B T #1442 Jai & sk 43
T A BT PR B, X 58— B B E AT A48 . Y it AR
IKFRFA 1 m® EL % T 7K i (5 22 349 1805 7K 46 1% 1
K ), BB VR 7E 55 — W B E 1K TR AE fR n 18] 8 BT
AN N i i el [ WO | B ) 7 N T2
m L HKIRE S S R g R G S, W2 T
ELCMIBATE 12 h, HEH OKIRAZE R 12.7 C,
Ji o #E KT R AR A A O W AT B I, FE A A o AR
5 R AT S A e . FECPR AL S R GiiE
A7 B8 1E H 10 KR AR S5 B R R R SR K AR R E
T BE A R o WY B R0 B T

16

—=— KR
14 —o— KR

12

10

WE/C
o

0 A é 1I2 1I6 2I0 24
IBATHIE /h
K18 JKAH 1 m® i BEIUAE ¥ 25t 1 7K IR 23 A
Fig.8 Water temperature distribution at inlet and outlet of

the energy pile with 1 m® water tank

55 I B, oA AROICRE A RE TP I ) O il 4R
PR RETRRE A 113 2 B A 5 o P T o AR
TR VR AE AN 45 M 5 S2 R A, Ao (6) P, 4 B nT 4
(7) Bt s B9 Bl o3 75 7 o

T,(t+de)= Tm(t)*wdz (6)
Vocy

885



Lol e (0 1] - I;KJAC

L4 10 2 6 VR B 7 5 T
KA BB 75 T B 5 D B T 5 0
L U560 3% 50 ¢ 2 e TS s 7
TR KA IRLIE 5 R 1 R BT )
L U7 R KA R i AT EL K
P9 0 A B B 2 1 250
TR L BB 5 S T S K o
AL I W 515 3 DB A 5 0 306K 1 i
HI%E RS AT RS . 3 T %R )
FUK 46481 T L0 545 5 A R 0

(7)

5

13 10
- TR
—-o—FhEH K

wE/C
BMEHH /m’

1 2 3 ry 5 6
KR/ m’
B9 AS[RIA B K A8 w1 il =5 T AR

Fig.9 Areas of snow melting with different water tank val-

umes

7 9 R, Y il 5 SR, B R AR TR
B8 AL 1 B, TRl SS TAR O 4.3 mP. 1Y BB UK AR
Je o, KA R AU 1 m® i BD RTORE fl S i R R T =
7.2m’ BT 670605 KA T A 4 m’ i, il T AR
S 8.8 m”, K T A AR B U AR L 42 ) il 55 B2 L 1Y b A
REo 2 b 3B AEBR K AR , P A R0CHR e i =5 T AR

] B i AR A R BU 1 m? 4% % 6 m A, B e
IR 12,7 CREE 10.2 °C, il @l T i AL 7.2 m* 1
£9.3m’, 55— W BOK AR E IR A A2 1k il e TR AR
P A% PR BT e o Bl BE VR AR A A I A i) R
AT, T AR R S I R AT B, U HRAY A R g
T FE 7K A AR B B 5 08 AL 1 AR R UL B K A AR
JE U BE I T R A R T R R /N 1T L AE I
ab R v R VR ATE AT E AN T U B R L H T B SRR
Ko X T 28 B B, Bl & B PR AR AR B g 1 T

886

il 5 T ARG T S 4 R i AR e . X B GEH
il BE /K AR PR LG I, JHG A B 38 A IR I A7 6 119
= MR ARSI EUR R T — B B E R AT
Wi, i Bl it B K A A it RE A AE Bl 1A BRI i T 25 49 1<
FRIG TN, P L 48 =5 e AR L i B A 388 U

(] I, A ] RE PR A | I8 25 i BE A AR AR AR B 388
JKCAE AR L I8 B AR RE BT 7 B4 A% A TR) 3G, 24 K A
PRFRN 6 m* i, if5 Zaz B 5 d, 45 G R id R,
24— W] o FESEPR R R G m AT, A
T T — JA A TT R AR G, A KA TR I O R
AR R 2, A SR AR R PR, A A E

45 B

SR VB i S B0 T DA T @l AR oA A
FAF R REVRAE R GRS o AL T AENL Y 1E
TET Al O 0L 3 R R IR R 1Y [l i A T
DL K 38 % i BE K A8 5 A X RS RLRE R R . A G
R ZERUT

(1) RE R AR H %6 175 B 45 252 W AR, o 9 1% [l i
TE 2T HAR G 5 K v MR [ B i % 4R L
55 JiE TR A2 A T R 4 e v AR, T LA i B AR 1Y 3R
JRHLIARE T £

(2) B #2001 RE UR AT A fil 25 42 4t Hb B BB s Bt
B 25 415 BsF ) 184, ATl S T B/ i BT B R
e Ji B 2] Bl 25 T AR R BB R A

(3) BV A A KA O il 35 52 41 1l 4R RE L W] BH B
& TH ATl =5 1 B 5 KRR A FREE i, Tl T AR R G
Braf P s U . JF H, Bl 7K AR A LR 3G, 48 YK
TR A B0 RS E I 7 A B TRD 3G 0, 42 T T R B8 S bR AR
FRMEFE 5 5 et .

MG LR BFIT 258, 5 S0 A VR A Ok 17 il =5
PR, AR 8 35 At K A 1R R 48 T il 5 68 0 19 A 8%
FBeo JKARRBUT AR Al 55 1 B O 25 S LA A
YN BGRE . SILFE R AR5 E 2L
UEAE S W 58 % 42, R % B A FAOK A8 | 7% 1245 1 S 1
PRAE 38 47 91 18] 1 $RORE 8, 55 B il 5 1o AR Rl /N Tt
SAE , Ja 2R 50 B X R AT TR R O — 2P
BT 25 V5 it 1 AR I B AR e o O HL L FE SE bR TR
8 R AR AR A DUBEAE 09 1 352 B0, A% A R v
2 [a) B A E S W A S5 K R O B O 3K, TR
— B R EH RS TR EENEZ —,



S 3k

(1]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

XuH N, Wang D W, Tan Y Q, et al. Investigation of
design alternatives for hydronic snow melting pavement
systems in China [J]. Journal of Cleaner Production,
2018, 170: 1413-1422.

Chen J, Ma X, Wang H, et al. Experimental study on
anti-icing and deicing performance of polyurethane con-
crete as road surface layer[J]. Construction and Build-
ing Materials, 2018, 161: 598-605.

Sassani A, Ceylan H, Kim S, et al. Development of
carbon fiber-modified electrically conductive concrete
for implementation in Des Moines International Airport
[J]. Case Studies in Construction Materials, 2018, 8:
277-291.

Wang X Y, Zhu Y L, Zhu M Z, et al. Thermal analy-
sis and optimization of an ice and snow melting system
using geothermy by super-long flexible heat pipes [J].
Applied Thermal Engineering, 2017, 112: 1353-1363.
RET . AN HAGE S RGBS RS R
LAl AT ID ). B AR« By /R B Tk K2, 2011.

Xu H N. Development and simulation of a heat and
mass coupled snow melting model for hydronic heated
pavement [D]. Harbin: Harbin Institute of Technolo-
gy, 2011. (in Chinese)

Vieira A, Maranha J, Christodoulides P, et al. Charac-
terisation of ground thermal and thermo-mechanical be-
haviour for shallow geothermal energy applications [J].
Energies, 2017, 10(12): 1-51.

Shen W, Ceylan H, Gopalakrishnan K, et al. Life cy-
cle assessment of heated apron pavement system opera-
tions [J]. Transportation Research Part D: Transport
and Environment, 2016, 48: 316-331.

Wu D, Kong G Q, Liu H L, et al. Performance of a
full-scale energy pile for underground solar energy stor-
age [J]. Case Studies in Thermal Engineering, 2021,
27:1-13.

Wang H, Jasim A, Chen X D. Energy harvesting tech-
nologies in roadway and bridge for different applications-
a comprehensive review [J]. Applied Energy, 2018,
212: 1083-1094.

Han C J, Yu X. Feasibility of geothermal heat exchang-
er pile-based bridge deck snow melting system: a simu-
lation based analysis [J]. Renewable Energy, 2017,
101: 214-224.

Liu K, Huang S L, Xie HZ, et al. Multi-objective opti-

[12]

[14]

[17]

[18]

[21]

[22]

mization of the design and operation for snow-melting
pavement with electric heating pipes[J]. Applied Ther-
mal Engineering, 2017, 122: 359-367.

Li T, Yu X B, Habibzaden O, et al. Heating perfor-
mance of a novel externally-heated geothermal bridge
de-icing system: field tests and numerical simulations
[J]. Sustainable Energy Technologies and Assess-
ments, 2021, 46: 1-16.

Yoshitake I, Yasumura N, Syobuzako M, et al. Pipe
heating system with underground water tank for snow
thawing and ice prevention on roads and bridge decks
[J]. Journal of Cold Regions Engineering, 2011, 25
(2): 71-86.

Kong G Q, Wu D, Liu H L., et al. Performance of a
geothermal energy deicing system for bridge deck using
a pile heat exchanger[J]. International Journal of Ener-
gy Research, 2018, 43(1): 596-603.

WL, 3, RN, % CFG 8RR AT T IR 5 £ %
TET 5% K e i 9 R F S [T ol [ 4 B 244, 2019, 32
(2):19-30.

Dang Z, Guan W, Cheng X H, et al. Experimental
study on CFG energy pile for concrete pavement deicing
and cooling [J]. China Journal Highway Transport,
2019, 32(2): 19-30. (in Chinese)

Brandl H. Energy foundations and other thermo-active
ground structures [J]. Géotechnique, 2006, 56 (2) :
81-122.

HE JE 3 B4 RE R £ AR AR - JGI/T 438—2018[J].
A E AR AR Tl 4 R, 2018,

Alley R B, Emanuel K A, Zhang F. Advances in
weather prediction [J]. Science, 2019, 363 (6425) :
342-344.

Air force snow and ice control program: AFI 32—1002
[S]. Washington, D.C.: Air Force Instruction, 2011.
Yang J, Yan Z G, Li X X, et al. A unified model and
analytical solution for borehole and pile ground heat ex-
changers [J]. International Journal of Heat and Mass
Transfer, 2020, 152: 1-11.

Huang G Q, Yang X F, Liu Y J, et al. A novel truncat-
ed cone helix energy pile: modelling and investigations
of thermal performance [J].
2018, 158: 1241-1256.

Energy and Buildings,

Cecinato F, Loveridge F A. Influences on the thermal
efficiency of energy piles[J]. Energy, 2015, 82: 1021-
1033.

(AXLtm:-RE)

887



