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Investigation of the Effects of Concrete’s Thermal Characteristics on the Thermal
Performance of Geothermal Piles Considering Mixed Convection
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ABSTRACT: Geothermal piles are multifunctional structures that simultaneously serve structural and
thermal purposes and are considered an emerging approach for utilizing renewable geothermal energy,
contributing effectively to sustainable development. The thermal performance of these piles is influenced
by environmental conditions as well as various hydraulic and thermal parameters. In this study, a finite
element numerical model is employed to investigate the influence of concrete thermal properties on the
thermal performance of a geothermal pile, taking into account the effects of a saturated layered soil,
groundwater flow, and the associated natural and forced convective heat transfer mechanisms. The study
addresses the question of which type of concrete provides superior thermal performance for geothermal
piles. Furthermore, a quantitative comparison of the influence of these parameters on the heat exchange
capacity of the energy pile is conducted using a sensitivity analysis approach. The results indicate that the
thermal conductivity of concrete, with a sensitivity coefficient of 0.2607, has the most significant impact
on thermal performance, whereas the specific heat capacity and mass density of concrete exhibit the
least influence. Consequently, optimizing concrete thermal properties, particularly prioritizing thermal
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conductivity, can be considered an effective criterion for selecting an appropriate concrete mix design

for geothermal piles from a thermal performance perspective, ensuring maximum system efficiency.

1- Introduction

Utilizing renewable energy sources is one of the
most important methods for reducing carbon dioxide and
improving social, economic, and environmental issues that
today’s society in every country face, and it will be one of the
challenges for future generations [1].

Buildings approximately consume 40% of a country’s total
energy resources daily and contribute to 30% of greenhouse
gas emissions. Therefore, utilizing renewable energy sources
for heating and cooling building spaces is a significant step
towards reducing greenhouse gas emissions [2].

One of the most common methods of utilizing geothermal
energy, which operates integrally with heat pumps, is
geothermal piles or energy piles. These systems function
as a closed-loop system with two purposes: serving as deep
foundations and utilizing the temperature difference between
the ground and the incoming fluid as a heat exchanger3] ].

Numerous otherstudies have been conducted onthe thermo-
hydraulic behavior and thermal performance of geothermal
piles. Previous researchers and the technical literature on
geothermal piles have considered conditions such as layered
soil, natural convection, and forced convection, most studies
have not simultaneously examined all three conditions. In
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this research, the thermal performance of a single geothermal
pile is studied using a three-dimensional finite element
numerical model with COMSOL Multiphysics® software
[4], considering layered soil conditions, groundwater flow
(forced convection), and natural convection simultaneously.
This study conducts a parametric analysis on the thermal
power of the geothermal pile under the influence of thermal
parameters of concrete, such as density, thermal conductivity,
and specific heat capacity. By performing a scaled sensitivity
analysis, the most effective parameters on the heat transfer
capacity of energy piles are identified to answer the
question: “Which type of concrete provides better thermal
performance for geothermal piles?”” This research can assist
design engineers in making informed decisions regarding
the selection of concrete mixture designs and additives for
energy piles from a thermal performance perspective.

2- Methodology

In this study, the COMSOL Multiphysics® software [4]
was employed for modeling and numerically solving the
coupled equations of energy conservation, mass conservation,
and momentum conservation using the finite eclement
method. Considering the low groundwater flow velocity
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under the assumed hydraulic conditions of this research, the
physics of flow according to Darcy’s law was utilized for the
groundwater flow. The water flow inside the heat exchanger
pipes was modeled as one-dimensional non-isothermal flow,
and the heat transfer physics was considered for all three
phases: solid, porous medium, and fluid.

In this research, it was assumed that local thermal
equilibrium is established at every point in the soil, and that
the soil is saturated. Additionally, the groundwater and the
fluid inside the heat exchanger pipes were assumed to be
incompressible.

The numerical model developed includes an energy pile
with a length of 25 meters and a diameter of 0.6 meters,
situated in a domain with dimensions of 25%25x50 meters.
The boundary conditions of the numerical model entail
assigning a constant temperature to the six faces of the domain
and one-way groundwater flow at a velocity corresponding
to the hydraulic permeability of the soil layers. Additionally,
the energy pile surface is assumed to be insulated, and the
input fluid, with a constant flow rate of 0.35 m*/h and a time-
dependent temperature, is circulated through the inlet pipe in
a short-term analysis lasting 7 days.

The numerical model developed is validated based on
the analytical and numerical studies of previous researchers.
Using a scaled sensitivity coefficient [5], a quantitative and
qualitative comparison of the thermal parameters of the
energy pile’s concrete is carried out from the results.

3- Results and Discussion

A parametric analysis was conducted on the thermal
parameters of concrete used in geothermal piles. The
parameters studied include the density, specific heat capacity,
and thermal conductivity of the concrete. Based on a review
of the literature, the real variations of these parameters were
examined.

Considering the range of values and different variations
of each thermal parameter of concrete, a sensitivity analysis
was conducted using a scaled sensitivity coefficient [5] to
accurately assess and compare the impact of each parameter
on the output power of the geothermal pile. The results of
this sensitivity analysis and the calculation of the sensitivity
coefficient for each parameter are presented in Figure 1.

In Figure 1, it can be observed that the sensitivity
coefficient values for each of the parameters (density, specific
heat capacity, and thermal conductivity of the concrete) are
respectively 0.0204, 0.0172, and 0.2607. The most significant
parameter is identified as thermal conductivity. Therefore, to
develop an optimal mixture design aimed at enhancing the
thermal capacity of a geothermal pile, materials with higher
thermal conductivity should be prioritized, followed by
higher density and specific heat capacity.

4- Conclusions

In this paper, a numerical study was conducted on the
impact of thermal parameters of concrete, including density,
specific heat capacity, and thermal conductivity, on the
thermal performance of a geothermal pile, with an emphasis
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Fig. 1. Sensitivity Analysis Results and Calculation of
Sensitivity Coefficients on Concrete Thermal Param-
eters.

on its hydrothermal behavior under conditions of natural
convection, forced convection, and layered soil, using the
finite element software COMSOL Multiphysics® [4] over a
week period, considering the cooling process. The numerical
model was validated with analytical and numerical studies
from previous research. Using a dimensionless parameter
called the sensitivity coefficient, the significance of each
parameter was determined for selecting additives and
mixture design of concrete materials to optimize the thermal
performance of geothermal piles. The conclusions derived
from this research are as follows:

* The outlet fluid temperature of the heat-exchange pipe
exhibits a high rate of decline during the initial operating
hours; however, this rate gradually decreases over time
until the outlet temperature stabilizes within the range
of approximately 28.8 °C to 30.7 °C, reflecting the
attainment of thermal equilibrium between the energy pile
system and the surrounding ground.

» The final heat transfer rate of the energy pile increases
by approximately 0.3%, 2.02%, and 28% as a result of
variations in concrete mass density from 2200 to 2500
kg/m?, specific heat capacity from 837 to 2200 J/(kg-K),
and thermal conductivity from 1.6 to 3.6 W/(m-K),
respectively.

* Among the thermal properties of concrete, thermal
conductivity is the most influential parameter governing
the thermal capacity of the energy pile, with a sensitivity
coefficient of 0.2607. Consequently, in selecting
the concrete mix design for energy piles, thermal
conductivity should be prioritized over density and
specific heat capacity to enhance the thermal output of
the system.

» High-strength concretes or concretes reinforced with
graphite additives are considered effective options for
improving the thermal performance of energy piles.
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Fig. 1. Profile of Ground Temperature Variations with Depth in Different Months of the Year [8]:
(a) London, England (b) Melbourne, Australia.
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Fig. 2. Schematic of the components of a geothermal pile.
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Table 1. Other studies conducted on the thermo-hydraulic behavior of energy piles.

axdllas g gu890 G (g ) JL Cyido
50> o Syl JESl Sl g ey s ol by 5l axlllas
Sl o Sles (5,970 )P/J Py R S ORT o — Ll Yo1y [\‘\]‘leiszaﬂﬁfbﬂ.ly
slaleS 50 (Gl Joe

Zle g 4 e S plasd (Gl 0 Shee p dieiny T Gl Sl oy Sl - gdae ARRIY [Y 17 e 5 S
eiolo)S g cduloyw 0 Shee 13 538 (5 laed So )y 3 ,Shes oy G- alme  YeND V] 7o e g S
Sgazme JOl (o) 4 6551 aed ST (Gl o0 Shes il Julos @dae \RAle [YY] "ol 5 &8 oot
Sid g slal S o o5 lanis 0, Sloe & (o) Syl gl g Oyl Jobs oy go0e - aaslesl  YeNA (Y] gl 5 &8 ool
aidbogg 65, sloged 3,Sles 5 g 09,5 ¢ oy Slasin il Gooe - 2Kalyl YA [VE] 2 Kan 5 SIS

S U algd s 5 lens 5l 55,5 (Sl 9,8Kes oy 2 @oas vy [Yol7 o) iSen 5 5.0

b g ol Cépen J1 o slaileS g0 (J)l Joe (Sl o Slee (o) e Yem [v#] V9~‘l% 98,19

YU Ceoglio 55 b ol e o () o ,Slas (o) P Yove YV A S g 68
S35l gt (295 OlF p b Sdpen g (ra (o) ol 0l 86 UERY ARAA YAl o)) e g o lmlis

! Molina-Giraldo et al.

2 Wang et al.

3 Gashti et al.

4 Ghasemi-Fare and Basu
5 Kong et al.

®Lyu et al.

7 Tiwari and Basu

8 Guo et al.

oT
(pcp )m,s (5) + (pCP )f uf VT'= V(km,vVT) (Y‘)

by 1(8) (J&s p (kg/m?) (xdss n Ly, ol o &

Sdokn spddes K (m/5) (o) sadle s g(m/s?)
5 b L 3 ogy e s €, (UKgK) (Jsdsica bans
wosnles e & T g P at .l o)l Jasl cops b (W/mLK)
Copo 2 plo g del> B g o 1 eludl Jsdsee e S (4l

b lojer Gyge 4 0ad)SS Yol (PC)) Hlaie g o)l sl
Jlacl c¥olan 13 (8) 5 (F) Ly Coppn &0 51 5 &5 393 43,5 i

AR

(PC,), =A-n(pC)), +n(pC,), ()

dgod (S lewilyad Vol =V =Y

S i 5 gludl J05n e S Slon | sl S b
b el 5l e ol > Ol gl g b gl onp <o s
Gllas W85 _Stoly (geloleo (1) dlady ollas pyy (Siugs S Yalas
> olejen ©ygo 4 (V) daly 3k (6551 (Kl shslae o (V) b
55) by 3 () e b 5 53 0 sl (1) oty 1] 35
&[98 dn glagusil o [VF] cul pine (0] (50125 Jols sy 5
Lt Sl g dols ¢ Jzdotio bz 5B godiad lis (i

Op

n—+V.(psu)=0 ()
ot

P8

f”f =-VP +psg )

h

14£1



35 Oles =Y =Y
Sl 3Ses p ilal Copen g (b Cdjen (VL ol

LY N ]l sddosly lis g 4 i Oladss D (65l

Olwbxe @ (al8 5 ae Jao (St jl 655l pslaie &

el o 45 Jlas )3 Buiod ol )3 9)0k slage b

SB b sl oad 85 5 )3 ) s (59) U ni) ol o @
Db 485 jlas 5> el

4 S )b Blia slon 5 Syl (50115 o slodly) 550 Sl @
ool 0l yead pblpSly JBs Sl alpuss Jds

200955 S 0 Jluo B g ey 5Bl e sled ol @

sdy 9 SBogaY o Sdoe g )l Clogas @
3T 5T Sa 5 Sihed Sy & Sl (g0 ol
Cowl 00 48,5

S 9y paik glatle Sl adlae 550 (olo)Syej a0l @
ol 0dds 48,5 \o5 1> o

L B e e L Ty
ol yitne ST g 2 ) sein

Spdoge ploul JolS b 4 Gilisen 16 33 5 > Jlil @

» ol Ol goaS Pbls cladly g SB > asS L Juw ©

i pdy S5t )l = (S IS 4 ar gLl oles @

o1 wlide Cowlus 3JUT ¥ —Y
cupd g ohy aloyS Cd )b (IS bbb (i )l Shogad
@ Sl oY 5 835 oo 2 3 1) g3de ol I (Sglise oil )l i
Sy Sl 095 pll (ose whie S o)l le duslie Cas (950
skt 4 Canl 39290 (L3 (llinee GRS 13 (639)9 Syt 3 (295
Pb & bl jl aed (Sl oIy 2 bl 5 o e ST ganlie
g bloigo whie gl jlake slie 1) (3909 12 5 (295 Sl

Amd e Sl am el dae SO B ) S5 e Coenl (g4 )d

2. Isotropic
3. Homogenous
4. Constant

yagy

k, =(-n)k +nk, (0)

@ Jbo S5 Ol cle @ gLl S b cépen

searly 5l 3T enl 58,5 5 )3 el 9 298 Pl Lo Sl s alansly

Gl 0445 oalaiwl Llod OYolee ).:L.o J> L: uch)on \My w)w
LY VT o ol 1y daleo (pl (F) sl o

by o l1-6(r-17)] g

B UK T, (°C) g ye slod > Jbw J& p(kg/m’) &
sldgd B Jlw gbye gy cwl Jhw Gl bl oy
S5l g A e (Stml &Yl b sl Sl o)l goaiS Jols
2 ol slas <8l JHA) galaly 09 S (3) 5 (A) (V) Lailgy Gillao
(VP 25 o0 i 53 3 1, o)

0Ap .
S
+V.\dp.u,)=0 (v)
ou 1 P
S S
——=-Vp, -— —lu  |u, (/\)
Py o Py 2fDd | f| 7

or
PrACyy TP AC U VT =

1 prA 2
v.(AkaT)+EfD—Ld luy [u,”+0,,

SBlasl cops f Wy ghis mhw 4 (M?) Ly, cpl o

do B ki d (m) by (Re) juen) dae & dtuly w)l

Gk ik oy et Sl JB5l 65 0, (W/m)
IYF] cwl A (slao i

1. Boussinesq



JGl 5 (wejs ol gl 5188 008 (e S poxte Sgame s
2 Smde Oygo 1) (lileS (990 (Sl Jhe S 3 5y Ol >
Slpdie 35 gile e S S8 @ ondple gy S o0 sk
Coliad Copd b Sen SB AY G p0em Job 4 glailS 9,0
@ ol s poepg ole)S cud )b /0 WMK els )y 5)l>
Vs Jxdss g vea. kg/m? sels @)y JBs M- Jkg K e
SLLISK 3 boden bla (gla iouo odel conts guls s olojl sl
o9y S e slawlie &S wiua Ve W/m o)l s Jlasl & 5 L aleS
ploml TS ot dgaomal (s ()l e Jae () 9 lie 53 0iple
5155 g s 05 (5o 3> e Sl ¥ IS 3030
w3 bt |y 1] e
csellio )3 015 7 e lasedo Billas g Al g0 ) Bai0 (pl
[YA] 38l 5 SaS™ &y (o335 (giloJie SHNA] e g 5ll,S Lge
ool Cands gl sdmslio 9 15 psl COMSOL Multiphysics
S5 53 DA ghlSen 5 9l Udge saddllas 5 ol sadlllae bawgs
s Blasl 555 o odaliio S 5l 48" 4565 lad ol o 00ly L ¥
5 S Ldge saddlas 5 ol gadlae (e300 oo @l Ole (295
9y > gl Sl (3L guls (Jja MBI e 5305 3925 V] S

ol 03ln] 3y90 (60 (10, g o3l 3y90 oo

slaY SB g b Cépen  swcous -V =Y
Sl oles 1558 (ooue sadlllas I i [YF] gusls 5 (gl
A b gldl gy SB s (dlaileS h9)5 Sl goaiS Pls S
300 M il i ) oo 3 plol ot e Sl (55,5
sloY SB Y- Wim gojluil 4 5l oS cwl -Nom o b
V5] by 5 6 o5 (sallao gollas clasuia o S o 5,y Gl
odbad,S a5 0 S gl g & S b Dl viwcons Jdo
o pd Cod Sy 3 85 3o oLt |y [YF] gl g ()Mo Baios
o3 (Kp) Joleo )l > JUasl oy a2 (K ) o305 g0 )l > Jlas]
allan ol b 50 ol gl e (shunslio S IS5 ol o 48,8
sgailen amse (L ) Ggy i ploj e (b [VE] gul 9 )lse
lia ol b 3aios o) ol e o s ol ododls ol 45
Ggla oS e 4 &S Cunl duo VI a8 s 3Slas 5 0645 o0 odliio

1. Moving finite line source model (MFLS)
2. Moving infinite line source model (MILS)

oy s ¢ (W/AM) wolas cops S, aasly ol 2 &5
sl &l J6s) ol g, (W) 53l Jgo 251y ) Ji
by csadg i X, 53535 il s AX 53 lgns Jgo 251y
salady 3l (6) 55 lgms Jgo 25y Sl il ol ol 5303
3] 558 o0 duwlxe (V)

_C,»,0(1,-T,) (W)
L

128 53 Sl oy lesS caisls €, (kg K) elafy ol >
T, (°C) 3959 Jlw 23 O (MP/8) (b J& p (Kg/m’) el
o Jb L (M) g (29y3 Jbw g3 T, (°C) 53959 Jbow slod

Ll olo )3 e

8o Jao (Swwiomo Y

Pl (Priwiono g3 (gie il e (> I bl jglate 4
Sl Codyen il Jlo gy p sanl (Srwous gl sl 0l
s3de = (o gy o SeS 4 ol gl B I eslind
Cdped (gilw Jde oy 3l olueb] Cas ped riwcons [N cul
@ Gilede S mls SeS 4 &5 cal (e gl g b
4 aSd lapledl sl o Jas oles o [YF] casl ol oriwcos
Y 5 yieS (29 3 0 o] pb b el o Gl S8 3 g0l
3 pae oo slaiagh Cudgize Cul S e bk Ao o Y
S50 Sy 5t S Chyan s Y S Ll ajen 555
2yS e Jai 3 1y oyl gy o ol

wolel Céien iwious =) Y
e Jio pb @ (los by SO DA hSen 5 gl Wge

14£A



100 m

VA4S 1A doio VFF Jlo )Y oyl DY 093 ¢3S prol (o it 4y

70 ©

700 =

LIA] oo g gl 15 Udge (sandlhre (g3us (gl Jue Suilond Y IS

Fig. 3. Schematic of the numerical modeling in the study by Molina Giraldo et al. [19].
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Table 2. Input parameters of the numerical model.
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Fig. 10. Variation of the fluid temperature entering the energy pile system over time.

Table 3. Range of concrete thermal parameters for performing parametric analysis.
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Fig. 11. Effect of concrete density variation over time: (a) on fluid outlet temperature (b) on output
power per unit length of the energy pile.
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Fig. 12. Effect of specific heat capacity variation over time: (a) on fluid outlet temperature (b) on output
power per unit length of the energy pile.
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Fig. 13. Effect of thermal conductivity variation over time: (a) on fluid outlet temperature (b) on output
power per unit length of the energy pile system.
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Fig. 14. Results of sensitivity analysis and calculation of the sensitivity coefficient (Sx) for concrete ther-
mal parameters.
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