Tunnelling and Underground Space Technology 161 (2025) 106538

Contents lists available at ScienceDirect

Tunnelling and
Underground Space

Tunnelling and Underground Space Technology
incorporating Trenchless Technology Research

ELSEVIER

journal homepage: www.elsevier.com/locate/tust

Investigation of the thermal response of an energy raft foundation
in Taipei*™

a,*

Ignatius Tommy Pratama “, Josiane Jello ", Xin-Bai Mao“, Kuo-Hsin Yang , Jui-Pin Tsai ¢,

Tugce Baser ”, Chihping Kuo “

& Department of Civil Engineering, National Taiwan University, Taipei, Taiwan

Y Department of Civil and Environmental Engineering, University of Illinois Urbana-Champaign, Urbana, USA

¢ Department of Bioenvironmental Systems Engineering, National Taiwan University, Taipei, Taiwan

4 Department of Civil and Construction Engineering, National Yunlin University of Science and Technology, Douliu, Taiwan

ARTICLE INFO ABSTRACT

Keywords:

Energy raft foundation
Ground source heat pump
Heat exchange

Pipe spacing and patterns

This study investigates the thermal response of an energy raft foundation in Taipei. The energy raft foundation
was installed to provide heating and cooling to a 13-story and 3-level basement residential building. The
geothermal pipe comprised 40 loops connected in series and had a total heat exchange length of 6720 m. A three-
dimensional numerical model was established and validated against field measurements. The thermal response of
the energy raft foundation, including soil and geothermal pipe temperature distributions, was investigated. A
series of parametric studies was conducted to evaluate the effects of the geothermal pipe spacing and pattern on
the heat exchange efficiency. The results from numerical simulations indicated that the pipe outlet fluid tem-
perature varied during the daily operation cycle. The maximum and minimum temperature differences between
the inlet and outlet fluid temperatures were 7 and 4 °C, occurring at the beginning and the end of daily oper-
ations, respectively. The horizontal range of influence of the geothermal pipe on the soil temperature was small
at approximately 1.6 times the width of the pipe loop, suggesting that the geothermal pipe would have little
effect on the soil temperature in an adjacent building’s foundation. The pipe spacing and pattern strongly
influenced the heat exchange efficiency. For the snake and swirl patterns with separate high- and low-
temperature pipes, the pipe outlet fluid temperature was lowest for a pipe spacing of S = 0.1 m. For the
meander and loop patterns, the influence of adjacent pipes resulted in a higher outlet fluid temperature at S =
0.1 m than at S = 1.0 m. On the basis of this study’s findings, the optimal pipe configuration is discussed.

(Bourne-Webb et al., 2016), and tunnels (Barla et al., 2019). These
systems not only offer environmental benefits but can also lead to sub-

1. Introduction

Shallow geothermal systems leverage the heat stored in the shallow
subsurface to provide efficient and sustainable solutions to heating,
cooling, and hot water needs while reducing dependency on fossil fuels
(Lund and Toth, 2021; Reiter et al., 2023; Jello and Baser, 2023). An
energy foundation is a type of shallow geothermal system that provides
structural support for a superstructure and acts as a heat exchanger
(Laloui and Loria, 2019; Cunha and Bourne-Webb, 2022). Energy
foundations can be integrated with piles (Reiter et al., 2020; Ghasemi-
Fare and Basu, 2013), raft-pile foundations (Fang et al., 2020), walls

stantial cost savings; their energy costs can be up to 16 times lower than
those of natural gas or electrical systems (Khan and Wang, 2014).
Many researchers have extensively studied energy piles over the past
several decades (Moradshahi et al., 2022; Faizal et al., 2019; Caulk et al.,
2016; Khosravi et al., 2016). Sani et al. (2019) presented an extensive
review of the performance of energy pile foundations and concluded
that this performance is affected by many factors, including thermal
conductivity, groundwater flow, soil moisture content, the number and
configuration of energy loops, and pile length and diameter. Faizal et al.
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(2022) performed a field test on a bored energy pile with installed
sensors to measure the radial temperature distribution from the heat
exchanger pipes to the soil. The pile and thermal resistances were
affected by the pile dimensions, number of pipes, concrete cover, and
soil types. Additionally, Brandl (2006) found that the concrete’s
composition, including the cement’s fineness and additives, influences
the heat exchange rate. The heating and cooling cycles also affect the
amount of energy exchanged. Specifically, in intermittent operation (8 h
of heating per day), 40.9 % more energy was found to be extracted per
meter than was in a continuous 24-h heating mode (Singh et al., 2015).
In a similar study, monotonic and cyclic heating and cooling were
investigated. The findings showed that cyclic heating and cooling led to
smaller ground temperature changes due to thermal recovery between
cycles. This suggests that cyclic heating and cooling can improve
geothermal energy utilization and lower the impact on the ground in the
long-term operation (Faizal et al., 2018; 2020; 2021; Casagrande et al.,
2022).

Changes in the water content of unsaturated soil affect its thermal
conductivity, in turn affecting the thermal performance of a pile and the
transfer of heat between the pile and soil (Coccia and McCartney, 2016;
Baser et al., 2018, McCartney et al., 2014). An investigation of the
performance of energy group piles revealed that their heat injection and
extraction rates were 5 % and 20 % lower, respectively than those for a
single pile (You et al., 2016). Behbehani and McCartney (2022) inves-
tigated the response of an energy group pile in unsaturated soil at high
temperatures (~90 °C) by using a validated thermo-hydraulic numerical
model. The results suggested that the water table depth and hydraulic
properties controlled the heat transfer rate and amount of total heat
stored. Other work has focused on the behavior of energy pile-raft
foundation systems (Fang et al., 2020; Amirdehi and Shooshpasha,
2022; Mehrizi et al., 2016); the results have revealed that the parameters
affecting the system response include the raft’s stiffness, the displace-
ment ratio between the raft and single piles, and the piles’ slenderness
coefficient.

Energy walls have also been studied in recent years, focusing on their
thermo-hydraulic behavior. Di Donna et al. (2021) performed numerical
simulations of energy walls by using a coupled thermo-hydraulic model
based on the finite element method. They developed design charts that
can be used to estimate the energy capacity of energy walls. Further-
more, they reported that the factors that most strongly affect the heat
exchange rate are the groundwater flow velocity and the difference
between the undisturbed soil and fluid circulation temperatures. In a
case study conducted by Angelotti and Sterpi (2020) in Italy in 2016, on-
site monitoring data and numerical simulations were combined to un-
derstand the processes of the transfer of heat between the pipes and
surrounding boundaries. The soil acted as a heat source and sink during
heating and cooling cycles, respectively, and the basement absorbed
heat from the fluid during heating and transferred heat during cooling.

Energy tunnels have also been investigated in several studies. Insana
and Barla (2020) developed a thermo-hydraulic numerical model and
calibrated it by using data collected from a real-scale energy tunnel
prototype tested in the Turin Metro Line 1 South Extension. The results
indicated that groundwater flow improves heat transfer and that the
inlet fluid temperature significantly influences design considerations.

A wide body of research has focused on various energy foundation
systems. However, energy raft foundations remain in their infancy, and
only a few studies have performed behavior analyses for these founda-
tions (Moon and Choi, 2015; Lee et al., 2018; Lee et al., 2021). In a series
of field tests, Lee et al. (2018) investigated the influence of the pipe
material [i.e., high-density polyethylene (HDPE) and stainless steel,
each with a unique pipe pattern] on the thermal performance of energy
slabs. The results indicated that higher thermal conductivity of the
geothermal pipe resulted in higher performance of the energy slabs. Lee
et al. (2021) conducted a series of numerical parametric studies on the
factors affecting the performance of energy slabs. The results revealed
that the soil’s thermal conductivity and the flow rate of the geothermal
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pipe fluid were the influential factors, while the thermal conductivity of
the concrete slabs did not significantly influence the performance of the
energy slabs. However, the previous study did not fully investigate the
thermo-hydraulic response during heating and cooling cycles for
different pipe configurations.

This paper presents a unique case study of an energy raft foundation
in New Taipei City, Taiwan. The geothermal pipe configuration
comprised 40 connected loops in series with a combined length of 6720
m. The geothermal pipes were equipped with temperature sensors to
measure the inlet and outlet fluid temperatures during operation. Data
from the field installation were used to calibrate a three-dimensional
coupled thermo-hydraulic numerical model. The model was then used
to perform a parametric study to investigate the influences of
geothermal pipe spacing and pattern on heat exchange efficiency.
Finally, the calibrated numerical model results were analyzed to
advance the understanding of the behavior and performance of energy
raft foundations.

2. Case study of energy raft foundation
2.1. Description of the case study

During summer in Taiwan, demand for air conditioning is high,
straining the power supply. Furthermore, the heat generated by air
conditioning systems contributes to rising ambient temperature, exac-
erbating the urban heat island effect in Taipei. Energy foundations have
emerged as promising renewable energy technologies to tackle these
challenges. In this study, a unique energy raft foundation for a 13-story
residential building with a 3-level basement in Taipei, Taiwan, was
constructed to reduce the electricity consumed by air conditioning units
in the residential building. Fig. 1 shows the details of the construction of
the energy foundation.

The energy raft foundation investigated in this case study comprised
a raft foundation, ground source heat pumps (GSHPs), and ground heat
exchangers (GHEs). The raft foundation had dimensions of 54.3 m x
23.5 m and was constructed 11.8 m below ground level. In the exca-
vation of the foundation, soldier piles and lagging walls were used as the
earth-retaining structure. Two GSHPs were installed in the basement to
meet the minimum cooling load demand of approximately 240 kW for
the building. The GSHPs operated daily for 10 h during the daytime and
were turned off for the rest of the day.

The GHEs used in the case were geothermal pipes made of HDPE
with a diameter of 32 mm. HDPE pipe was selected instead of metal
pipes because of its higher workability, flexibility, durability, and high-
pressure resistance. In addition, HDPE has higher thermal conductivity
than other typical polymer materials used for pipes (Mendrinos et al.,
2017). The geothermal pipes were installed beneath the raft foundation
approximately at the interface between the reinforced concrete slab and
soil, and the pipes covered an area of approximately 49.3 m x 19.8 m.
The geothermal pipes were arranged as 40 loops connected in series with
a total length of 6720 m. The spacing between the pipes was approxi-
mately 0.1 to 0.2 m. In the configuration, the fluid in the first half of the
pipe loop flowed counterclockwise toward the center of the pipe pattern.
In the second half of the loop, the fluid flowed in the clockwise direction
toward the pipe outlet. In this pipe configuration, each loop had a
different length; the outermost loop was the longest, and the innermost
loop was the shortest.

The process for constructing the energy raft foundation is outlined as
follows. After the excavation of the foundation had reached the bottom
of the raft foundation, the geothermal pipes were installed by layering
them on top of wire mesh mattresses and then securing them in position
by tying them to the wire mesh (Fig. 1a and 1b). To minimize the risk of
water leakage, a series of leak tests were performed on each loop of the
geothermal pipes. During the leak test, the water inside the pipe was
gradually pressurized to 800 kPa, and the pipes were then carefully
inspected to ensure that no leakage occurred (Fig. 1c). Once all the



LT. Pratama et al.

Tunnelling and Underground Space Technology incorporating Trenchless Technology Research 161 (2025) 106538

3 ,ai ’;m

»

Fig. 1. Construction of energy raft foundation in Taipei: (a) layering geothermal pipe; (b) geothermal pipe configuration; (c) leak test by pressurizing up to 800 kPa;

(d) spreading shotcrete to protect the geothermal pipe.

geothermal pipes had been placed, a layer of shotcrete was spread on top
of them to protect them from possible damage during construction of the
raft foundation above (Fig. 1d).

2.2. Subsurface soil conditions

The energy raft foundation was constructed on top of young alluvial
deposits from the Holocene period, which are commonly distributed
along riverbanks in the Taipei Basin. According to the borehole data, the
subsurface soil layers at the construction site were five alternating layers
of sand and gravel. The first layer was a backfill layer (SF), which was
0-3.4 m below ground level. The backfill layer primarily comprised a
mixture of natural soil, stone, and crushed concrete from previous
construction activities. The second layer was a loose silty sand (SM)
layer located at a depth of 3.4-4.6 m. The average standard penetration
test (SPT) value of this layer was found to be SPT-N = 8. The third layer
was a dense gravel layer (G) located at a depth of 4.6-17.4 m and with
an average SPT-N value of >50. The raft foundation was situated on this
gravel layer at a depth of 11.8 m because of the substantial bearing

Table 1
Soil profile and properties.

capacity of the firm gravel layer. The fourth layer was a medium silty
sand layer (SM) at a depth of 17.4 m-21.7 m and with an average SPT-N
value of 16. The fifth layer was a dense gravel layer (G) with an average
SPT-N value of >50. Table 1 lists the soil profile and properties obtained
from the site investigation report. Table 2 lists the input soil thermal and
hydraulic properties. The values of the soil’s thermal and hydraulic
properties were estimated on the basis of the values reported in the
literature for similar soils (Alnefaie and Abu-Hamdeh, 2020; Cao et al.,
2018; Fang and Chien, 2004; Santa et al., 2017).

The groundwater level was monitored using observation wells and
piezometers. The observation wells extended to 35 m from the surface,
and the piezometer measurements were collected at a depth of 25 m.
Groundwater level measurements were taken weekly at each location
and continued for several months after installation. On the basis of the
field measurements, the groundwater was detected at depths of
approximately 12.6 and 13.7 m.

Fig. 2 shows the average soil temperature profile in Taipei. Accord-
ing to the study by Liu (1974), the average soil temperature at ground
level was 31 °C in summer and 15 °C in winter. These soil temperature

Depth (m) Layer ID USCS SPT-N Index properties Shear strength properties
Water content Unit weight Void ratio Cohesion Friction angle
(] Tt e c ¢
(%) (kN/m®) (kN/m?) ©)
0.0-3.4 I SF — — 20 — 0.0 30.0
3.4-4.6 I SM 8 16.7 20 0.56 0.0 29.1
4.6-17.4 III G >50 — 22 - 10 35.0
17.4-21.7 v SM 16 17.0 20 0.51 0.0 31.6
21.7-25.0 \% G >50 — 23 . 10 38.0
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Table 2
Input thermal and hydraulic properties.
Depth Layer Material = Thermal Heat Hydraulic
(m) D conductivity  capacity conductivity
A (W/m-K) C, U/ k (m/s)
kg-K)
0.0-3.4 I Backfill 1 800-1600 107
3.4-4.6 I Silty 0.6 800-1600 10°°
sand
4.6-17.4 111 Gravel 0.6 (above 1200-1600 1073
GWT)
2.4 (below
GWT)
17.4-21.7 v Silty 1.4 800-1600 107°
sand
21.7-25.0 Gravel 2.4 1200-1600 1073
9.8-11.8 — Concrete 2.5 850 -
0.00-11.8 — Air 0.03 1005 -

values align closely with the measured data conducted by the Taiwan
Central Weather Administration in 2023. Generally, soil temperature
decreases with depth in summer but increases with depth in winter. The
soil temperature is constant at 24 °C at depths greater than 3 m,
regardless of the season.

3. Numerical analyses
3.1. Mathematical formulation

To characterize the coupled thermo-hydraulic processes during the
operation on an energy raft foundation installed in a soil profile, a sys-
tem of equations describing coupled physical processes of heat transfer
in pipes, heat transfer in soil, and subsurface flow is required. Based on
the conservation of energy in pipe flow, the governing equation for heat
transfer in pipes is expressed in Eq. (1) as follows (Bejan, 2013; COMSOL
Multiphysics, 2023a):

an pfAf
PAsCos— + A Cpsuier VTy = Ay V- (VTy) Hoog, u? + Qu (1)

Temperature (°C)
0 10 20 30 40

N
T

Depth (m)

(8]
T

~
T
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where py is the fluid density (kg/m®), Ay is the cross-section area of flow
(mz), Cp sis the fluid-specific heat (J/kg-K), u is the circulating fluid flow
velocity (m/s), e; is a unit tangent vector to the pipe axis, Ty is the fluid
temperature (K), t is the time, /s is the fluid thermal conductivity (W/
m-K), dp, is the hydraulic diameter of the pipe (m) that can be estimated
by dn = 4A;/P with P as the wetted perimeter (m), fp is the Darcy friction
factor (dimensionless) — a function of Reynold number (Re), surface
roughness (e) (in m), and dp, and Qpy describes the external heat ex-
change through the pipe wall (W/m), which is described in Eq. (2) as
follows:

pr = hZ(Ts,ext - Tf) (2)

where h is the effective heat transfer coefficient (W/mz-K) related to the
thermal conductivity of the pipe 4,, (W/m-K) and pipe wall thickness b
(m), Z is the perimeter of the pipe wall (m), and Ty is the soil tem-
perature external to the pipe wall (K). In this study, T . was higher than
Ty because the heat injection process through the geothermal pipe was
simulated. Eq. (1) describes the heat transfer in a pipe flow system using
a 1D model to define the pipe flow profile and temperature profiles on
curve segments or lines. The left-hand side terms (LHS) terms of Eq. (1)
represent the heat accumulation in fluid (Qne) and convective heat
transfer in the moving fluid (Q,,), while the right-hand side (RHS) terms
of Eq. (1) capture heat conduction within the fluid (Q.4), thermal energy
induced by fluid friction (Qg), and heat exchange at the pipe wall (Qpy)
which is estimated using Eq. (2). These terms describe the combined
effects of heat transport mechanisms in the fluid (convection and con-
duction) and the heat transfer between the fluid, the pipe wall, and the
external environment or soil in this study. The unit of each term in Eq.
(1) (i.e., W/m) represents heat transfer rate per unit pipe length,
quantifying heat flow at any point along the pipe. Fig. 3 illustrates the
heat transfer mechanism in a pipe and the components considered in
Egs. (1) and (2).

Based on the energy balance in the porous media (COMSOL Multi-
physics, 2023b), the general governing equation for heat transfer in a
porous matrix is expressed using Eq. (3) as follows:

— Average summer temperature
(Liu 1974)

Average winter temperature
(Liu 1974)

® Measured data in Jan. 2023
(CWA 2023)

& Measured data in Jul. 2023
(CWA 2023)

- - - Input soil temperature in this
study

Fig. 2. Soil temperature profile in Taipei.
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Transient heat accumulation
Ona=prAy Cpy (0T} 101)

Opw Geothermal pipe
|p _X, Convective heat transfer in fluid flow
T (] I
0 v = A C; VT,
N } é | Fluid temp., T} Qcv = prdy Cpru eV
> : 0, Y | Conductive heat transfer within the fluid
U cv a — O —
> =0 o Q0 Qca= -Ar s V-(VTy)
> I 9/
— 4 Thermal energy induced by fluid friction
| S = fo pr Ay lulu*12d)
O Oea Freebody diagram Oy =To py Ayl 26t
for heat balance Heat exchange at the pipe wall
pr = hZ(T.\xext - T/); in this Smdy Ts,ext < T/
Fig. 3. Schematic diagram of the mechanism of heat transfer in pipe.
oT _ segments by using the Polygon interface in the COMSOL program. The
PG ot TP CuVT+ V(= 4VT) =Q &) geothermal pipe was located below the raft foundation at 12 m below

where p; is the density of soil (kg/m3), Cp,s is the specific heat of soil (J/
kg-K), 45 is the thermal conductivity of soil (W/m-K), u is the Darcy
velocity of flow through the media (m/s), T is the temperature of both
fluid and solid phases (K), and Q is the internal volumetric heat gener-
ation (W/ms). The unit of each term in Eq. (3) (i.e., W/m3) represents
the heat transfer rate per unit volume of a porous material. Notably, Eq.
(3) was applied to the soil and raft foundation with distinct material
parameters (see Table 2), and the fluid velocity u equals zero.
Subsurface fluid flow is governed by Darcy law (COMSOL Multi-
physics, 2023c) and is expressed using Egs. (4) and (5) as follows:

—k
u=—(Vp+ 4
pfg( P+ ps8)

V- (pyu) =0 )

where k is the hydraulic conductivity of the soil (m/s), g is the gravi-
tational constant (m/sz), and p is the pore pressure (Pa).

3.2. Numerical model and settings

A three-dimensional finite element method was developed in COM-
SOL Multiphysics v6.2 to simulate the thermal response of the energy
raft foundation during heating (heat injection) in summer. Fig. 4 pre-
sents the model’s geometry, including the mesh configuration,
geothermal pipe layout, and boundary conditions. First, the soil layers
were modeled at depths based on those in the soil investigation report
(Table 1) and as solid blocks by using the Block interface in COMSOL.
The raft foundation with dimensions of 54.3 m x 23.5m x 2 m was then
modeled in a soil domain of dimensions 70 m x 40 m x 25 m (Fig. 4a).
The dimensions of the soil domain were determined through boundary
influence analyses to ensure that the model boundaries did not influence
the thermal response of the energy raft foundation. The boundaries in
the x- and y-directions were set at distances of 7.85 and 8.25 m,
respectively, from the earth-retaining structure, and the bottom
boundary was placed 13.2 m below the raft foundation. These distances
were deemed sufficient for heat transfer without the boundaries having
an influence. The range of the geothermal pipe’s influence on the soil
temperature is discussed in Section 4.2.

The raft foundation comprised the soldier pile and lagging walls,
marked as the earth-retaining structure in Fig. 4a, and the base slab. The
model of the soldier pile and lagging walls was simplified to a vertical
slab with no depth below the base slab because detailed data regarding
the wall configuration were unavailable. The thickness of the earth-
retaining structure was t,, = 0.5 m, and the thickness of the base slab
was t; = 2 m. The basement above the raft foundation was modeled as a
solid block with the dimensions 53.3 m x 22.5 m x 9.8 m.

The geothermal pipe was modeled as a sequence of connected line

ground level, which was consistent with the construction in the field. As
shown in Fig. 4b, a loop pattern was adopted for the geothermal pipe
pattern; the fluid flowed counterclockwise in the first half of the pipe
loop and clockwise toward the pipe outlet in the second half. The pipe
was installed as 40 loops connected in series with a pipe spacing of S =
0.1 m and a total length of 6720 m. The inner diameter of the pipe was
2.74 cm, and the pipe thickness was b = 2.3 mm. The thermal conduc-
tivity of the pipe was set to 4,, = 0.4 W/m-K, which is a typical value for
HDPE. A tetrahedral mesh was generated for the entire model with an
average element size of 1.7 m. The geothermal pipe and raft foundation
were situated in layer III, the gravel layer (Table 1); thus, the mesh size
in this layer was finer at an average element size of 0.6 m because heat
exchange mainly occurred in this soil layer. The smaller mesh size in this
layer was also necessary because of the small pipe spacing (S = 0.1 m)
and the distance between the pipe and the raft (0.2 m). Mesh refinement
was not performed for the other soil layers because, given their thermal
properties (Table 2) and distance from the geothermal pipe, the in-
fluences of the geothermal pipe on these layers would be weak. The
influence of the geothermal pipe is further discussed in Section 4.2. The
aforementioned mesh configuration resulted in 1,408,660 elements.

The Heat Transfer in Porous Media interface was used to simulate
heat transfer in the soil, raft foundation, and basement. The field mea-
surements from the case study were obtained in summer; thus, the soil
temperature profile depicted by the red dashed line in Fig. 2 was used to
define the initial soil temperature Tiiq. The initial soil temperature
decreased with depth and was 24 °C for all depths greater than 3 m. The
heat transfer within the geothermal pipes was simulated using the Heat
Transfer in Pipes interface. A constant inlet fluid temperature of Tj, =
39 °C (i.e., heat injection) was maintained throughout the 4-week
operation. The inlet fluid temperature was determined based on the
measured inlet fluid temperature in the case study. Fig. 5 shows the
measured and input pipe inlet fluid temperatures. Furthermore, the
external pipe temperature in the model was coupled to the soil tem-
perature, meaning that heat could be transferred between the pipe and
the soil.

The GSHP was simulated as operating for 10 h/day over 28 days.
During operation, the inlet fluid inside the pipe circulated with a
discharge of 50 L/min (a fluid velocity of 1.413 m/s); no fluid flow was
included in the model when the pump was not operating. The pumping
power required to circulate fluid in geothermal pipes can influence the
performance of energy raft foundations (Lee et al., 2021; ten Bosch et al.,
2024). The design of the geothermal pipe pattern, including its length
and spacing, can also cause pressure losses; thus, more pumping power
may be required when the pattern is complex. However, the influence of
pumping power on the performance of the energy raft foundation was
beyond the scope of this study. Thus, the GSHP system was assumed to
have sufficient pumping power to circulate the fluid effectively.

Fig. 4c presents the initial and boundary conditions. The constant-
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Raft base elevation: GL -11.8 m
Groundwater level: GWL -13.0 m
Mesh size: 0.00l m—3.13 m
Geothermal pipes: 49.3 m x 19.8 m
Pipe spacing: 0.1 m
Total loops: 40 loops

Earth retaining structure
t,=0.5m

Backfill
Silty sand

Groundwater level Gravel

Silty sand
Gravel

25m

Earth retaining structure

> 493 m N
. ¥ >
& o
40 m \n %
Q B
2 4
y > f \ >
Raft foundation —/ 543 m \_ Geothermal pipe
| A A
T e >
! 70 m
(b)
Tinirial = T(Z) r :_ g(z)
D=0 = -pg(z-13 m) kPa pr=
i X4 -
Tin:39 C . 93 I 11 8
/T Raft foundation -om
L v 3 —
25m| |= _; X é" = _T (g)
| : Geothermal pipe _ Pr=
T=T0) 493 m g ‘
Vp/= 0
v *
le Sl
R T 70m -
T=T()

Pri=0 = -pg(z-13 m) kPa

t,.
(c)

Fig. 4. Numerical model: (a) model and mesh configurations; (b) geothermal pipe configuration; and (c) boundary conditions.

temperature boundary condition T = T(z) was applied to the exterior
boundaries of the soil domain; that is, the temperature at these bound-
aries was assumed to remain stable over time, and the operation of the
energy raft foundation system did not influence the thermal state of
these boundaries. A similar approach has been applied in related studies
(e.g., Insana and Barla, 2020; Di Donna et al., 2021; Zhong et al., 2023).

No thermal boundary was applied to the pipe, raft foundation, or
adjacent soil to allow heat to transfer freely. The groundwater level at
13 m below ground level was modeled using the Darcy’s Law interface in
COMSOL. Constant hydrostatic pressure was applied throughout the soil
domain to a depth of 13 m to simulate the actual groundwater condi-
tions. The exterior boundaries of the soil domain were set to be
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41
T, =39 °C
39 "'% ''''' O% ““““ & """" @ """"" @@ """ @D ““““““““““
37 +
2‘5 35
E,’ 33
23]
5}
£29 | —Predicted outlet pipe fluid temperature
~ 27 + © Measured inlet fluid temperature
75 | ® Measured outlet fluid temperature Tiriar = 24 °C
23 ¢
21 1 1 1 1 1
21 22 23 24 25 26 27 28

Time (day)

Fig. 5. Comparison of measured and predicted geothermal pipe outlet fluid temperatures.

impervious; no flow could cross the boundaries. At the bottom of the
model, a pressure boundary was applied to model the pore water pres-
sure corresponding to the groundwater table at 13 m below ground
level.

4. Results and discussion
4.1. Numerical model validation

The numerical model developed in this study was first validated
against the measured data collected in the field. The outlet fluid tem-
peratures from the numerical simulations were compared with the
measured fluid temperatures. The comparison focused on days 21 to 28
because the outlet fluid temperature reached a steady state after 3 weeks
of operation, at which point the soil temperature increased by less than
3 %. In the simulations, the GSHP system was operated for 10 h/day for
28 days. Longer and higher heat injections would likely produce
different results (Zhong et al., 2023; ten Bosch et al., 2024) and lead to a
different duration to reach the steady state. Further investigation on the
long-term thermal response of energy raft foundations in various soil
conditions should be conducted in future research.

Fig. 5 presents the measured and simulated outlet fluid tempera-
tures. The results show that upon the heat injection, the predicted pipe
outlet fluid temperature increased and reached its peak after 10 h of
operation. The pipe outlet fluid temperature decreased when the heat
pump was not operating, achieving a peak-to-valley temperature dif-
ference at a steady state of 3 °C. The maximum and minimum temper-
ature differences between the inlet and outlet fluid temperatures were 7
and 4 °C at the beginning and end of the daily operation, respectively. As
shown in Fig. 5, the measured data exhibited slight fluctuations because
of changes in the inlet fluid temperature; however, the simulated outlet
fluid temperature values were generally in close agreement with the
measured values. This correspondence suggested that the numerical
model effectively captured the actual thermal behavior of the
geothermal system and could be further used to investigate the thermal
and hydraulic behavior of the system of interest.

4.2. Thermal response of the energy raft foundation

Once it had been validated, the numerical model was used to

evaluate the thermal response of the energy raft foundation. Fig. 6
presents the geothermal pipe temperature distribution contour at day
28. Upon initiation of heating, a high-temperature influence zone was
found near the pipe inlet that reached a temperature of 38.5 °C. The
temperature then gradually decreased as the fluid inside the geothermal
pipe flowed toward the center of the loop, reaching a temperature of
29 °C. This indicated the transfer of heat from the pipe to the sur-
rounding soil. As the fluid continued flowing in the outlet direction
(clockwise) toward the pipe outlet, the pipe temperature rose, reaching
a temperature of 32.2 °C due to the influence of the adjacent pipes (S =
0.1 m). The influence of the pipe spacing is further discussed in Section
5.1.

Fig. 7 presents the soil temperature over time in longitudinal and
transverse cross sections. The soil temperature data were measured near
the depth of the geothermal pipe. Fig. 8 shows the change in soil tem-
perature profile at the center of the pipe loop over time. Fig. 9 presents
an overview of the soil temperature distribution contours in the hori-
zontal and vertical cross sections. The results revealed that the soil
temperature increased over time and that the maximum soil

40
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Fig. 6. Geothermal pipe temperature distribution contour.
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temperature reached a steady state in which the soil temperature rose
less than 3 % (Fig. 7a). The temperature of the soil at the center of the
pipe loop was less influenced by the geothermal pipe’s temperature
increase than that of the soil near the geothermal pipe because the low
thermal conductivity of dry soil hindered heat propagation (Fig. 7b).
The horizontal range of influence was found to be relatively small, being
approximately 1.6 times the width of the geothermal pipe loop. These
results suggest that the geothermal pipe had little influence on the
temperature of the soil near the adjacent building’s foundation (Figs. 7
and 9).

The soil temperature profiles at the center of the geothermal pipe
pattern also indicated an increase in the temperature with time, reach-
ing a peak of 24.5 °C on day 28 (Fig. 8). The vertical influence of the
geothermal pipe on its surroundings had a range of approximately 3.5 m
above and below the pipe depth. The highest soil temperature occurred
within the concrete raft foundation due to its higher thermal conduc-
tivity than that of the surrounding soil and air. The soil temperature
distribution contour in Fig. 9b also shows a nonuniform temperature
increase within the raft foundation and concentrations of high

temperature near the edge of the raft foundation. These nonuniformities
in the temperature increase could induce changes in the mechanical
behaviors of the raft foundation, affecting the stability and serviceability
of the structures. Thus, a further investigation into the mechanical
behavior of the energy foundation, such as the thermal-induced stress in
the concrete slab and the reaction force from the thermal expansion
acting on the soil, should be conducted in future research.

Fig. 10 shows the variations in the outlet fluid and soil temperatures
during heat injection. The outlet fluid and soil temperatures increased
over time and reached a steady state after 3 weeks of operation. The
outlet fluid temperature increased during heating and decreased when
the pump was not operating; the average temperature difference be-
tween the maximum and minimum temperatures in a steady state was
3 °C. Similarly, the soil temperature increased upon heat injection and
decreased when the pump was not operating, with the temperature
difference between the maximum and minimum outlet fluid tempera-
tures in a steady state being 0.5 °C. The results indicated that the
magnitude of the soil temperature variation depended on the heat ca-
pacity of the soil.
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4.3. Different modeling schemes for the foundation and basement

Accurately modeling the thermal response of an energy foundation is
crucial, but incorporating detailed representations of all soil and struc-
tural elements can greatly increase computational demands, especially
when materials with distinct thermal conductivities are involved
(Makasis et al., 2020). Therefore, the analyses reported in this section
aimed to reduce the computational time and potential numerical
instability due to heat transfer through different materials while also
evaluating the effect of the modeling scheme, particularly for compo-
nents such as the raft foundation and basement, on the accuracy of the
thermal response of the energy foundation. This evaluation was inten-
ded to determine whether a simplified modeling scheme could produce
results comparable to the real condition in the field within a shorter
computational time.

The numerical model and geothermal pipe pattern (Fig. 4) were
unchanged in all analyses in this section, but the schemes for modeling
the foundation structure and basement were varied. Table 3 summarizes
the modeling schemes for the foundation structure and basement. In the
soil-only modeling scheme, the foundation’s and basement’s thermal
and hydraulic properties were considered the same as those of the gravel
soil in layer III, simplifying the transfer of heat between different ma-
terials. In the soil-concrete modeling scheme, the foundation structure
and basement were each modeled as a concrete block with corre-
sponding thermal and hydraulic properties (Table 2). Finally, in the
soil-concrete—air modeling scheme, the raft foundation was modeled as
concrete, and the basement was modeled as air. The thermal and
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Fig. 9. Soil temperature distribution contours: (a) horizontal cross-section; (b)
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hydraulic properties of the concrete and air are listed in Table 2.

Simulations with the soil-concrete modeling scheme took approxi-
mately 14 h (using a Core 19-13900F CPU, 64 GB RAM). However, the
analysis time significantly increased to 23 h for the soil-concrete-air
modeling scheme due to the added complexity of simulating heat
transfer between materials with distinct thermal conductivity.

Fig. 11 presents the soil temperature distribution along the longitu-
dinal cross-section at day 28 for each modeling scheme. The soil tem-
perature distributions were similar for the soil-concrete and
soil-concrete-air schemes because temperature variation mainly
occurred in the concrete raft foundation. Temperatures were higher for
the soil-only scheme than the other modeling schemes (by 0.8 °C on
average on the top of the geothermal pipe). Fig. 12 compares the soil
temperature profile at the center of the pipe loop for the three schemes;
the soil-only modeling scheme had the lowest temperature within the
raft foundation due to the lower thermal conductivity of the dry soil (1 =
0.6 W/m-K) than that of the concrete (A = 2.5 W/m-K). The low 1 value
of the dry soil hindered the dissipation of heat toward the center of the
loop. By contrast, similar trends were obtained for the soil-concrete, and
soil-concrete-air schemes; temperatures were high within the raft
foundation, and the temperature within the basement gradually
decreased. Less heat dissipated from the raft foundation to the basement
in the soil-concrete-air model than in the soil-concrete model due to the
low thermal conductivity value of the air (4 = 0.03 W/m-K).

Fig. 13 shows the outlet fluid temperature at the steady state for the
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Table 3
Materials for modeling foundation and basement.
Items Soil layer Foundation structure Basement
area
Soil only Soil Soil Soil
Soil-concrete Soil Concrete Concrete
Soil-concrete-air Soil Concrete Air

soil-only, soil-concrete, and soil-concrete-air modeling schemes.
Similar to the results shown in Fig. 11, the soil-only model had a higher
outlet fluid temperature (by 1 °C; Fig. 13) than did the soil-concrete and
soil-concrete-air modeling schemes because the dry soil had lower
thermal conductivity than the concrete, resulting in less efficient heat
transfer from the pipe fluid to the soil. The trends in the outlet fluid
temperature for the soil-concrete and the soil-concrete-air schemes
were again similar because the temperature variation mainly occurred

41

within the concrete raft foundation. In summary, the thermal response
of the energy raft foundation was discovered to be highly dependent on
its thermal properties. The simplified modeling scheme in which the
concrete was replaced with soil resulted in an underestimation of the
temperature in soil and concrete but an overestimation of the outlet fluid
temperature. Therefore, accurate representation of the foundation and
basement materials in the model is essential.

5. Parametric study

A series of parametric studies was conducted to evaluate the effects
of the geothermal pipe spacing and pattern on the heat exchange effi-
ciency. Table 4 summarizes the pipe spacings and patterns used in the
parametric study. The optimal geothermal pipe configuration was
determined on the basis of the parametric study results.

The geometry and boundary conditions of the numerical model used
in the parametric studies were those of the validated numerical model
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Fig. 11. Comparison of soil temperature distributions along the longitudinal cross-section for different modeling schemes for the foundation and basement.
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(Fig. 4). However, for simplification, the numerical model only included
one type of soil (gravel), which was given the thermal and hydraulic
properties corresponding to layer III (Table 2) and had a constant Tiiqr
= 24 °C. The geothermal pipe spacing and pipe pattern were varied, as
listed in Table 4, to investigate their influences on the pipe outlet fluid
and soil temperature. The pumping power of the GSHP system in the
parametric study was assumed to be sufficient to circulate the fluid
effectively.

5.1. Influence of geothermal pipe spacing

This section investigated six pipe spacings: S = 0.1, 0.5, 1, 2, 3, and 4
m. For each pipe spacing, the pipe length was different; larger spacing
required shorter pipes to maintain a coverage area of 49.3 m x 19.8 m
(Fig. 4b).

Fig. 14 presents the average soil and geothermal outlet fluid tem-
perature for each pipe spacing. The average soil temperature was
calculated by averaging the soil temperature across the width of the
geothermal pipe loop at the steady state. The soil temperature consis-
tently decreased as the pipe spacing increased because pipe loops with
larger spacings had a shorter total length available for heat exchange.
Therefore, less heat was transferred from the pipe to the soil, resulting in
a lower soil temperature for a larger spacing.

The spacing that minimized the outlet fluid temperature (i.e.,
maximized the temperature difference between the outlet and inlet) was
identified. The pipe outlet fluid temperature was high at 35.6 °C for S =
0.1 m and 37.1 °C for S = 4 m. Increasing the pipe spacing from S = 0.1
m to S = 0.5 m, which corresponded to a reduction in pipe length L to
1805 m, decreased the outlet fluid and soil temperatures by 2.3 and
0.8 °C, respectively. Further increases in the spacing, accompanied by
corresponding reductions in L, increased the outlet fluid temperature
and decreased the average soil temperature.

The high outlet fluid temperature at S = 0.1 m was attributable to
heat accumulation in the soil and the influence of the high-temperature
adjacent pipe. Heat accumulation caused a decrease in the temperature

Table 4
Parametric study program.

Variables Items and values

Pipe spacings (m) (L)
Geothermal pipe patterns

0.1,05,1,2,3,4
Snake, Meander, Loop, Swirl for S = 0.1 and 1 m
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Fig. 13. Comparison of geothermal pipe outlet fluid temperatures for different modeling schemes for the foundation and basement.
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gradient between the geothermal pipe and the soil, decreasing heat
exchange efficiency. Fig. 15 presents the thermal interaction between
adjacent pipes. For $ = 0.1 m (Fig. 15a), the fluid temperature increased
gradually from 35.5 to 35.7 °C as the fluid approached the outlet. This
phenomenon indicated thermal interaction between adjacent pipes in
the inlet and outlet directions but was not observed in configurations
with larger S (Fig. 15b and 15c). When S > 0.5 m, the outlet fluid
temperature increased as the pipe spacing was increased. This trend was
attributable to the larger spacing decreasing the total length available
for heat exchange, resulting in high outlet fluid temperature.

The results presented in Fig. 14 revealed that the geothermal pipe
spacing of S = 0.5 m resulted in the lowest outlet fluid temperature at
33.3 °C. However, a spacing of S = 1 m was identified as the optimal
value in this study; although the outlet fluid temperature was 0.4 °C
higher for S = 1 m than for S = 0.5 m, S = 1 m resulted in 47 % lower

total pipe length. This approach involved finding the balance between
the heat exchange efficiency and the use of pipe material for the optimal
design of an energy raft foundation.

5.2. Influence of geothermal pipe pattern

Four pipe patterns (i.e., snake, meander, loop, and swirl; Table 4)
were considered to investigate the influence of pattern on the pipe outlet
fluid and soil temperature. Fig. 16 displays the pipe patterns in the
numerical model; red and blue lines indicate the first and second halves
of the geothermal pipe, respectively. For the snake and swirl patterns
(Fig. 16a and 16d), the first and second halves of the pipe were separate,
whereas, for the meander and loop patterns (Fig. 16b and 16c¢), the first
and second halves of the pipe were alternately arranged. Two pipe
spacings were considered for each pattern (i.e., S = 0.1 and 1 m); the
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Fig. 15. Geothermal pipe temperatures for different pipe spacings: (a) 0.1 m, (b) 1 m, and (c) 2 m.
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corresponding total lengths were L = 9348 and 999 m, respectively. All
patterns covered an area of 49 m x 19 m at a depth of 12 m.

Fig. 17 displays the geothermal pipe temperature distribution con-
tours for different patterns with S = 1 m. In the snake pattern (Fig. 17a),
the high inlet fluid temperature, indicated by red, gradually decreased
as the fluid flowed toward the left boundary of the pattern and
continued flowing toward the right boundary and the pipe outlet; it
reached the outlet at a temperature of 34.3 °C. Similarly, in the meander
pattern (Fig. 17b), the temperature was high near the inlet and steadily
decreased as the fluid flowed along the pipe toward the outlet, ulti-
mately being 34.3 °C. In the loop pattern (Fig. 17c), the temperature
decreased as the fluid flowed counterclockwise from the inlet toward the
center of the pattern. As it continued by flowing clockwise, the fluid
reached the outlet at 34.9 °C at the steady state. Finally, for the swirl
pattern (Fig. 17d), the temperature gradually decreased as the fluid
flowed counterclockwise from the inlet toward the center of the pattern;
the outlet fluid temperature was 34.4 °C.

Fig. 18 displays the outlet fluid temperature for each geothermal
pipe pattern given pipe spacings of S = 0.1 and 1 m. The pipe spa-
cing-pattern combination strongly influenced the heat exchange effi-
ciency. At S = 0.1 m, the outlet fluid temperatures for the snake,
meander, loop, and swirl patterns were 32.5, 34.9, 35.6, and 32.3 °C,
respectively. The meander and loop patterns had higher outlet fluid
temperatures (i.e., lower heat exchange efficiency) than the snake and
swirl patterns. The high outlet fluid temperature observed for the
meander and loop patterns was attributable to the thermal interaction
between the first and second halves of the pipe at the close spacing of S =
0.1 m. This thermal influence between the first and second halves of the
pipes resulted in a higher temperature. Conversely, heat exchange was
more efficient for the snake and swirl patterns at the smaller spacing
because the interactions between the high-temperature first half and
low-temperature second half were negligible.

For the pipe spacing of S = 1 m, the outlet fluid temperature was
similar for all pipe patterns, being in the range 34.3-34.9 °C; the loop
pattern resulted in the highest value. This result suggested that the pipe
pattern had a minimal influence on the heat exchange efficiency when
the pipe spacing was sufficiently large because adjacent pipes did not
influence each other. In summary, for the snake and swirl patterns, the
pipe outlet fluid temperature was lowest for a pipe spacing of S = 0.1 m
due to the long pipes available for heat exchange. For the meander and
loop patterns, the pipe outlet fluid temperature at S = 0.1 m was higher
than that at S = 1.0 m due to the influence of adjacent pipes.

Tunnelling and Underground Space Technology incorporating Trenchless Technology Research 161 (2025) 106538

6. Conclusions

This paper presents a numerical investigation into the thermal
response of an energy raft foundation in Taipei. A three-dimensional
finite element model was developed using COMSOL Multiphysics and
validated against field measurements. A series of parametric studies was
then conducted to evaluate the effects of geothermal pipe spacing and
patterns on heat exchange efficiency. On the basis of the findings of this
study, several key conclusions can be drawn:

@® The numerical model of the energy raft foundation successfully
captured the actual thermal behavior of the geothermal system.

@ The results from the case study indicated that the soil and pipe outlet
fluid temperatures increased over time; a steady state condition was
reached after approximately 3 weeks of operation. The maximum
and minimum temperature differences between the inlet and outlet
fluid temperatures were 7 and 4 °C, occurring at the daily operation’s
beginning and end, respectively.

@ Analyses of the temperature distributions revealed that the hori-
zontal range of influence of the geothermal pipe on the soil tem-
perature was small at approximately 1.6 times the width of the pipe
loop, suggesting that the geothermal pipe would have little influence
on the temperature of the soil in an adjacent building’s foundation.

@ Through analyses of the influences of geothermal pipe spacing on the
pipe outlet fluid and soil temperature, the optimal spacing of S =1 m
was identified; this spacing minimized the outlet fluid temperature
(or maximized the temperature difference between the outlet and
inlet). For a pipe spacing of S = 0.1 m, the outlet fluid temperature
was high because of heat accumulation in the soil (reducing the
temperature gradient between the geothermal pipe and the soil and
thus decreasing the heat exchange efficiency). The outlet fluid tem-
perature also increased due to heat transfer from adjacent pipes in
this small-pipe-spacing scenario. At pipe spacings of S > 0.5 m, the
outlet fluid temperature increased with increasing pipe spacing
because the total length of pipe available for heat exchange was
smaller.

@ Analyses of the influence of the geothermal pipe pattern on the heat
exchange efficiency revealed that the pipe outlet fluid temperature
depended strongly on the pipe spacing. For the snake and swirl
patterns, the pipe outlet fluid temperature was lowest for a pipe
spacing of S = 0.1 m due to the large pipe length available for heat
exchange. For the meander and loop patterns, the pipe outlet fluid
temperature at S = 0.1 m was higher than thatat S = 1.0 m due to the
influence of adjacent pipes.
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This study was focused on the thermal response of an energy raft
foundation. The long-term thermal response of energy raft foundations
should be investigated in future research to confirm the range of influ-
ence on the soil temperature for a geothermal pipe. The mechanical
behavior of an energy raft foundation is crucial to the stability and
serviceability of the structure. Further investigation of the mechanical
behavior of an energy raft foundation, such as thermal-induced stress in
the concrete slab and the reaction force from the thermal expansion
acting on the soil, should be conducted in future research.
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