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A B S T R A C T   

Underground thermal storage systems have potential to play an important part in the transition to renewable 
energy. Studies on combining building foundations with thermal storage are often limited to concrete piles, 
especially when involving phase change materials. In a recently published work, the authors presented a novel 
energy pile built using a screw pile filled with phase change materials. While the previous work considers all 
energy screw piles with same pile fillings, meaning a trade-off of low thermal conductivity and high heat ca
pacity, screw piles in this work have two different functions: one screw pile filled with grout acts as the heat 
exchanger (energy pile) and its neighbour, filled with Phase Change Materials, act as a thermal battery (thermal 
storage pile). U-loop pipes are embedded only into the energy piles and connected to a Ground Source Heat 
Pump, so thermal energy from buildings will be stored in both the ground and the thermal storage piles. Nu
merical results show that this system can store up to 189.8 MJ/m3 heat energy during one year of operation. The 
Coefficient of Performance of the heat pump increases slightly, up to 3.4 %, which results from an improvement 
of the cooling mode performance.   

1. Introduction 

Screw piles are an established foundation technology recognized for 
their cost-effectiveness and simple eco-friendly construction procedure. 
A screw pile consists of structural steel tubular elements, with one or 
more screw plates welded to its external wall, which is quickly inserted 
into the ground by a rotary hydraulic powerhead. This easy and fast 
construction procedure requires only light equipment, already reducing 
carbon footprint in comparison to bored piles [1–3]. This environmental 
benefit can be increased further if the screw piles are used to extract 
renewable shallow geothermal energy, by being converted into heat 
exchangers of a ground source heat pump (GSHP) system which are also 
known as energy screw piles [4–6]. The screw pile is one type of many 
energy structures that embed high-density polyethylene (HDPE) pipe 
circuits to perform heat exchange with the surrounding ground [7,8]. 
Energy structures were also used for seasonal thermal energy storage 
applications in which underground soil is the medium to store energy, 
but its capacity is limited [9]. Both geothermal energy extraction and 
seasonal thermal energy storage contribute to becoming carbon neutral 
by 2050 [10]. Therefore, improving the effectiveness of such systems is 
important. 

Different from cast-in-place concrete piles, screw piles are hollow 
elements so that a backfill material is required to fill the space between 
the HDPE pipes and the pile wall to provide thermal contact (i.e., 
enhanced heat transfer from the pipe to the soil). Murari et al. [11] 
evaluated experimental tests in driven steel tubular piles filled with 
water, saturated sand and two different types of grouts, concluding that 
employing fillings with an increased thermal conductivity reduces 
thermal resistance and increases the heat exchange rate of the pile. 

Phase Change Materials (PCM) are defined as materials that absorb 
and release substantial amounts of latent heat at a constant temperature 
during the phase change process (typically a solid–liquid transition) 
[12]. Hence, backfilling the pile with PCM is an option that could in
crease thermal storage capacity and rapid response of geothermal sys
tems. The selection of the correct PCM requires the evaluation of several 
criteria, such as its thermal properties (e.g., latent heat, heat capacity, 
thermal conductivity), cost, corrosiveness, supercooling (i.e., the dif
ference between melting and solidification temperatures) and toxicity 
[13]. PCMs can be classified into organic (paraffin and non-paraffin), 
inorganic (salt hydrates, metallic alloys and molten salts) and eutectic 
(mixtures of one or more PCM) [14]. Typically, inorganic PCMs have 
higher thermal conductivities than organic ones. However, inorganic 
PCMs present liabilities such as the high corrosivity of salt hydrates [15] 
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and high melting temperatures of metallic alloys [16]. PCMs can be used 
in the building industry in either active or passive applications, where in 
active applications the PCM phase change is activated/assisted by a 
powered device [17,18], such as a heat pump in a GSHP system. 

There are a few studies regarding the employment of PCMs to 
improve borehole heat exchangers and GSHP systems performance. 
Chen et al. (2018) [19] evaluated the performance of a GSHP operating 
with a borehole filled with either grout, paraffin or inorganic salt hy
drate PCM. The paraffin has a higher latent heat, while the inorganic 
PCM had a higher thermal conductivity, slightly lower than the grout. 
The authors concluded that the low thermal conductivity of the paraffin 
jeopardizes the GSHP performance to the point where its higher latent 
heat is not able to compensate. Meanwhile, the borehole with inorganic 
PCM provides a higher heat exchange rate than the grout, showing that 
incorporating latent heat storage into the borehole is beneficial to GSHP 
performance as long as the thermal conductivity is not reduced. Cortes 
et al. (2019) [20] evaluated the impact on the heat exchange rate caused 
by the latent heat of PCM introduced in a single borehole using nu
merical models, considering filling materials with different melting 
temperatures and comparing them to a non-PCM filling. The results 
showed that the PCM in the backfill increases heat exchange and reduces 
the thermal radius of the borehole, as the required design length by 
lowering the peak fluid temperature. These reductions were more 
noticeable when the phase change temperature (Tpc) value considered 
was the average between the peak fluid temperature and the undis
turbed ground temperature. Aljabr et al. (2021) [21] compared the heat 
exchange performance of a borehole filled with grout and another with 
organic PCM that has lower thermal conductivity. Similar to Cortes et al. 
(2019) [20], the conclusion presented was that the Tpc should be chosen 
accordingly to the peak fluid temperature and undisturbed ground 
temperature. In addition, the results showed that the borehole design 
length can be reduced by adding PCM in the borehole backfill. However, 
the GSHP performance is jeopardized by the lower thermal conductivity 
of the PCM. The disadvantages of the low thermal conductivity of PCM 
to the heat transfer of underground heat exchangers are present in 
another handful of studies [22,23]. 

Studies on the utilisation of energy piles and PCM are less common. 
Yang et al. (2021) [24] used a scale laboratory test (24 h duration) to 
conclude that incorporating encapsulated paraffin PCM in a concrete 
energy pile increases heat exchange and can reduce pile deformation by 
keeping the temperature stable. Mousa et al. (2020) [25] also tested a 
reduced scale model of an energy pile in the laboratory, but imple
menting PCM-filled cylindric containers in piles rather than directly 

mixing with concrete. The results show an increased heat exchange rate 
within the pile with PCM in comparison to the reference model (only 
concrete, no PCM), but the test is even shorter (3 h). In the following 
work from the same authors, the experiment is used to validate a finite 
element (FE) model, used to perform a long-term analysis of a single 
large pile (1.5-metre diameter) attending a real hourly thermal load [26] 
for a whole year. The results showed that the GSHP system benefits the 
most from the PCM in the pile when the phase change process is un
derway. When the latent heat available was depleted, the lower thermal 
conductivity of the PCM reduced the performance in comparison to the 
pure concrete pile. Nevertheless, the overall impact of PCM in the 
referred study case is positive. Alavy et al. (2021) [27] simulated a 
similar large diameter pile (1.4 m) with PCM cylinders for one year 
under operation. The conclusions were also in favour of PCM usage, 
which improved performance in comparison to traditional vertical 
ground heat exchangers. However, incorporating PCM in the concrete 
can reduce its compression resistance significantly [28,29]. Special 
types of cement that incorporate composite PCM such as the graphite 
nanoplatelet-based PCM (GNP-Paraffin) presented by Bao et al. (2017) 
[30] are an alternative that could avoid the loss of structural perfor
mance. While these studies covered concrete piles, no work on PCM 
energy screw piles could be found besides our recently published paper 
[31]. In that work, several PCM mixtures were tested as backfill of a 
single energy screw pile, showing that the mixtures with a higher latent 
heat provide increased heat exchange and reduced thermal radius. Still, 
the heat exchange is more sensitive to the thermal conductivity of the 
backfilling than to the latent heat. In summary, work to date shows that 
the latent heat transferred from/to the PCM enhances the heat exchange 
rate during the phase change process, but the thermal conductivity is 
more important for the heat transfer in the long run. 

However, the aforementioned studies considered only energy pile 
elements with the same function. Within the few studies on energy piles, 
only a limited work performed long-term analysis (e.g., one year) which 
captures both periods with and without PCM phase transition. In the 
present work, a numerical model was validated and used to analyse the 
performance of a novel underground heat exchanger system based on 
energy screw piles. Since screw piles tend to be short when used as 
building foundations, a lot of them are required to provide structural 
support. In the new system, part of these piles are used as heat ex
changers (energy screw piles as in Bandeira Neto et al. (2023) [4], 
shown later in Fig. 3a as “EP”), while the remaining/adjacent screw piles 
have the steel shell filled with PCM (shown later in Fig. 3a as “TSP”), 
exchanging (and storing) heat energy passively due to the temperature 

Nomenclature 

CCOP GSHP coefficient of performance for cooling operation 
only 

COP GSHP coefficient of performance 
COPchange Change in the GSHP coefficient of performance (from 

Reference to PCM case) 
cp Specific Heat Capacity, J/(kg•K) 
D Screw pile helix diameter, m 
EP Energy Screw Pile 
GSHP Ground Source Heat Pump 
HCOP GSHP coefficient of performance for heating operation 

only 
HDPE High-density polyethylene 
L Latent Heat, kJ/kg 
Ps Pile spacing, m 
PCM Phase Change Material 
QGround Thermal load rejected/extracted from the ground 
QBuilding, Thermal load required by the building 

q circulating fluid flow rate, m3/s 
T Temperature, ◦C 
Tf,diff Carrier fluid temperature difference (from Reference to 

PCM case), ◦C 
Tpc Phase change temperature, ◦C 
TSP Thermal Storage Pile 
Θ Phase state function of the PCM material 
λ Thermal conductivity, W/(m•K) 
ρ density, kg/m3 

Subscripts 
f Circulating fluid 
g Ground 
in Inlet circulating fluid temperature 
out Outlet circulating fluid temperature 
PCM,l Phase Change Material, liquid state 
PCM Phase Change Material 
PCM,s Phase Change Material, solid state 
Ref Reference case model  
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variation induced by energy screw piles. In this system, the PCM is not in 
direct contact with the pipes as it happens in the other existing studies, 
which is expected to reduce the negative effects of its low thermal 
conductivity on the heat exchange. 

2. Methodology 

This section presents the rational for the proposed underground heat 
exchanger system and the numerical model used to perform the ana
lyses. A phase change feature was implemented into a model built in 
COMSOL Multiphysics [32], previously validated against a field-scale 
thermal response test executed on an energy screw pile [4]. For the 
validation of the phase change modelling, a geometry based on a labo
ratory test executed on a scaled model of a concrete energy pile was built 
[25]. 

2.1. Proposed underground heat exchanger system 

The underground heat exchanger system proposed in this work 
considers energy screw piles as the primary underground heat ex
changers while the remaining screw piles filled with PCM are used as 
thermal storage piles. Since screw piles have small diameters, a large 
number of them is required to form a strong foundation for buildings. 
Then, if using all piles as energy piles by installing HDPE pipes in each of 
them, the narrow spacing will lead to severe thermal interference since 
the thermal radius around the pile is larger than the pile spacing. As a 
result, the energy pile system may render a low performance [4,33,34]. 
Since not every screw pile is preferred to be an energy screw pile (EP), 
this work proposes to use these redundant piles as thermal storage piles 
(TSP) instead by filling them with Phase Change Material. As shown in 
Fig. 1, the EP is connected to the heat pump to exchange heat with the 
soil, while the TSP absorbs or rejects the heat energy according to the 
building’s thermal energy demand. This approach also solves a chal
lenge in the previous system that fills the EP with PCM since the low 
thermal conductivity of PCM hinders the heat exchange rate between 
the HDPE pipes and the soil around the EP. 

2.2. Governing equations 

The foundation of the model employed in this work couples heat 
transfer and fluid flow equations and has been presented in several 

published studies on energy structures [35–37]. The model considers 
both heat conduction and convection for the circulating fluid in HDPE 
pipes using (Eq. (1) and (2)), while only conduction is considered within 
the other materials (Eq. (3)). No groundwater is considered in the soil 
and so no convection heat transfer is considered neither in the soil nor 
the PCM, which is a conservative approach as these would increase the 
heat transfer [38,39]. The fluid flow model is based on both continuity 
and momentum equilibrium equations (Eq. (4) and (5), respectively). 
The pipes are modelled as one-dimensional elements, so the fluid tem
perature at a determined point in the pipe is the average temperature 
across its cross-sectional area. More on this model and several validation 
cases can be found in [32,40–43]. 

ρf Acp,f
∂Tf

∂t
+ ρf Acp,f v • ∇Tf = ∇ •

(
Aλf∇Tf

)
+ fD

ρf

2dh
|v|v2 +Qwall (1)  

Qwall = f
(
Tpipewall, Tf , λp, dp

)
(2)  

ρmcp,m
∂Tm

∂t
= ∇ • (λm∇Tm) (3)  

Aρf∇ • v = 0 (4)  

ρf

(
∂v
∂t

)

= − ∇p − fD
ρf

2dh
v|v| (5) 

where ρf is the circulating fluid density, A is the inner cross-section 
area of the HDPE pipes, cp,f is the fluid-specific heat capacity, Tf is the 
fluid temperature, t is the time, v is the fluid velocity vector field and λf is 
the fluid thermal conductivity. Qwall stands for the external heat ex
change rate through the pipe wall and is a function of the temperature 
on the pipe outer wall (Tpipe wall), the pipe wall thermal conductivity λp, 
the pipe diameter dp and the fluid temperature. The solid heat conduc
tion is governed by the material density ρm, the material specific heat 
capacity cp,m, the material temperature field Tm and the material thermal 
conductivity λm. p is the pressure inside the pipes, fD represents the 
Darcy friction factor and dh is the hydraulic diameter of the pipes. 

The phase change feature is introduced to the model using the 
equivalent specific heat capacity approach [26,31,32,44]. Eq. (3) is 
updated with the PCM material density (ρPCM), specific heat capacity (cp, 

PCM) and thermal conductivity (λPCM), which vary according to its 
liquid/solid state. The cp,PCM and λPCM are determined by the phase 
composition of the PCM – liquid (θPCM,l) or solid (θPCM,s) (Eq. (7), (8), 
(9), and (10)). To keep mass conservation and exempt the model from 
considering the PCM volume change, the ρPCM value is deemed constant 
as an average between solid (ρPCM,s) and liquid (ρPCM,l) phase values. 
Experience with the models shows that the sensitivity to the materials’ 
density on the heat transfer is significantly lower in comparison to the 
respective thermal conductivity and the latent heat. 

ρPCMcp,PCM
∂TPCM

∂t
= ∇ • (λPCM∇TPCM) (6)  

cp,PCM =
(
θscp,PCM,s + θlcp,PCM,l

)
+ L

∂mi

∂TPCM
(7)  

mi =
1
2

θPCM,l − θPCM,s

θPCM,s + θPCM,l
(8)  

λPCM = θPCM,sλPCM,s + θPCM,lλPCM,l (9)  

θs + θl = 1 (10)  

ρPCM =
ρs + ρl

2
(11) 

where L is the latent heat of fusion and mi is the mass fraction 
function. The values of θPCM,l and θPCM,s are determined by a smooth 
function of the PCM temperature TPCM, which varies from 0 to 1, to 

Fig. 1. Graphical description of the proposed underground heat exchanger 
system involving Energy Piles (EP) and Thermal Storage Piles (TSP). 
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avoid sharp transitions and ensure model convergence. This function 
ensures the phase change process occurs smoothly within an interval 
around the value of Tpc. This interval is considered to be 4 ◦C, based on 
the selected PCM properties. Eq. (7) considers the latent heat effect by 
increasing the specific heat capacity of the material during the phase 

change process [32]. 

2.3. Validation 

The laboratory test executed by Mousa et al. (2020) [25] was used to 

Fig. 2. Validation model of a phase change experiment: Geometry, materials and boundary conditions.  

Fig. 3. Pile grid – evenly distributed with pile spacing Ps (a) and numerical model – full model with geometry mesh, boundary conditions (b) model top view (c) and 
energy screw pile cross-section and screw pile detail (d). 
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validate the model that includes PCM, apart from the validation previ
ously undertaken for a field scale energy pile group [4]. The experi
mental setup consists of a scaled concrete pile with four PCM cylindric 
containers and four copper pipe U-loops embedded in the concrete 
(Fig. 2). The pile is covered by a thick layer of insulation foam, and the 
water at a constant temperature is circulated in the pile through copper 
pipes to provoke a phase change process on the material inside the 
containers. Considering the inlet fluid temperature recorded during the 
test as an input of the numerical model, the calculated outlet fluid 
temperature and the temperature mid-depth in the PCM cylinder are 
compared with corresponding experimental measurements for valida
tion. All other details on the experiment, the material parameters and 
the test results used in this model validation can be found in Mousa et al. 
[25]. The model geometry built for the test simulation and its boundary 
conditions are presented in Fig. 2. 

2.4. Numerical model 

With the model validated, a new geometry was built to analyse the 
performance of the proposed underground heat exchanger system pre
sented in Section 2.1. Using the individual energy screw pile geometry 
originally tested by Bandeira Neto et al. (2023) [4], the model considers 
a group of piles distributed in a grid (Fig. 3a) using symmetry bound
aries. Only half of the piles in the grid are thermally activated (i.e., 
exchange heat actively), with a single HDPE 32 mm (outer diameter) 
pipe U-loop installed inside the steel case of the hollow screw pile before 
being filled with grout (green piles in Fig. 3). The remaining screw piles 
(hereafter thermal storage piles (TSP), marked in blue in Fig. 3) ex
change and store heat passively, considering the filling as air (i.e., 

empty) or PCM material. Fig. 3b), c) and d) presents increasing level of 
details of the geometry of the analysis model. A line is defined at mid- 
depth in the geometry, perpendicular to the model side boundary (TR 
line), to investigate the thermal radius. All the material properties 
(Table 1) result from the field test conducted in Melbourne [4] and the 
COMSOL materials library [32], except for the parameters of the PCM. 
The properties of the PCM are based on the organic PCM-RT material 
manufactured by Rubitherm [45]. The PCM-RT was considered in other 
studies that involve energy piles [27] and other thermal storage appli
cations [46,47]. It has low corrosivity and low volume change [48]; 
these characteristics are important to avoid negative effects on the 
structural performance of the piles (e.g., steel case corrosion). The 
manufacturer states that the material is available in different formats (e. 
g., compact storage, microencapsulation) and in a wide range of phase 
change temperatures. The parameters of the PCM-RT material are 
selected referring to [47] while the phase change temperature varies 
along the conducted analyses. The model considers the initial undis
turbed ground temperature as 18 ◦C typical of a temperate climate [49], 
defined as the constant temperature at the bottom boundary. The 
circulating fluid flow rate adopted is 5 L/min, enough to ensure turbu
lent flow conditions [50]. 

The model simulates the operation of the screw piles acting as energy 
structures of a GSHP system, considering the design thermal load of a 
large educational building located in Melbourne – Australia with a 
cooling/heating demand ratio of 1.8 (i.e., cooling dominant load, pre
sented in Fig. 4). To keep the fluid temperatures within the heat pump’s 

Table 1 
Material properties used for model analyses.  

Material Density 
ρ (kg/ 
m3) 

Thermal 
conductivity 
λ (W/m⋅K) 

Specific heat 
capacity cp (J/kg 
K) 

Latent heat L 
(kJ/kg) 

Ground*  
[4] 

2000  1.5 830 – 

Grout [4] 2250  1.6 890 – 
Steel [32] 7850  44.5 475 – 
Air [32] 1.225  0.025 1005 – 
PCM 

(liquid)  
[47] 

750  0.18 2400 206 

PCM (solid)  
[47] 

789  0.19 1800  

* The effects of the ground thermal conductivity are evaluated in this work. 
See Table 2. 

Fig. 4. Hourly thermal load of a building located in Melbourne – Australia considered in the simulations (winter in July) (Design data, October 28, 2020).  

Fig. 5. Heating and Cooling COP values (HCOP and CCOP respectively) of the 
heat pump (CLIMATEMASTER TMW340 60 Hz I-P [51]). 
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operational range, the load was scaled down by a factor of 7000. In other 
words, these many energy screw piles would be needed to satisfy 100 % 
of the thermal load, in practice the energy foundation solutions would 
satisfy the based load, a portion of this total as a lower count of pile is 
likely needed for the building foundation. 

Using an hourly time step, the model is used to simulate a whole year 
of operation to capture both short-term and seasonal heat transfer 
characteristics. In this study, the model considers the Coefficient of 
Performance (COP) of the heat pump as recommended by Chen et al. 
(2018) [18], which depends on the fluid temperature entering the pump 
and the operation mode (heating or cooling). Fig. 5 presents the COP 
curves for the heat pump adopted in this study (CLIMATEMASTER 
TMW340 60 Hz I-P [51]). At each simulation time step (i.e., an hour), 
the load signal determines if the operation is either heating or cooling 
(positive and negative values, respectively), defining the use of either 
the heating COP (HCOP) or Cooling COP (CCOP) curves. Next, the fluid 
temperature coming out of the energy pile (therefore, into the heat 
pump) defines the COP value. The heat load being either extracted or 
rejected into the ground is determined from Eq. (12) and (13), and the 
inlet fluid temperature from Eq. (14). 

QGround = QBuilding

(

1 −
1

HCOP

)

(12)  

QGround = QBuilding

(

1+
1

CCOP

)

(13)  

Tf ,in = Tf ,out +
Qground

q • ρf • cp,f
(14) 

where Qground is the thermal load rejected or extracted from the 
ground, QBuilding is the thermal load required by the building, Tin and 
Tout are respectively the circulating water temperature going in and out 
of the energy screw pile and q is the circulating fluid flow rate. The 
electric energy consumed by the heat pump is the absolute difference 
between Qground and QBuilding. 

2.5. Grid independency analysis 

Due to the high computational costs involved in running this model 
resulting from combining an extensive simulation time (1 year) and 
small time-stepping (every hour) to capture both short and long-term 
effects, the mesh grid had to be optimised to ensure the results were 
grid independent while the time duration of the simulations was 
reasonable. The meshes for the piles are refined to ensure high precision 
(Fig. 3) while the number of elements in other domains is reduced to find 
the minimum requirement. The analysis was undertaken with four 
different mesh grids: Normal (119,332 elements), Fine (169,803 ele
ments), Finer (223,015 elements) and Extremely Fine (284,911) grids. 
This grid independency analysis procedure is based on [52,53]. Then, 
the fluid temperature and pile thermal storage among the models are 
compared. Since results from the Fine, Finer and Extremely Fine grids 
are almost the same (less than 0.003 ◦C difference in average fluid 
temperature and 1.3 kJ/m3 difference in thermal energy stored in the 
thermal storage piles), this work selects the Finer mesh for the numerical 
models. The number of elements is reduced to 208,100 elements to keep 
the same element density when pile spacing is reduced. 

2.6. Parametric analysis 

Considering the observations of the first simulation and previous 
studies on energy structures with PCM, a parametric analysis was con
ducted to observe how different parameters impact the performance of 
the underground heat exchanger system with the Thermal Storage Piles. 
The parameters considered are the pile spacing (Ps - in terms of the screw 
pile helix diameter D), the ground thermal conductivity (λg), the PCM 
phase change temperature (Tpc) and the GSHP operational scheme. Both 
Ps and λg may influence the heat exchange between the EP and the TSP, 
thus affecting the GSHP performance and the underground thermal 
storage. 

Furthermore, previous studies on single boreholes and piles debated 
the importance of the Tpc of the PCM [21,26], defining that the value 
should be the average between the undisturbed soil temperature and the 
fluid peak temperature to obtain maximum GSHP performance. How
ever, here the PCM location is fairly distant from the energy pile in 
comparison to the referred works. Therefore, instead of defining Tpc 
based on the fluid temperature, the Tpc adopted in each simulation is the 
average temperature of the TSPs during the simulated year, which is 
expected to maximise the utilisation of the latent heat. In addition, an 
evaluation considering mixing two different Tpc in different piles is un
dertaken, aiming for a longer and smoother phase change process of the 
PCM, which is expected to improve heat exchange [54]. Last, different 
operational schemes of the GSHP are considered to evaluate how the 
thermal load impacts the system performance. Table 2 presents a sum
mary of the different parameters considered in the different scenarios. 

Each scenario consists of a combination of the parameters presented 
in Table 2. In order to isolate the influence of the PCM on the GSHP 
performance and thermal storage in each scenario, two cases were 
considered: one where the TSPs are filled with air (i.e., empty – hereafter 
Reference case) and another one where the PCM replaces the air inside 
the TSPs (PCM case). The analyses use comparison metrics (Eq. (15) and 
(16)) based on the average fluid temperature in the pipes (Tf) and the 
heat pump CCOP and HCOP (and the resulting average monthly COP). 
Regarding thermal storage, no comparison metric is required since the 
piles with air store nearly zero heat energy. The resulting fluid tem
peratures, CCOP and HCOP from the simulations are presented in Ap
pendix A, as the analyses focus mainly on the comparison between 
Reference and PCM cases of each different scenario, defined by the 
following metrics. 

Tf ,diff = Tf ,PCM − Tf ,Ref (15)  

COPchange =
COPPCM

COPRef
− 1 (16) 

where Ref stands for the Reference case and PCM for the PCM case. 
Therefore Tf,diff is the difference of average fluid temperatures between 
both cases in ◦C, and COPchange is the percentage that the COP in the PCM 
case increases or decreases in comparison to the Reference case. 

3. Results and discussion 

3.1. Model validation 

The inlet fluid temperature recorded in the experimental work from 
Mousa and coworkers [25] was used as an input to the numerical model 
in this work, and the validation was undertaken by comparing experi
mental and numerical results of the outlet fluid temperature and the 
temperature recorded mid-depth in the PCM container. The outlet fluid 
temperature from the numerical simulation and experiment has great 
agreement, as shown in Fig. 6a. Since the horizontal location of the 
temperature sensor in the experiment was not clarified in the referred 
work, the temperature calculated from our numerical model at both the 
centre and on the edges at mid-depth of the container were used for 
validation (green and blue lines in Fig. 6b). The numerical result at the 

Table 2 
Parameters considered in the parametric analysis.  

Parameter Values 

Pile spacing (Ps) 2•D and 3•D (0.70 m and 1.05 m) 
Ground thermal conductivity (λg) 1.5 W/(m•K) and 3.0 W/(m•K) 
Tpc combination Single and Mixed 
Operational scheme Full load and Cooling only  
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centre of the container was taken from a point measurement and the 
temperature is constant during the phase change, while the result on the 
edge of the container is an average value over the inside perimeter of the 
PCM container. Hence, the latter presents a better fit against the 
experimental measurements. The work by Mousa and others [25] also 
conducted a numerical simulation validated by their experimental re
sults. Similar to their observations, the agreement for the outlet fluid 
temperature (Fig. 6a) is greater than the temperature in the PCM 
container (Fig. 6b). 

3.2. EP and TSP operation 

The analysis of the energy screw pile model considered a pile spacing 
of 1.05 m (three times the helix diameter D) which is the lower limit to 
avoid reduction of the individual pile support capabilities due to group 
effects [55,56] and neighbour installation disturbances [57]. Consid
ering the scenario with the full (scaled) thermal load from Fig. 4 and the 
remaining input parameters from Table 1, the average temperature of 
the TSPs is 24 ◦C in the Reference case, hence the Tpc value of the PCM 
inserted in the TSPs was set to the same 24 ◦C in the PCM case. The solid 
and dashed lines in Fig. 7 a present the Tf,diff over time and the 

corresponding PCM liquid state percentage for the whole year, 
respectively. 

Four key moments of the simulation are marked in Fig. 7 a: when the 
PCM started to melt for the first time (t1 – liquid share is 5 %); when the 
PCM was fully melted (t2 – liquid share reaches 95 %); when the PCM 
started to solidify for the first time (t3 – liquid share drops back to 95 %) 
and when the PCM was back to solid state (t4 – liquid share reaches 5 % 
again). The fluid temperature difference Tf,diff started to decrease 
considerably (i.e., the fluid temperature in the PCM case is lower/cooler 
than in Reference) when the PCM started to melt (t1), as a substantial 
share of the heat rejected in the soil was absorbed by the PCM during the 
cooling operation. After the PCM was fully melted at t2, Tf,diff stabilizes 
until t3 (6th month – June) when the winter operation of the heat pump 
absorbed the heat from the underground and the PCM released energy 
and started solidification, hence the value of Tf,diff increased over three 
months until back to nearly zero (t4). Subsequently, the warmer weather 
of the forthcoming summer season induced heat rejection into the 
ground by the GSHP, activating another round of PCM melting process. 
However, the impact of inserting the PCM in the TSP piles in the fluid 
temperature was minimal. |Tf,diff| value did not rise above 0.5 ◦C, while 
the average fluid temperature value varied between 18 ◦C and 37.1 ◦C in 

Fig. 6. Comparison of numerical and experimental results of outlet fluid temperature (a) and PCM temperature (b) for validation of the model.  

Fig. 7. Tf,diff and PCM liquid phase percentage (a) and heat stored in the neighbour piles with PCM (b) over the whole simulation, considering Ps = 3•D and λg = 1.5 
W/(m•K). 
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the Reference case and 36.9 ◦C in the PCM case. Moreover, there was 
barely any visual hourly variation of Tf,diff in Fig. 7, indicating that the 
PCM temperature did not respond in the short term to the variable 
thermal load and there was a delay between the heat rejected by the EP 
and the heat absorbed by the TSP. The most likely reason for this delayed 
response is the distance between the TSPs and the EP. Therefore, the 
PCM cools down the fluid temperature over several months (i.e., sea
sonal effect). 

Fig. 7b presents the heat energy stored in the neighbour piles. The 

peak value is 171.4 MJ/m3, mostly from the PCM latent heat storage 
(158.5 MJ/m3). Comparatively, the same energy storage peak in the 
Reference case is 12.4 kJ/m3, negligible in comparison to the PCM case. 
This stresses the potential of using PCM with building foundations for 
underground thermal storage applications. 

The lower fluid temperature resulting from the implementation of 
the PCM in the TSPs improved the CCOP of the heat pump. Fig. 8a 
presents the changes in both CCOP and HCOP caused by the imple
mentation of the PCM in the TSPs, considering only the hours when 

Fig. 8. COP change values for cooling, heating and monthly average (a), considering pile spacing = 3•D and λg = 1.5 W/(m•K), and the respective scaled thermal 
load for comparison (b). 

Fig. 9. Temperatures recorded in the energy pile and soil along the TR line, from the centre of the model (O) to the edge (E), at the instants t1 (a), t2 (b), t3 (c) and t4 
(d) registered in Fig. 7. PCM and reference models with pile spacing = 3•D and λg = 1.5 W/(m•K). 
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either heating or cooling operation is active, and the respective monthly 
average considering changes in both CCOP and HCOP. The low fluid 
temperature difference reflected on small changes in the COPs, with a 
peak of 1.2 % increase of the CCOPchange in early April. The lower fluid 
temperature of the PCM case increased CCOPchange but decreased 
HCOPchange. 

Despite the fact that the first couple of months of the year have a 
large cooling load, the late engagement of PCM latent heat (February - 
Fig. 7a) delayed the increase in the CCOP. By the end of March, the 
operation benefits from the higher CCOP. After that, the coming winter 
requires a heat-dominant thermal load, resulting in a lower HCOP and a 
sudden drop of average monthly COPchange to a negative value (i.e. the 
Reference case has a higher average COP). The winter operation ends in 
September so the PCM solidified again and the Tf,diff is close to zero 
which means a similar COP from both Reference and PCM cases (i. e. 
COPchange is nearly zero). In October, the CCOPchange started increasing 
again, so in the following year (not simulated) the PCM will be 
completely melted earlier, meaning a longer period of an advantageous 
CCOP for the PCM case during the next summer. 

Another advantage of implementing the PCM in the TSPs is the 
reduction of the thermal radius and consequent reduction of pile-pile 
thermal interference. Fig. 9 shows the temperatures recorded by each 
case simulated (Reference and PCM) at the TR line (Fig. 3), where O is 
the centre of the EP, W is the EP wall and E is the model edge. Until the 
beginning of the phase change, there was no visual difference in either 
pile or ground temperature from each case and there is undergoing 
thermal interaction already (t1 - Fig. 9a). After almost all of the PCM was 
melted (t2 - Fig. 9b), the latent heat of the PCM reduced the soil 

temperature by 0.4 ◦C overall. The difference remains until the PCM 
started to melt again (t3 - Fig. 9c) and was back to nearly zero when the 
PCM was back to a solid state (t4 - Fig. 9d). In the PCM case, the energy 
stored in the neighbour piles by the PCM kept the soil temperature 
lower, so less heat interference happened between energy piles and 
more energy can be stored underground at the same temperature level 
than in the Reference case. 

3.3. Parametric analysis results 

3.3.1. Pile spacing 
Even though the load capacity of the screw piles might be reduced 

due to group effects, a pile spacing (Ps) of less than 3•D may be required 
in a constrained space. The model geometry was adjusted by reducing Ps 
to 2•D (0.7 m). The shorter spacing resulted in higher thermal interac
tion and raised the overall temperature values. For this scenario, the 
average fluid temperature in the Reference case now increased to 
46.4 ◦C at its peak. The average simulated temperature of the TSPs in the 
Reference case is now 32 ◦C, hence this was selected as the Tpc in the 
PCM case of this scenario with Ps = 2•D. Fig. 10a presents the impact of 
the new pile spacing on Tf,diff and the PCM solid share in comparison to 
the previous simulations with 3•D. The Tf,diff value was about three 
times lower during the peak difference period, from March to June. The 
lower Tf,diff resulted in a higher CCOP and lower HCOP in the PCM case 
during these months, resulting in a greater change in the monthly 
average COPchange (Fig. 10b). The PCM in the model with shorter pile 
spacing experienced a later and quicker liquefaction, leading to higher 
energy storage (189.8 MJ/m3 peak for 2•D spacing - Fig. 10c). In the 

Fig. 10. Tf,diff and PCM liquid phase percentage over time (a), Monthly average COPchange (b) and heat stored in the neighbour piles with PCM (c) over the whole 
simulation, for the models with Ps = 2•D and 3•D, considering λg = 1.5 W/(m•K). 
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PCM cases, the TSPs’ peak temperature is 39 ◦C for 2•D spacing and 
27 ◦C for 3•D spacing. However, even with the distance reduction be
tween the EP and the TSPs, there was still no short-term response of the 
PCM (i.e., no significant hourly variation of the Tf,diff or the PCM solid 
share) and the Tf,diff remained steady over several months. If the PCM 
could be engaged in the short term, the increased heat exchange during 
phase change would decrease Tf,diff. further, which would increase 
COPchange and potentially increase the advantage of implementing the 
PCM. 

The smaller pile spacing led to greater thermal interference between 
EPs; however, the PCM reduced the soil temperature by a larger margin 
in the short spacing scenario. Fig. 11 presents the soil and pile temper
atures along the TR line in different moments of the simulation scenario 
with Ps = 2•D (t1, t2, t3 and t4 from Fig. 10) mirrored against the scenario 
with Ps = 3•D (as presented in Fig. 9) for comparison. Again, O is the 
centre of the EP, W is the EP wall and E is the model edge. On the 

respective instants t1 and t4 (Fig. 11a and d), when the PCM was at a 
solid state, the temperature was the same in both Reference and PCM 
cases regardless of the spacing considered. However, when the latent 
heat was mobilised (instants t2 and t3 - Fig. 11b and c), the soil and pile 
temperatures are approximately 1 ◦C lower in the PCM case in com
parison to the Reference case for Ps = 2•D, more than two times de 
difference observed for Ps = 3•D. The impact of the PCM was greater 
because it represented a larger fraction of the domain in the model with 
Ps = 2•D. Overall, the temperatures were higher in the scenarios with Ps 
= 2•D because the soil volume in the model was smaller but the thermal 
load rejected/extracted was the same. 

3.3.2. Mixed PCM phase change temperatures 
Considering that PCM energy screw piles perform higher heat ex

change during the phase change process of the material [31], the 
implementation of PCMs with two different Tpc values was tested. Based 

Fig. 11. Temperatures recorded in the energy pile (EP) and soil along the TR line in the models considering Ps = 3•D (left) and Ps = 2•D (right), both with λg = 1.5 
W/(m•K), at the respective instants t1 (a), t2 (b), t3 (c) and t4 (d) registered in Fig. 9 and Fig. 10. 

L.A. Bandeira Neto et al.                                                                                                                                                                                                                      



Applied Thermal Engineering 236 (2024) 121874

11

on the model presented in Section 3.3.1, with piles spaced by Ps = 2•D 
and λg = 1.5 W/(m•K), the Tpc of 32 ◦C for all TSPs (Single Tpc value - 
Table 2) was replaced with 31 ◦C for the piles TSP1 and TSP4 and 34 ◦C 
for piles TSP2 and TSP3 (Mixed Tpc values - Table 2). 

Fig. 12a) shows a smoother change of the Tf,diff during the simulation 
time in the Mixed scenario in comparison to the Single one, with no 
changes of extreme values. The smother change happened because the 
phase change started earlier (in NP1 and NP4) and finished later (in NP2 
and NP3). Different from the aforementioned studies from Section 1 
[26,31], the PCM was not in direct contact with the heat exchanger 
pipes, thus the heat transport from the pipes to the PCM was delayed by 
its travel through the soil. Since the Tf,diff of the Mixed Tpc and Single Tpc 
scenarios were similar and the COP is obtained from the fluid temper
ature, the COP of both scenarios are alike. Consequently, there were no 
noticeable changes to the COPchange value from Fig. 10b), hence it is not 
replicated in Fig. 12. Noting that the PCM latent heat was fully 
consumed in both scenarios, the heat storage over the year was also 
similar in both scenarios (Fig. 12b). Therefore, in the scenarios consid
ered in this work, the use of PCMs with two different values of Tpc or a 
single value in the TSPs of the system resulted in the same improvement 

in performance. 

3.3.3. Thermal conductivity 
So far, the impact of implementing PCM in the TSPs was limited to a 

fairly constant Tf,diff over the period of months, even though the thermal 
load changes every hour. Considering that a quicker heat exchange be
tween the EP and the TSPs could result in a more intense use of the PCM, 
hence increase Tf,diff variation, a scenario where the λg is increased by 
100 % (from 1.5 W/(m•K) to 3.0 W/(m•K)) was considered in the 
parametric analysis, considering Ps = 2•D. On both scenarios, the 
average temperature in the TSPs was close to 32 ◦C, so the Tpc of the PCM 
was the same for both. Fig. 13 shows the Tf,diff value over time and the 
PCM liquid percentage of both compared scenarios.. The Tf,diff value was 
slightly higher for λg = 3.0 W/(m•K) after March, likely because the soil 
with a higher thermal conductivity can reject heat faster, meaning the 
axial heat transfer in both Reference and PCM cases was higher. Since 
more heat was transferred into the soil, the impact of implementing the 
PCM in the TSPs was lower (i.e. lower |Tf,diff|) when λg = 3.0 W/(m•K). 
Nevertheless, the observed difference in Tf,diff and in the liquid share of 
the PCM in Fig. 13 is minimal considering the considerable change in λg 

Fig. 12. Tf,diff and PCM liquid percentage (a) and heat stored in the neighbour piles with PCM (b) over the whole simulation, for the models with Single and Mixed 
Tpc values, considering Ps = 2•D and λg = 1.5 W/(m•K). 

Fig. 13. Tf,diff and PCM liquid percentage over time, for the models λg = 1.5 W/(m•K) and λg = 3.0 W/(m•K), considering Ps = 2•D.  
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assessed in this analysis. It should be noticed that this work does not 
consider any groundwater flow, which would impact the dynamics of 
the thermal interactions between EP and TSPs. 

3.3.4. Operational scheme 
The previous simulations showed that implementing PCM in the 

TSPs benefits mainly the cooling performance of the GSHP in the cases 
studied herein. Therefore, the last part of this parametric analysis 
assessed the system response when only the cooling share of the thermal 
load is provided by the GSHP. Besides cooling only operation, this sce
nario considered Ps = 2•D and λg = 3.0 W/(m•K). Different from 

previous scenarios, the Tpc was arbitrarily set to 22 ◦C to ensure the PCM 
was 100 % solid when the simulation started, and latent heat was 
engaged as soon as possible. As shown in Fig. 14, the early start of the 
phase change led to a quick drop of Tf,diff slightly below − 1.0 ◦C in the 
first month, remaining fairly constant throughout the year (as the 
cooling only operation keeps the PCM at a liquid state). Although Tf,diff 
did not drop much lower than other simulations with 2•D spacing, the 
benefits on the monthly average COPchange were greater because the 
lower HCOP of the PCM case was not considered (i.e. no heating oper
ation - Fig. 14b). However, the temperature of the fluid rose above 50 ◦C 
by the end of the year, which is above the recommended value for the 

Fig. 14. Tf,diff and PCM solid percentage over time (a) and Monthly average COPchange (b), for the models with λg = 3.0 W/(m•K) and Ps = 2•D with GSHP operating 
for cooling only (i.e., no heating thermal load). 

Fig. A1. Average fluid temperature (a) and CCOP and HCOP (b) values registered by the Reference case: Pile spacing = 3•D, λg = 1.5 W/(m•K), considering the full 
thermal load. 
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heat pump. The design would require additional piles or ground heat 
exchangers (boreholes) to provide the thermal load without overheating 
the GSHP. Because the fluid temperature was lower in the PCM case, 
implementing the PCM in the TSPs would likely require less additional 
heat exchangers than the Reference case (i.e., by employing the PCM 
inside the TSPs, a lower total heat exchanger length is required by the 
GSHP). 

3.3.5. Comparison with similar studies 
Implementing the PCM in the screw pile as a thermal storage pile 

instead of surrounding the HDPE pipes in the energy screw pile (Fei et al. 

(2023) [31]) eliminated the shortcoming related to the low thermal 
conductivity of the PCM that hindered the heat transfer rate from the 
HDPE pipe to the soil surrounding the piles. The fluid temperature in all 
scenarios using thermal storage piles in this work was lower than that in 
the reference case, while the fluid temperature in the cases using only 
PCM-filled energy screw piles was highly dependent on the thermal 
conductivity of the filling material. The new system in this work could 
also improve the heat pump COP by 4.7 % in a single day and an average 
of 3.4 % in a month. These results are similar to what was observed by 
[26] (5.2 % maximum COP increase), who considered PCM containers 
inside a large concrete pile. In addition, utilising multiple PCM materials 

Fig. A2. Average fluid temperature (a) and CCOP and HCOP (b) values registered by the PCM case: Pile spacing = 3•D, λg = 1.5 W/(m•K), considering the full 
thermal load. 

Fig. A3. Average fluid temperature (a) and CCOP and HCOP (b) values registered by the Reference case: Pile spacing = 2•D, λg = 1.5 W/(m•K), considering the full 
thermal load. 
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with different Tpc values inside a single large concrete pile can lead to a 
significantly high COP increase, 15.1 % and 29.3 % reported in [26] and 
[27], respectively. However, considering multiple PCM materials in 
different TSPs did not produce a similar effect in the simulations per
formed in this work. It is noticeable that both aforementioned studies 
consider a different foundation solution (large diameter concrete cast- 
in-place piles) with different limitations when implementing the PCM. 

4. Summary and conclusions 

This work presented a new approach on the utilisation of Phase 
Change Materials in combination with energy screw piles for under
ground thermal storage and shallow geothermal systems. The proposed 
system utilises a large number of previously idle screw piles for thermal 
storage by filling them with Phase Change Materials (Thermal Storage 
Pile), while the remaining screw piles are connected to a Ground Source 
Heat Pump and act as traditional pile heat exchangers (Energy pile). A 
numerical model was used to analyse the performance of the heat pump 

Fig. A4. Average fluid temperature (a) and CCOP and HCOP (b) values registered by the PCM case: Pile spacing = 2•D, λg = 1.5 W/(m•K), considering the full 
thermal load. 

Fig. A5. Average fluid temperature (a) and CCOP and HCOP (b) values registered by the PCM case: Pile spacing = 2•D, λg = 1.5 W/(m•K), considering mixed Tpc 
values and the full thermal load. 
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and the thermal storage capacity caused by the use of the Phase Change 
Material in the new system. Moreover, a parametric analysis was con
ducted to evaluate the performance of the system under different sce
narios. Here are a few of the lessons obtained:  

- The proposed system improved the performance of the heat pump in 
all scenarios that were considered. The implementation of the Phase 
Change Materials outside the energy screw pile was successful in 
bypassing the reduction of the heat exchange rate caused by the low 
thermal conductivity of the Phase Change Material reported in the 

literature. However, the increase in performance of the heat pump is 
minor, which might be because screw piles in this work are relatively 
small and can host a limited quantity of Phase Change Materials. 

- Regarding the construction of the Thermal Storage Piles, minor la
bour cost is expected; the only extra task on top of the foundation 
construction (required for structural support of the building) and 
Ground Source Heat Pump system implementation is to pour the 
Phase Change Material inside screw piles. Therefore, the imple
mentation cost of the system is mostly comprised of the cost of the 
Phase Change Material. 

Fig. A6. Average fluid temperature (a) and CCOP and HCOP (b) values registered by the Reference case: Pile spacing = 2•D, λg = 3.0 W/(m•K), considering the full 
thermal load. 

Fig. A7. Average fluid temperature (a) and CCOP and HCOP (b) values registered by the PCM case: Pile spacing = 2•D, λg = 3.0 W/(m•K), considering the full 
thermal load. 
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- As observed in the literature [26,27], introducing Phase Change 
Materials into underground heat exchanger systems benefits one 
operation mode to the detriment of the other (Heating or Cooling). 
Consequently, the largest change in fluid temperatures and heat 
pump COP caused by the Phase Change Material in Thermal Storage 
Piles was observed when the cooling-only operational scheme is 
considered.  

- The Phase Change Material phase change process occurs in a 
continuous and steady mode because of the distance between the 
heat exchanger and the Phase Change Material, even though the 
thermal load considered in the simulation has abrupt hourly varia
tions. Moreover, parametric analysis shows that pile spacing had the 
second largest impact on the system performance increase caused by 
the Phase Change Material. However, considering the characteristics 
of screw pile foundations, it is highly unlikely that the spacing 

Fig. A8. Average fluid temperature (a) and CCOP and HCOP (b) values registered by the Reference case: Pile spacing = 2•D, λg = 3.0 W/(m•K), considering the 
cooling thermal load only. 

Fig. A9. Average fluid temperature (a) and CCOP and HCOP (b) values registered by the PCM case: Pile spacing = 2•D, λg = 3.0 W/(m•K), considering the cooling 
thermal load only. 
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between screw piles would be lower than two times the helix 
diameter. Meanwhile, the soil thermal conductivity and the phase 
change temperature of the material had a negligible impact on the 
fluid temperature and coefficient of performance, different from 
what is observed in other studies [21,26,31].  

- Although not evaluated in this work, the combination of Energy Piles 
and Thermal Storage Piles can be implemented for Thermal Energy 
Storage (TES) applications [58–60], given its relatively simple 
implementation. However, the system should be evaluated under 
specific operations and metrics to assess its efficiency and feasibility. 
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Appendix A. Model results 

This appendix presents the average fluid temperature, CCOP and 
HCOP obtained in all 9 scenarios considered in this work (see 
Figs. A1–A9). 
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https://doi.org/10.1680/jgele.15.00167. 

L.A. Bandeira Neto et al.                                                                                                                                                                                                                      

http://refhub.elsevier.com/S1359-4311(23)01903-8/h0005
http://refhub.elsevier.com/S1359-4311(23)01903-8/h0005
http://refhub.elsevier.com/S1359-4311(23)01903-8/h0005
http://refhub.elsevier.com/S1359-4311(23)01903-8/h0005
https://doi.org/10.1080/1064119X.2020.1729905
https://doi.org/10.1139/cgj-2015-0017
https://doi.org/10.1061/JGGEFK/GTENG-11082
https://doi.org/10.1016/j.applthermaleng.2019.113882
https://doi.org/10.1016/j.renene.2010.08.011
https://doi.org/10.1007/s12205-011-0005-7
https://doi.org/10.1007/s12205-011-0005-7
https://doi.org/10.1680/geot.2009.59.3.229
https://doi.org/10.1680/geot.2009.59.3.229
https://doi.org/10.1115/1.2793868
http://refhub.elsevier.com/S1359-4311(23)01903-8/h0050
http://refhub.elsevier.com/S1359-4311(23)01903-8/h0050
http://refhub.elsevier.com/S1359-4311(23)01903-8/h0050
https://doi.org/10.1016/j.renene.2022.08.105
https://doi.org/10.1016/j.applthermaleng.2017.08.161
https://doi.org/10.1016/j.applthermaleng.2017.08.161
https://doi.org/10.1016/j.enbuild.2015.07.019
https://doi.org/10.1002/adfm.202213455
http://refhub.elsevier.com/S1359-4311(23)01903-8/h0075
http://refhub.elsevier.com/S1359-4311(23)01903-8/h0075
https://doi.org/10.1016/j.apenergy.2019.113955
https://doi.org/10.1016/j.renene.2020.08.007
https://doi.org/10.1016/j.renene.2020.08.007
https://doi.org/10.1016/j.jobe.2022.105763
https://doi.org/10.1016/j.applthermaleng.2017.11.062
https://doi.org/10.1016/j.applthermaleng.2017.11.062
https://doi.org/10.1016/j.geothermics.2021.102197
https://doi.org/10.1016/j.geothermics.2021.102197
https://doi.org/10.4028/www.scientific.net/AMM.110-116.1191
https://doi.org/10.4028/www.scientific.net/AMM.110-116.1191
https://doi.org/10.1016/j.energy.2016.12.092
https://doi.org/10.1016/j.energy.2016.12.092
https://doi.org/10.1016/j.enbenv.2021.05.008
https://doi.org/10.1016/j.enbenv.2021.05.008
http://refhub.elsevier.com/S1359-4311(23)01903-8/h0125
http://refhub.elsevier.com/S1359-4311(23)01903-8/h0125
https://doi.org/10.1016/j.applthermaleng.2022.118381
https://doi.org/10.1016/j.enconman.2021.113928
https://doi.org/10.1016/j.renene.2012.08.024
https://doi.org/10.1016/j.renene.2012.08.024
https://doi.org/10.1016/j.cemconcomp.2009.08.002
https://doi.org/10.1016/j.cemconcomp.2009.08.002
http://refhub.elsevier.com/S1359-4311(23)01903-8/h0150
http://refhub.elsevier.com/S1359-4311(23)01903-8/h0150
https://doi.org/10.1016/j.renene.2022.12.008
https://doi.org/10.1016/j.energy.2013.11.014
https://doi.org/10.1016/j.compgeo.2023.105314
https://doi.org/10.1016/j.tust.2021.103986
https://doi.org/10.1680/jgeot.20.P.296
https://doi.org/10.1016/j.gete.2015.03.002
https://doi.org/10.1680/jgele.15.00167


Applied Thermal Engineering 236 (2024) 121874

18

[39] S. Moench, R. Dittrich, Influence of natural convection and volume change on 
numerical simulation of phase change materials for latent heat storage, Energies 15 
(2022), 2746. 

[40] A. Bidarmaghz, 3D Numerical Modelling of Vertical Ground Heat Exchangers, 
Department of Infrastructure Engineering, The University of Melbourne, 
Melbourne, Australia, 2014. 

[41] A. Bidarmaghz, N. Makasis, G.A. Narsilio, F.M. Francisca, M.E. Carro Pérez, 
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