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Abstract
The efficiency of shallow geothermal energy recovery has been constrained by both the short-term temperature anomaly

around heat exchangers and the long-term ground heat depletion. This study presents numerical investigations of signif-

icant improvement in the thermal performance of energy piles by using microencapsulated phase change materials

(mPCM) and metal fins in the ground. A three-dimensional hydrothermal FEM model of an energy pile embedded in the

ground is developed, validated, and extended to consider phase change and latent heat in the ground to evaluate the thermal

performance of the energy pile under various ground conditions. The results show that both the energy harvest amount and

efficiency can be evidently improved by mixing small proportions of mPCM in the ground to utilize its latent heat. The

recovery energy from the sand–mPCM mixture is twice that of just sand and thrice that of the pure granular mPCM ground

during seasonal operations. Moreover, the temperature influence zone is significantly shrinked in the sand–mPCM mixture

ground. In addition, installing metal fins around the energy pile can accelerate heat conduction with the far field and

furtherly improve the heat recovery efficiency. This study sheds light on efficient and environmentally friendly geothermal

energy recovery using phase change materials.
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1 Introduction

Shallow geothermal energy, which is considered as a

promising alternative for space heating and cooling, brings

both economic benefits for stakeholders and environmental

relief [31, 44, 50, 51, 62]. As envisioned by the US

Department of Energy, geothermal energy can potentially

reduce 356.3 million metric tons of CO2 emissions and

around 50 billion dollars of energy cost each year [36].

However, this potential has been impeded by the high

installation cost, stakeholders’ awareness, and marketing

[3, 53]. Currently, geothermal energy only accounts for less

than 1% of US energy consumption [27].

Shallow geothermal energy recovery usually uses a

closed-loop system embedded in soils to form ground heat

exchangers that extract (or inject) thermal energy from (or

to) the ground. The high initial cost including drilling and

installation of ground heat exchangers impacts the eco-

nomic feasibility of utilizing shallow geothermal energy.

To mitigate this issue, ground heat exchangers are com-

bined with subsurface structures like piles, retaining walls,

and tunnels to form energy infrastructures

[2, 5–7, 14, 17, 24, 37, 39, 40]. Extensive studies have been

conducted to understand their thermo-mechanical behavior

[2, 5, 7], thermal performance [14, 24, 37, 40], the cost, and

carbon abutment effectiveness [3, 4, 6, 24, 39].
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The short-term (hours to weeks typically) thermal per-

formance of a ground heat exchanger is usually investi-

gated through laboratory or field thermal response tests

[29, 38, 47, 59]. The efficiency can be hindered by the

temperature anomaly emerging around the heat exchanger,

the extent of which is governed by the thermal demand, the

heat exchanger’s flow condition, and the thermophysical

properties of the ground. The long-term (months to years)

thermal radius of influence dictates the minimum spacing

required between heat exchangers to avoid mutual thermal

interferences or legal issues associated with the unintended

depletion of neighboring thermal reservoirs [1, 10, 47, 48].

Complementarily, numerical investigations often serve as

an approach to parametrically evaluate different influenc-

ing factors on the thermal performance of ground heat

exchangers, such as geometry and configurations

[20, 41, 42], material thermal properties [20, 32], circu-

lating fluid velocity [20, 32], fluid loop configurations

[8, 43, 47, 61], groundwater flow conditions [12, 13, 30], as

well as long-term operations [45, 46]. In the long term

(years), the unbalance between the sensible heat extracted

from the ground during winter and that injected into the

ground during summer, as well as the difference between

the mean yearly temperature and the initial ground tem-

perature, will result in progressive cooling or heating of the

ground. Since optimal geothermal designs are predicated

on the ground maintaining an average constant temperature

and a narrow range between seasons, when ground tem-

perature changes progressively, the efficiency of heat

exchangers diminishes, even to the point of making it

economically unviable to operate [9, 23, 25, 49].

Both the short-term and the long-term ground heat

depletion can be mitigated by using phase change materials

(PCMs) [16, 26, 33, 55]. Phase change materials release or

absorb additional thermal energy (which is called latent

heat) during phase change without an obvious temperature

variation. Most phase transition involves solid and liquid

states, and the energy will be released or absorbed by

transiting from solid to liquid or vice versa, with a heat of

fusion much higher than the sensible heat. For instance, ice

requires 333.5 J/g to melt into water, while water needs

only 4.18 J/g energy to rise one degree. This important

feature makes PCMs favored in the energy storage industry

[28, 52] and energy-efficient buildings [35, 57]. Commer-

cial applications of PCMs typically use salt hydrates or

petroleum derivatives like paraffin [57]. In shallow

geothermal systems, PCMs can shift and redistribute in

time the geothermal energy available in comparison with

the typical consideration of conduction only (or conduc-

tion–convention) heat transfer mechanisms. PCMs can also

be implemented within the ground components of the

system like grout materials [16, 55] or mixed with concrete

materials [26, 33] to enhance shallow geothermal energy

recovery. Using PCMs to augment the ground thermal

properties and ensued impacts to ground heat exchangers

have not been previously investigated.

This study investigates the thermal performance of an

energy pile embedded in soils mixed with microencapsu-

lated phase change materials (mPCM). The microencap-

sulation of a PCM facilitates the preparation of PCM–soil

mixtures to improve the ground thermal properties, and

with the customized size of mPCM particles to fill the pore

space of soil, minimal disturbance to soil mechanical per-

formance is expected. A coupled hydrothermal finite ele-

ment method (FEM) model is established and validated

against a published field thermal response test. Then, the

model is used to evaluate the thermal performance of the

energy pile embedded in different surrounding materials of

sands, mPCM, and sand–mPCM mixtures with and without

water. Both short-term and 60-day operations of the system

are studied to assess the merits of incorporating mPCM to

mitigate progressive ground heat depletion. It is assumed

that mPCM in the mixtures is not washed away due to

rainfall or infiltration; this is reasonable given the relatively

minor total head gradients induced and penetration depths.

Groundwater flow is not considered in this work, but a

subject of future work (see Sect. 3.7). Finally, we show that

the thermal performance can be further improved by add-

ing metal fins around the energy pile, considering that the

heat conductivity of mPCMs is relatively low. The results

shed light on improving the economic feasibility and long-

term sustainability of enhanced shallow geothermal energy

recovery and utilization.

2 Methods and materials

2.1 Theoretical framework

A three-dimensional hydrothermal finite element model is

developed to simulate the heat transfer and thermal

response of a concrete pile with diameter Dl and depth Hl

in the ground (Fig. 1a). The pile is equipped with a U-

shaped pipe to circulate fluid for ground heat exchange. In

the pile and the ground, heat transfer is assumed to be

dominated by heat conduction, while the fluid within the

pipe is regarded as a line heat source. The governing

equation in this process is the energy conservation for heat

transfer in solids:

q1C
p
1

oT1
ot

¼ r � k1rT1ð Þ � Q ð1Þ

where q1, k1, C
p
1, and T1 are the density, thermal conduc-

tivity, specific heat capacity, and temperature of concrete

(pile) or ground; t represents the time; and Q is the heat

source/sink representing the circulating fluid within the
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pipe. Meanwhile, the heat transfer in the fluid is governed

by both heat conduction and convection, and the sur-

rounding solids are regarded as heat sources. The govern-

ing equations for this process are mass conservation,

momentum conservation, and energy conservation:

oq2A
ot

þr � q2Auð Þ ¼ 0 ð2aÞ

q2
oA

ot
þ q2u � ru ¼ �rp� fD

q2
2dh

uj juþ F ð2bÞ

q2AC
p
2

oT2
ot

þ q2AC
p
2u � rT2 ¼ r � k2ArT2ð Þ

þfD
q2A
2dh

uj j3þQþ Qp

ð2cÞ

8
>>>>>>>>><

>>>>>>>>>:

where q2, k2, C
p
2, and T2 are the density, thermal conduc-

tivity, specific heat capacity, and temperature of circulating

fluid within the pipe; A and dh represent the cross section

area and the hydraulic diameter of the pipe; u and p stand

for the fluid velocity and pressure; fD is the Darcy friction

factor; F represents the volume force; and Qp and Q stand

for the pipe and surrounding solids as heat source/sink.

More detailed descriptions of the above-mentioned terms

and coefficients can be referred to the COMSOL Multi-

physics user’s guide (COMSOL Multiphysics� v. 5.3a.

www.comsol.com. COMSOL AB). Note also that the pipe

flow is simulated as a one-dimensional flow, i.e., the rep-

resentative temperature is the averaged temperature across

the cross-sectional area of the pipe. The thermal and flow

fields inside the pipe are considered fully developed, i.e.,

the entrance length is neglected.

The phase change phenomenon is modeled as happening

smoothly within a small interval (i.e., 1 �C in this study)

around the phase change temperature Tphase to avoid a

sharp jump in the continuum simulation. A smooth func-

tion, h Tð Þ, defined as the mass fraction of the phase before

the transition and ranging from 0 to 1, is used to define the

physical properties of the multiphase material. The thermal

conductivity and the density of the PCM are expressed as

k ¼ h Tð ÞkL þ 1� h Tð Þð ÞkS ð3Þ
q ¼ h Tð ÞqL þ 1� h Tð Þð ÞqS ð4Þ

where the subscripts L and S represent the liquid and the

solid phases of PCMs. The specific heat capacity of the

PCM is expressed as

Cp ¼
1

q
h Tð ÞqLCp

L þ 1� h Tð Þð ÞqSCp
S

� �
þ LHð Þ oa Tð Þ

oT

ð5Þ

where the last term regards the latent heat as an additional

part of specific heat capacity using the apparent heat

capacity method, in which (LH) is the latent heat and a is a

smooth function preventing sharp jumps in continuum

simulation:

a Tð Þ ¼ 1

2

1� h Tð Þ½ �qp2 � h Tð Þqp1
q

: ð6Þ

The above equations about phase change modeling

contribute to Eq. (1) when simulating the ground medium

with PCMs.
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Fig. 1 Hydrothermal FEM model to simulate ground heat recovery. a An illustration of the model configuration. A concrete pile equipped with a

U-shaped pipe is embedded in the ground with a constant initial temperature. Hot/cold fluid is circulated through the pipe to exchange heat with

the ground. b Input temperature of the circulating fluid Tin measured in the field test [20]. c Output temperatures of the circulating fluid Tout from
the field test [20] and numerical simulations of this study
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2.2 Model validation

The numerical model is implemented in the finite element

package COMSOL and validated against a field thermal

response test [20, 38]. This test reports the time-lapse input

and output temperature of fluid circulated through a poly-

ethylene pipe within a concrete pile with a 0.3 m diameter

Dl and a 26.8 m length Hl. The pile is buried in a clayey

medium with a constant initial temperature of 17.4 �C, a
3 m domain diameter Ds (i.e., 10 times the pile diameter

Dl), and a 30 m depth Hs. The size of the ground domain is

such that the heat transfer will not reach the boundary

within the time period of the calibration test, so that no

boundary effects come into the results. Thermal insulation,

i.e., Neumann boundary condition of zero heat flux, is

applied on the side and bottom boundaries of the ground

domain. The Dirichlet boundary is applied to the ground

surface, which is set at a constant temperature of 17.4 �C,
identical to the initial temperature of the domain [38], and

is assumed constant throughout the 14 days of the testing

period. The air temperature fluctuations for this geometry

should not influence the thermal response of this slender

energy pile [15, 34]. Detailed dimensions, material

parameters, and operating conditions [20, 38] are listed in

Table 1. Note that the circulating fluid is often a mixture of

water and antifreeze, and we use the built-in material

model of water in COMSOL to represent the circulating

fluid, whose physical and thermal properties are tempera-

ture-dependent (COMSOL Multiphysics� v. 5.3a. www.

comsol.com. COMSOL AB 2017).

The field experiment [38] involves four stages: hot fluid

injection, recovery, cold fluid injection, and recovery. The

fluid temperature measured at the pipe inlet Tin during the

four stages is shown in Fig. 1b. The numerically calculated

fluid temperature at the pipe outlet using the field test

geometry and properties (Table 1) agrees well with the

field measurements, as shown in Fig. 1c.

2.3 Upgraded model considering phase change

To illustrate shallow geothermal energy recovery using

phase change materials, the ground material is replaced by

granular mPCM in the model. The mPCM particle consists

of a large portion of paraffin in the core and a polymer

encapsulation shell. The particle size of the mPCM used in

this study is 15–30 lm with a tuned phase change tem-

perature of 18 �C (Microtek LLC). This encapsulation

makes paraffin a granular material compatible with soil and

avoids soil contamination when melted. The density,

thermal conductivity, latent heat, and specific heat capacity

used in the simulation are q = 900 kg/m3, k = 0.23 W/m/

K, LH = 185 kJ/kg, and Cp = 2981 J/kg/K (liquid) and

2604 J/kg/K (solid), respectively (see also Table 2 for

details).

The output temperature obtained from the case of

mPCM ground media is shown in Fig. 1c (dash-dotted

line). Compared with the thermal response of the clayey

ground, the mPCM case produces higher output tempera-

ture during hot fluid injection and lower output temperature

during cold fluid injection, mainly due to the low thermal

conductivity of the dry mPCM particles. This preliminary

result contrasts the output thermal energy in ground media

of clay versus mPCM particles, which implies inherently

different heat transfer processes.

2.4 Material properties

Numerical simulations allow us to conduct parametric

analyses of the impacts of thermal and physical properties

of each component on the system thermal performance.

The density and thermal properties of the materials used in

this study are listed in Table 2. Three ground media are

used in the simulations: sands, granular mPCM, and a

sand–mPCM mixture, all assumed with a porosity of

Table 1 Parameters for model configuration and calibration [20, 38]

Type Parameters Values Unit

Geometry Inner diameter of pipe, dp 0.0262 m

Distance between two pipe legs, dc 0.135 m

Thickness of pipe wall, dp 0.0029 m

Diameter of pile, Dl 0.3 m

Depth of pile, Hl 26.8 m

Diameter of ground/soil domain, Ds* 3 m

Depth of ground/soil domain, Hs* 30 m

Pipe Thermal conductivity of pipe, kp 0.385 W/m/K

Concrete

pile

Density of concrete, ql 2210 kg/m3

Specific heat capacity of concrete,

Cp
l

1050 J/kg/K

Thermal conductivity of concrete, kl 2.8 W/m/K

Soil Density of soil, qs 1900 kg/m3

Specific heat capacity of soil, Cp
s 1820 J/kg/K

Thermal conductivity of soil, ks 2.3 W/m/K

Other Mass flow rate at inlet, qm 0.108 kg/s

Initial temperature and surface

temperature, Ti

17.4 �C

Subscripts: p = pipe, l = pile, s = soil. The diameter Ds and depth Hs

of the ground domain used in the model calibration are assumed and

not from the field test

Acta Geotechnica

123

http://www.comsol.com
http://www.comsol.com


n = 0.4. Note that the sand–mPCM mixture used here is

considered as silty-sized mPCM particles (n = 0.4) filling

the pores of sands (n = 0.4). That means the volume

fraction of the mPCM is (1–0.4) 9 0.4 = 0.24 in the

mixture. All ground media are assumed either dry or fully

water-saturated, and no unsaturated conditions are con-

sidered. The density and thermal properties of the three

ground media are calculated using the properties of the

single phase (i.e., quartz, paraffin, water, and air).

2.5 Thermal performance measurements

To quantify and contrast the thermal performance of dif-

ferent scenarios, we present the results in terms of the

output thermal energy Wout [MJ], the output power Pout

[kW], and a dimensionless power ratio RP [-]. Specifi-

cally, the output thermal energy Wout measures the heat

extracted from or injected into the ground and can be

calculated by integrating the output power Pout with time t:

Wout ¼
Z

Poutdt ð7Þ

where the output thermal power Pout is defined as

Pout ¼ Co
p;w � qov � Tout � Tinj j ð8Þ

where Co
p;w stands for the specific heat capacity; Tin and

Tout are the temperature at the inlet and outlet; and qov is the

volumetric flux at the loop outlet. Lastly, the power ratio

RP, a direct indicator of thermal energy recovery efficiency,

is defined as

RP ¼ Pout

Pin

ð9Þ

where Pin is the kinetic power consumed to circulate the

fluid within the loop and equals the fluid pressure pin times

the volumetric flux qiv at the loop inlet:

Pin ¼ pin � qiv: ð10Þ

2.6 Major assumptions in the simulations

According to the methodology described above, major

assumptions used in this study include the following:

• Heat transfer in solids (i.e., the concrete pile and

ground) is dominated by conduction, while the heat

transfer in the fluid is governed by both conduction and

Table 2 Material properties used in this simulation (l = liquid; s = solid)

Single-phase Density

q (kg/m3)

Thermal conductivity

k (W/m/K)

Latent heat

LH (kJ/kg)

Specific heat capacity

Cp (J/kg/K)

Thermal diffusivity

j (9 10-7 m2/s)

Quartz 2650 7.7 [18] – 740 [56]

Paraffin 900b 0.23 [54] 185b 2981 (l) [54]

2604 (s) [54]

Water 1000 0.6 [18] – 4192 (10 �C) [58]
Air (20 �C) 0 0.03 [18] – –

Mixturea
P

Xifi
Q

Xfi
i

P
Xiqi fiP
qi fi

P
Xiqi fiP
qi fi

j ¼ k
qCp

Sand

Dry 1590 0.84 – 740 7.11

Saturated 1990 2.77 – 1434 9.72

mPCM

Dry 540 0.10 185 2981 (l)

2604 (s)

0.63 (l)

0.72 (s)

Saturated 940 0.34 106.3 3496 (l)

3280 (s)

1.03 (l)

1.09 (s)

Sand-mPCM

Dry 1806 1.36 22.13 1008 (l)

963 (s)

7.50 (l)

7.85 (s)

Saturated 1966 2.20 20.33 1267 (l)

1226 (s)

8.85 (l)

9.15 (s)

aXi represents the corresponding property of each component, fi stands for the volume fraction of each component. bManufacturer data
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convection, and the fluid within the pipe is regarded as a

line heat source.

• The pipe flow is modeled as one-dimensional neglect-

ing radial and circumferential dimensions. The fluid

temperature at any position along the pipe is the

averaged temperature across the cross-sectional area at

that position. The thermal and flow fields inside the pipe

are considered fully developed, i.e., neglecting the

entrance length.

• The ground surface is assumed at a constant temper-

ature (Dirichlet boundary), and the other boundaries are

considered to have no heat flux (Neumann boundary).

The ground domain initially has a constant temperature.

• For phase change modeling, the latent heat is simulated

as an additional part of the specific heat capacity of the

PCM material.

• The porosity of ground media materials (sand, granular

mPCM, and sand–mPCM mixture) is assumed as 0.4.

The thermal conductivity of the mixture satisfies the

geometric mean model. We acknowledge that packing

has a significant role in the heat transfer processes in

soils and the porosity used here reflects a cubic

tetrahedral packing.

3 Analyses and discussion of results

In this section, we evaluate the effects of various material

parameters and operational conditions on the thermal per-

formance of an energy pile. The ground initial temperature

is assumed to be 20 �C, and the injecting fluid temperature

is 0 �C (e.g., a ground heat extraction scenario). Note that

all the numerical parameters used in this section are the

same as the validation model (Table 1, no phase change) if

not been further specified in each subsection.

With the model setup (geometry, material, boundary,

and operational conditions) of the thermal response test

used in the model validation, we perform either 10-day

continuous fluid injection standing for a typical short-term

operation in practice, or 60-day on-and-off injection rep-

resenting a typical longer-term operation in real life

(Sect. 3.4). In each scenario, the thermal response reaches

a quasi-steady state, which facilitates the quantitative

comparison among different cases.

3.1 Effects of material thermal properties

Material thermal properties are basic but the most impor-

tant parameters to decode the heat transfer process during

shallow geothermal energy recovery. This section evalu-

ates how the thermal performance of an energy pile is

influenced by the thermal properties of the ground and the

pile.

Figure 2 shows the output power Pout and power ratio RP

after a 10-day fluid circulation with changing thermal

conductivity k, specific heat capacity Cp, and density q of

the ground and the pile. Note that some values of these

properties may not be physically possible and the results

here are to amplify the impacts of a wide range of para-

metric property values on the thermal performance.

In general, the trends of Pout and RP with changing

thermal parameters are similar, mainly due to the nearly

identical input power Pin that is governed by the pipe

geometry (diameter, length) and fluid flow (velocity, flux).

Although the properties of fluid used here are temperature

dependent, the difference in the input power Pin to circulate

the fluid caused by temperature is negligible. The results in

Fig. 2 highlight and confirm that the thermal performance

is the most sensitive to the thermal conductivity, compared

to the specific heat capacity and the density of the mate-

rials, and also that increasing the density and thermal

properties of the ground rather than that of the pile is more

efficient in recovering the thermal energy. In the scenario

of continuous heat recovery for 10 days, the temperature

influence zone had expanded to a much larger domain (than

the size of the pile) within the ground, and thus the

recoverable thermal energy stored in the pile becomes

negligible compared to that from the ground. Therefore, the

density and the specific heat capacity of the pile, governing

how much energy can be extracted from the pile, have

marginal effects on the efficiency of shallow geothermal

recovery in long run.

3.2 Effects of phase change temperature

Phase change temperature and latent heat are unique fea-

tures of mPCM and largely affect heat recovery and stor-

age. The degree of polymerization in the carbon chain of

paraffin determines its latent heat magnitude and phase

change temperature. While latent heat can be simply trea-

ted as additional heat capacity in the material (refer to

Fig. 2b for its impact on thermal performance), the phase

change temperature governs the liquid or solid state of

PCM and thus the exothermic or endothermic processes

during ground heat recovery.

The simulations here use the properties of pure paraffin

listed in Table 2 for the ground to highlight the melting

temperature effect. The paraffin is in a liquid state at the

ground initial temperature of 20 �C. Figure 3 presents the

time-lapse thermal performance of the energy pile

embedded in the PCM ground with different phase change

temperature Tphase. The results in Fig. 3 are presented in

terms of the temperature difference between the ground
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initial temperature and the paraffin melting temperature

DT = Tinitial - Tphase. Therefore, DT = 1, 5, 10, 15, and

20 �C refers to the phase change temperature of the

paraffin which is Tphase = 19, 15, 10, 5, and 0 �C,
respectively.

The results in Fig. 3a suggest that during the 10-day

fluid circulation and heat exchange through the energy pile,

the recovered heat energy increases at a decelerated rate.

The overall output power and the heat recovery efficiency

decrease over time, mainly due to the decreased ground

temperature around the pile. In addition, more thermal

energy and higher efficiency are achieved at a lower tem-

perature difference between the ground initial temperature

and the paraffin melting temperature DT. This is because

the latent heat is readily approachable in the paraffin with

its phase change temperature closest to the ground initial

temperature, and thus any small temperature change in the

ground due to geothermal recovery can trigger phase

change in paraffin, while at larger DT, the ground tem-

perature has to be significantly changed during ground heat

recovery to reach the paraffin phase change temperature in

order to access its latent heat, which is typically not the

case for the short-term operation of heat exchangers. One

can see in Fig. 3a (Pout and RP) that when the phase tem-

perature is reached, a power ‘‘surge’’ is observed. Under

the set conditions, this surge occurs earlier for PCM

melting temperatures closest to the initial ground

temperature.

As shown in Fig. 3b, the output thermal energy, power,

and power ratio remain nearly constant in the first 2 h of

the heat extraction for all DT conditions. After 6 h or 1 day

of operation, evident decreases followed by a plateau in the

heat energy extraction and the recovery efficiency with

increasing DT are observed. The plateau starts when the

paraffin within the temperature influence zone solidifies

and releases latent heat to maintain a constant heat pro-

duction rate and efficiency. These results again highlight

the benefits of using PCM to mitigate the gradual efficiency

decrease with the expansion of the temperature influence

zone during ground heat extraction.

3.3 Effects of moisture content

The presence of water can significantly increase the ther-

mal conductivity and specific heat capacity of the ground

[60]. We here simulate the heat extraction from sands,

mPCM, and a sand–mPCM mixture, all in dry or fully

water-saturated conditions. The density and thermal prop-

erties of the three ground media used in the simulations are

listed in Table 2. Note that the porosity of the sand and the

mPCM ground are n = 0.4. And the sand–mPCM mixture

assumes that the silty size paraffin encapsulates are filling

the pores of the sand grain skeleton of n = 0.4, resulting in

an effective porosity of n = 0.16 for the mixture. The phase

change temperature of the mPCM is set as Tphase = 19 �C
for all the simulations in this and the following sections.

Figure 4 presents the output thermal energy, the output

power, and the output/input power ratio over 10 days of

heat exchange with the three ground media in dried and

saturated conditions. The results show that the thermal

performance, in terms of recovered thermal energy and

heat recovery efficiency, is approximately doubled in the

sand and the mPCM ground saturated with water than that

in the dried condition (Fig. 4a, b). This is mainly because

the thermal conductivity of the granular sand or mPCM

ground is nearly tripled after saturation, with no significant

variation in the thermal diffusivity, which governs the heat

front expansion rate. On the other hand, the impact of water

saturation on the thermal performance is less pronounced

in the sand–mPCM mixture media (Fig. 4c), mainly due to

the relatively low porosity and thus less volume fraction of

water to enhance the ground thermal properties.

In addition, the results suggest that the sand-mPCM

mixture renders the best thermal performance. In the dry

condition, the output power Pout and power ratio RP from

the mixture are 75% greater than that of the pure sand

ground and 235% greater than that of the mPCM ground.

While in the saturated condition, the Pout and RP from the

mixture medium are 12% and 104% greater than that of the

sand and the mPCM media, respectively. In terms of the

total extracted energy Wout, the sand-mPCM mixture

results in a 65% and 142% higher energy extraction than

from the sand and the mPCM media when the ground is in

dry condition, and a 14% and 66% higher energy extraction

when the sand and the mPCM ground are fully water-sat-

urated. The dry granular mPCM ground gives the lowest

geothermal energy production and heat extraction effi-

ciency, mainly due to the relatively low thermal conduc-

tivity and thermal diffusivity in the particulate mPCM.

Although the thermal properties of the sand and the sand-

mPCM mixture ground are comparable, the thermal per-

formance of the energy pile in the mixture media is supe-

rior to that in the sand media. This again demonstrates the

merits of using phase change materials to enhance shallow

geothermal energy recovery with a sustained efficiency.

3.4 60-day operation

Ground heat exchangers are often expected to perform for

an extended duration with a periodic on-and-off mode in

regions with longer hot or cold seasons. Figure 5 presents

the output thermal energy and power ratio from the three

dried ground media over 60 days of heat extraction. Note

that the extracted thermal energy is in gigawatts in Fig. 5a,

while those in Figs. 3 and 4 are in megawatts. Over the

entire course of the operation, the fluid is circulated in the
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loop continuously for 12 h followed by a 12-h rest each

day. For better illustration and comparison among different

ground materials, the time-lapse thermal response of each

day is condensed into an averaged point in the figures. Note

that we fix the domain size to compare the thermal per-

formance difference in each ground medium given the

same amount of initial geothermal energy in the reservoir.

The results show that the sand–mPCM mixture gives the

best thermal performance than the sand or the mPCM

media during the 60 days of heat extraction. At the end of

this 60-day operation, the power ratio is reduced by

approximately only 1/3 in the sand–mPCM mixture media

compared to over 2/3 in the sand or the mPCM media. And

the heat exchanging rate (kW) in the mixture is twice that

of sand and thrice that of the pure mPCM. The low thermal

conductivity and diffusivity of the granular mPCM media

hinder the ground heat extraction and result in the lowest

output heat power rate and efficiency in the long term as

well.

It is worth noting that such simulations are based on a

thermal response test setup, where a fast thermal response

is expected. The thermal loads considered here are rela-

tively high so that within 60 days of operation, the thermal

performance of the simulated system in this study can

reach a quasi-steady state, as shown in Fig. 5, while for a

commercial geothermal heat exchanger with real-life

operation conditions, the sustainability of heat recovery

and the long-term unbalanced load will not become sig-

nificant until after years or even decades of operation given

the trend to steady-state conditions observed in the cases

studied here [49]. Therefore, the innate thermal response

test simulations with high thermal loads for 60 days of

operation can be considered as an accelerated long-term

thermal response assessment for a commercial ground heat

exchanger with real-life operation loads for decades.

3.5 Temperature distribution

Figure 6a illustrates the temperature distribution around

the energy pile embedded in the sand versus the sand–

mPCM mixture after a 60-day operation. It clearly displays

a much lower temperature around the pile and a wider

temperature influence zone in the sand media than in the

sand–mPCM mixture. Figure 6b contrasts the magnitude of

the temperature at a depth of 2 m underneath the ground

surface (z = - 2 m). And Fig. 6c shows the temperature

profiles at the same depth across the whole domain. The

results indicate that the ground heat exhaustion is con-

strained within a finite zone in the sand–mPCM mixture,

benefited from the PCM in releasing latent heat during fluid

circulation and storing ground heat when fluid circulation

ceases, while in the sand media, the temperature influence
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zone has reached the domain boundary after 60 days of

heat extraction and the boundary temperature has dropped

to around 17 �C. According to Fig. 6c, the diameter of the

thermally disturbed zone is only half in the sand–mPCM

mixture ground compared to that in the pure sand ground.

Such a difference in the thermally disturbed zone is

expected to be greater in a longer operation time. There-

fore, other than enhanced thermal performance and sus-

tained heat recovery efficiency, using mPCM to augment

the ground thermal properties can significantly reduce the

size of the temperature influence zone. This will minimize

the spacing required among heat exchangers to avoid

mutual interference, in order to increase the total heat

production power per unit volume of the ground. The

reduced temperature influence zone can also circumvent

potentially legal issues associated with the unintended

depletion of neighboring thermal reservoirs or environ-

mental impacts related to groundwater temperature and

flow, contaminant dissolution and transport, or biodegra-

dation [11, 19].

3.6 Heat conduction in mPCM enhanced
with metal fins

As shown earlier, the mPCM has a large heat capacity

(including its latent heat), yet low thermal conductivity and

diffusivity (see also Table 2). This will slow down the heat

conduction with the far-field ground and make the thermal

performance improvement not salient enough. This short-

coming can be mitigated by improving the thermal con-

ductivity of the ground when PCMs are used. Potential

methods may include but are not limited to using PCM

encapsulated with very high thermally conductive materi-

als like graphene (k = * 4400 W/m/K) or metal fins

offering fast heat conduction paths with the far-field

ground.

To illustrate the importance of having a high thermally

conductive ground for enhanced geothermal recovery, we

here present a case where the energy pile is surrounded by

four metal fins (Fig. 7a) that allow fast heat conduction

with far field. Note that any materials with high thermal

conductivity and diffusivity will serve as a good substitute

for the metallic material used here. In this simulation, the

energy pile is equipped with 4 steel fins, 1 m wide and

20 mm thick each, embedded in the sand–mPCM mixture

ground. The material parameters of the fins are from the

COMSOL built-in material library for steel (with a density

of 7850 kg/m3, the specific heat capacity of 475 J/kg/K,

and thermal conductivity of 44.5 W/m/K).

Figure 7b presents the time-lapse thermal performance

over a 10-day continuous operation of the energy pile

embedded in the ground of sand, sand–mPCM mixture, and

sand–mPCM–fins medium. The results demonstrate a fur-

ther improvement in all the geothermal energy production,

output power, and heat recovery efficiency by adding four

steel fins. This clearly demonstrates that by using metal

fins (or high thermally conductive coating) to improve the

mPCM ground’s thermal conductivity, the objective ther-

mal loads can be achieved within less operating time and

the ground heat restoration during ‘‘resting’’ hours can

recover at a faster rate. Additional work can be conducted

to identify the optimal configuration and design of the fins

considering site-specific conditions. Admittedly, metal

corrosion, installation, and associated life cycle analyses of

using metal fins are not fully considered here and require

further investigations.

3.7 Limitations and opportunities

By incorporating latent heat in heat transfer, we show the

feasibility of coupled hydrothermal simulation with phase

change and the advantages of using mPCMs in approving

shallow geothermal recovery. Admittedly, the scenarios

(a)

(b)

(c)

Fig. 5 Effects of long-term operation (cyclic heat extraction for 12 h

followed by 12 h of ‘‘rest’’) on the thermal performance of the energy

pile embedded in the sand, the mPCM, and the sand–mPCM mixture

medium. a Output thermal energy Wout. b Output power Pout. c Power
ratio RP
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considered in this study present certain conceptualized

conditions that may oversimplify the actual operational

environment of ground heat exchangers. The following

considerations are thus imperative for further

investigations:

Fig. 6 Temperature distributions after a 60-day operation. a Temperature fields in the sand versus the sand–mPCM mixture ground. b The

temperature contour at a depth of z = - 2 m. c The temperature profiles on the symmetric line of the plane (y = 0 m, z = - 2 m). Here, c = 2x/
dl is a normalized distance in reference to the domain size dl
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(1) Experimental determination of the thermal, hydrau-

lic, and mechanical properties of soil–mPCM mix-

tures, considering various environmental conditions

including water content and packing.

(2) The longevity of the mPCMs in various types of soils

subjected to thermal cycles and groundwater flow, as

well as their ensued long-term degradation in the

thermal and mechanical properties of soil–mPCM

mixtures.

(3) The complexity of the ground stratum, including

groundwater conditions, soil layering, surface tem-

perature oscillation, subsurface temperature gradient,

and field-scale uniformity of soil–mPCM mixtures,

shall be evaluated.

(4) Cost analysis and life cycle analysis of using mPCMs

and metal fins, including construction methods,

monitoring techniques, corrosion potentials, and

maintenance strategies.

While this study presents mostly feasibility assessment,

simulated scenarios can be implemented in reality with

alternatives, for instance, using anti-freezing solutions

instead of water, high thermal conductivity fibers and

particles to replace metal fins, and so on. Therefore, bench-

scale tests and field pilot tests are in need for the next phase

of investigations.

4 Conclusions

In this study, we present numerical investigations that

indicate both the short-term and long-term energy pile

thermal performance can be significantly improved by

modifying the ground with microencapsulated phase

change materials and metallic fins. Salient conclusions are

drawn as follows.

• The thermal performance of an energy pile is governed

by the ground thermal conductivity instead of the

specific heat capacity or density. The decrease in

thermal performance with time can be mitigated by

using mPCM in the ground due to its latent heat. A

better performance can be achieved when the phase

change temperature closes to the ground temperature. In

this case, any small temperature change in the ground

due to geothermal recovery can trigger phase change

and make the latent heat readily available.

• Both recovered thermal energy and the heat recovery

efficiency can be approximately doubled in water-

saturated single ground media (sand or mPCM) than

that in dried conditions, mainly due to tripled thermal

conductivity of the ground media upon water saturation.

• Mixing original ground material (sand) with mPCM can

not only improve the thermal performance within short-

and long-term operations, but also mitigate the potential

environmental issues caused by continuous geothermal

recovery. On the one hand, during long-term operation

(i.e., 60 days in this study with high thermal loads) of

an energy pile, the heat recovery efficiency reduces

only 1/3 in the sand–mPCMmixture media compared to

over 2/3 in the single sand or granular mPCM media.

The overall heat exchange in the sand–mPCM mixture

(in kW) is up to two times that of natural sands.

• Using mPCM to augment the ground thermal properties

can minimize the spacing required among energy piles

to avoid mutual interference, increase the total heat

production power per unit volume of the ground, and

reduce the temperature influence zone to prevent

potential legal or environmental issues such as infringe-

ment on neighboring thermal reservoirs and subsurface

flow.

• The low thermal conductivity and diffusivity of gran-

ular mPCM may slow down the heat conduction with

the far-field ground, which makes the thermal perfor-

mance improvement not salient enough. This short-

coming can be mitigated by implementing a

complementary material with high thermal conductivity

and diffusivity such as metallic fins around the energy

pile.
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