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A B S T R A C T

Geothermal energy piles (GEPs) buried into the deep underground are typically integrated with the circulating 
pipe inside the piles, where the most common heat transfer fluid (HTF) is water. Liquified carbon dioxide (CO2), 
as an alternative HTF to water, is more energy-saving by its density difference and circulation in exothermic and 
endothermic processes, and has a more extensive application for its usability below zero degrees Celsius. In this 
study, thermal performances of CO2 and H2O in 10-h-long daily operation time in the GEP system are modelled 
using a finite element method (FEM). Isolated influences of temperatures and pressures on HTF performances in a 
small-scale single-layer tube embedded in field-scale soils are investigated. The Ragone plot, with the Péclet 
number of HIF being the key indicator, is introduced to evaluate such performances. The results quantitatively 
show that CO2 and water in GEPs have a comparable heat extraction rate; although GEPs circulated with CO2 
consume a lower average power, a higher accumulatively extracted energy than water is encountered when 
operated under a similar Péclet number. It is also found that, to acquire the same system power efficiency, CO2- 
GEP could respectively reach up to 4 times the power efficiency and 10 times the energy density than those of 
water.

1. Introduction

With high global energy prices and new environmental policies, the 
reliance on non-sustainable resources needs to be reduced. Strategies, 
such as lowering the use of fossil fuels and reducing greenhouse gas 
emissions [1-4], should be implemented into the renewable systems to 
achieve carbon neutrality target [5,6]. One of such systems increased 
considerably over the past twenty years is known as the geothermal 
energy pile (GEP) system. Consequently, a substantial amount of 
research has been dedicated to the thermal performance of such foun
dations subjected to their interactions with surrounded soils.

Geothermal loads can be idealised as imposed heat sources. Basi
cally, the underground temperature is nearly transverse-constant at the 
shallow depth, in a range of 5–30 degree Celsius (◦C) depending on the 
location [7,8]. The constant underground temperature allows cooling 
and heating underground constructions in summer and winter, respec
tively by the spontaneous heat exchange [9-12]. The utilisation of 
geothermal energy starts from the geothermal ground heat exchangers 
(GHEs), and evolves into the vertically aligned GEPs as an alternative 
system [13,14]. Within GEPs, soils function as the energy extraction and 
storage media.

GEPs are typically circulated by the heat carrier fluid inside the pile. 
The most common heat transfer fluid (HTF) is water, H2O. It is selected 
for its good heat transfer performance and the vast majority of desirable 
properties, such as high heat capacity, low viscosity, high inflamma
bility and nontoxicity [15-21]. Analysis on the lifetime of water energy 
extraction system proposed by Cao, Huang and Jiang [22] confirms the 
popularity of water as HTF. However, one typical drawback associated 
with the usage of water in energy exchanger is the high freezing point 
[23,24]. To increase the reliability of water in heat exchanger, additives 
are recommended to solve the freezing issue in practical projects [25, 
26], which was initially raised by O’Dell, Mitchell and Beckman [27]. 
Only in the past twenty years have studies described the role of sCO 2 as 
HTF. Early examples of research into sCO2 can be referred to Pruess [28]
and Brown [29]. One significant advantage of sCO2 over water is that it 
avoids the problem of high freezing point [30,31]. Compared to water 
which can be only operated in an above-zero-degree condition, sCO2 
provides more mobility, allowing system operated in winter. Another 
advantage of using sCO2 is that it allows the same or even higher rate of 
energy extraction [29,22,32,33]. Besides, desirable properties of CO2 
can be deliberated by the control of pressure [34]. The thermophysical 
properties of H2O are only sensitive to temperature, while those of CO2 
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are sensitive to both temperature and pressure [35]. Such unique 
properties of CO2 allow controlling GEP circulating pipe in a tuneable 
way. However, there are limited systematic studies focusing on 
demonstrating the advantages of CO2 when compared to H2O at various 
operational conditions.

Although experimental, numerical or analytical methods have been 
encountered in previous publications on GEPs, most of them focus on 
identifying and evaluating the operative condition and design configu
ration [36-38]. However, several aspects of HTF remain to be exten
sively discussed. This study aims to address the influence of CO2 as a new 
HTF on GEPs by comparing different HTFs using a newly introduced 
evaluation criterion. This study simulates the daily operation of GEPs in 
winter (cooling mode) and the associated scientific and engineering 
challenges by providing numerical analysis of sCO2 as HTF. As a result of 
the analysis presented in this work, a thermal performance evaluation 
for energy piles is proposed by the Ragone plot.

2. Method

2.1. System characterisation

Fig 1 shows the 2D numerical axisymmetric model extracted from 
the 3D real case, for the sake of simplicity in simulating heat exchange 
process. Therein, the coaxial tube is surrounded by soils. Besides, the 
design of the model geometry is based on the real size of GEPs, of which 
the main parameters are listed in Table 1. The annuli pipe with the same 
inlet and outlet area is chosen in this study.

Reflecting the discharge energy of the battery at different power 
levels, Ragone plot combines the storage capacity and power supply 
capability of the battery into a curve. The diagram generated from 
theory of Ragone plot clearly describes the trade-off between energy and 
power and can also reflect the best working area of certain system. 
Additionally, the Ragone plot is used to compare the performance of 
various energy storage devices. As a new concept applied in the heat 
exchange system, Ragone plot is the curve of the specific energy versus 
power to evaluate GEPs system. The cutoff temperature, Tcutoff, is 
commonly introduced to investigate the thermal performance. By 
assuming different values of Tcutoff, the temperature difference and the 
cutoff effectiveness can be expressed as 

ΔT = T0 − Tcutoff , (1) 

η =
Tin − Tcutoff

T0 − Tin
, (2) 

where ΔT is temperature difference, T0 is the initial temperature of soil, 
η is cutoff effectiveness, Tin is the fluid temperature at inlet. The 
constraint Tcutoff = Tout is adopted, where Tout is the fluid temperature at 

outlet.
The extracted energy, E, and average power, q, which are utilised to 

evaluate GEP via Ragone plot, are summarised in Table 2. Prior to 
commencing the Ragone plot study, the change of temperature over 
time, T− t, and the change of power over time, q− t, are directly sought 
from the numerical model. After introducing a specific Tcutoff, the 
respective cutoff time could be extracted from the T− t plot. The cutoff 
time is then implemented into q− t to find the respective cutoff power. 
Finally, the extracted energy of GEP is accumulated, which is calculated 
by integrating the cutoff power within the cutoff time. The time interval 
for cutoff, Δt, is defined as 

Δt = tcutoff − t0, (3) 

where t0 is the time when HTF fluid at inlet reaches the outlet region, 
tcutoff is the corresponding time when the temperature of outlet reaches 
Tcutoff.

Pareto front, reflecting the optimal solution under multi-objective 

Fig. 1. GEPs model: 3D concentric tube with surrounding soil (left) and 2D axisymmetric simplified model (right).

Table 1 
GEP control parameters.

Property Value

ri Inner tube inner diameter 6 cm
ro Inner tube outer diameter 2.22 cm
ds Thickness of tube layer 1 cm
Ro Outer tube outer diameter 10.22 cm
Li Length of inner tube 11.93 m
L Length of the single GEP 12 m
lx Half length of surrounding soil x direction 1.635 m
Lz Depth of surrounding soil z direction 13.53 m
ρw Density of pipe 7850 kg/m3

Cpw Heat capacity of pipe 475 J/(kg ◦C)
kw Thermal conductivity of pipe 44.5 W/(m ◦C)
hadd Additional heat exchange coefficient 2000 W/(m2 ◦C)

Table 2 
Properties and definitions for electrochemical, thermal storage and geothermal 
energy piles system.

Electrochemical 
storage

Phase change 
thermal storage

GEPs

Ideal input Open-circuit 
voltage (V)

Transition 
temperature (K)

Soil cutoff 
temperature (◦C)

Discharge 
current or 
power

I =
ΔV
Re 

(A) q̇ =
ΔT
Rth 

(W) q =
E
Δt 

(W)

Energy E =
∫

Idt (Ah) E =
∫

q̇dt (Wh) E =
∫

qdt (W s)

*The definition for electrochemical storage and phase change thermal storage 
are adopted from Woods, Mahvi, Goyal, Kozubal, Odukomaiya and Jackson 
[39].
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problem, is adopted to estimate the optimal operation condition and 
define the proper operation region under different cutoff temperatures. 
The relation between q and E is fitted in the superellipse form, 

E =

(

1 −

(
q
q0

)c ))1
c
⋅E0, (4) 

(
E
E0

)c

+

(
q
q0

)c

= 1, (5) 

where c is a fitting parameter.

2.2. Numerical model

To conduct the numerical analysis, the computational fluid dynamics 
(CFD) with forced convection of HTF and heat transfer model in it are 
adopted. The core module in COMSOL Multiphysics 5.6 is employed to 
solve one physical model problem using consistent variables among 
different physical fields. The heat transfer model is involved to imitate 
the heat convection and heat conduction between HTF and the tube, 
where the velocity field is coupled. Besides, the heat transfer in solid is 
also analysed based on the heat conduction between tube and soil 
domain.

Non-isothermal compressible flow conjugated with heat transfer is 
typically solved based on main formulations of continuity, momentum 
and energy equations, which are expressed as 

∂ρ
∂t

+∇⋅(ρu) = 0 (6) 

ρ ∂u
∂t

+ ρu⋅∇u = − ∇p +∇⋅(μ(∇u + (∇u)T
) −

2
3

μ(∇⋅u)I) + F + ρg (7) 

ρCpu
(

∂T
∂t

+ u⋅∇T
)

+∇⋅( − k∇T) = αpT
(

∂p
∂t

+ u∇p
)

(8) 

The applied turbulent model k− ε, to investigate flow performance in 
GEPs with sCO2 as HTF, and the viscosity are represented as 

μT = ρCμ
k2

ε (9) 

k =
3
2
(∣U∣IT)

2 (10) 

ε = Cμ
3
4
k

3
2

LT
(11) 

The pipe wall supports the heat transfer in solid media, where the 
total effective thermal conductivity is described as 

ktot =

∑
n

kn
dn∑

ndn
, (12) 

where ktot is the equivalent thermal conductivity considering all thermal 
layers, n is the number of the layer, kn is the specific thermal conduc
tivity of each layer, and dn is the specific thickness of each layer.

The tube material is selected as the structural steel from the default 
embedded material bank, which is assumed to have enough strength to 
maintain the operating pressure. Moreover, the underground soil is 
assumed to be fully saturated, of which the detailed properties are listed 
in Table 3.

2.3. Model validation for sCO2 database

To validate the model, model reliability on supercritical fluid prop
erties and the data accuracy in numerical simulations on heat transfer 
are involved. GEPs are normally installed vertically to extract more 
geothermal energy. The gravity effect and buoyancy effect will be 

applied along the whole vertical pipe flow. Therefore, the vertically built 
tube is chosen as the filter in model validation, of which the experiment 
study is based on Jiang, Xu, Lv, Shi, He and Jackson [42], focused on the 
heat transfer of sCO2 in a vertical tube. To validate sCO2 in numerical 
simulation, a single concentric cylinder is selected as the model geom
etry for the parameter validation. In Fig. 2, the 3D experimental 
equipment is simplified into a 2D axisymmetric model.

The properties of sCO2 in Fig. 3 are generated based on the standard 
of National Institute of Standards and Technology (NIST). Geometry 
details and tube material properties are listed in Table 4.

To validate the numerical simulation by the corresponding experi
mental data, several boundary conditions about temperature, pressure, 
mass flux and heat flux are considered. Firstly, the temperature detected 
from the thermocouple is linearly increased, which is imported as the 
temperature boundary condition along the tube wall. The inlet tem
perature Tin is set to be 51∘C, and other parts of the pipe are thermal 
insulated. Secondly, a velocity-control sCO2 flow at the inlet and a 
pressure-control at the outlet are selected. The mass flow rate, ṁ, at the 
inlet is set to be 1.47 kg/h. The outlet pressure, Pout, is set to be 
9.4986 MPa, enabling to keep the inlet pressure of the system at 9.5 MPa 
[42]. The experiment system was insulated thermally, and the thermo
couples, connected with the tube surface, reflect the temperature of the 
wall surface. Furthermore, for the same heat flux on the inner tube 
surface, an extra thin layer is inserted, and the average heat flux qw 
through the inner tube surface is 31 kW/m2. With the equivalent heat 
transfer coefficient kw, and the additional heat transfer coefficient hadd, 
the theoretical wall heat exchange rate hw is expressed as 

hw =
1

1
hadd

+ ds
kw

+ 1
hadd

, (13) 

Table 3 
Underground soil properties.

Property Value

S Degree of saturation 1
ρs Dry density of soil 1450 kg/m3

ρf Density of pore fluid 997 kg/m3

ρb Bulk density of soil, ρb = ρs +
e⋅S⋅ρw
1 + e

2063 kg/m3

kb Thermal conductivity of soil 1.5 W/(m ◦C)
kf Thermal conductivity of pore fluid 0.022 W/(m ◦C)
Cp,b Specific heat of soil 1269 J/(kg ◦C)
Cp,f Specific heat of pore fluid 4182 J/(kg ◦C)
γpf

Specific heat ratio of pore fluid 1
e Initial void ratio 1.6
n Porosity, n =

e
1 + e

0.615

*The properties of pore fluid are adopted from Lemmon, Huber and McLinden 
[40]. The bulk properties of soil and the dry density of soil are adopted from 
Nguyen, Wu, Gan, Pereira and Tang [41].

Fig. 2. Schematic of sCO2 validation model: 3D experimental concentric unit 
(left), and 2D axisymmetric simplified model (right).
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which is equal to 3920 W/(m2 ◦C).
The numerical results of sCO2 heat transfer in pipe flow are plotted in 

Fig. 4. For flow with heat transfer, model validation usually utilises a 
temperature field to explore the result of heat exchange efficiency in 

pipe flow. In the left subfigure of Fig 4, the wall temperature is set ac
cording to the linear fitting of experimental data. The fluid temperature, 
Tf, keeps 51 ◦C at the inlet. When CO2 flows up and absorbs heat flux 
from the inner tube surface, the fluid temperature increases along the 
tube. The extracted energy flux from the tube is about 31 kW/m2 on 
average, while qw is consistent with the magnitude in the experiment. 
The local heat transfer coefficient, calculated from qw and local tem
perature difference, decreases, due to the thermal resistance and the 
uneven properties distribution of thermal properties among the fluid 
cross-sectional area.

2.4. The setting of parametric studies

A well-structured model with suitable mesh sizes is required to 
secure the simulation accuracy. Five structural mesh sizes are selected to 
perform the mesh size sensitivity study, as shown in Fig. 5; therein, the 

Fig. 3. The sCO2 properties plotted by COMSOL, including density 2◦ kg/m3, heat capacity at constant pressure CpCO2 J/(kg ◦C), dynamic viscosity μCO2 
N s/m2, 

thermal conductivity kCO2 W/(kg ◦C), specific heat ratio γ(γ = CpCO2∕CvCO2 ), sound speed inside sCO2c m/s.

Table 4 
Validation parameters.

Property Value

do Inner tube outer diameter 17.29 × 10− 4 m
di Inner tube inner diameter 9.48 × 10− 4 m
L Length of pipe 55 mm
ρw Density of pipe 8000 kg/m3

Cpw Heat capacity of pipe 500 J/(kg ◦C)
kw Thermal conductivity of pipe 16.5 W/(m ◦C)
hadd Additional heat transfer coefficient 7142 W/(m2 ∘C)

Fig. 4. Validation results along the tube, where d = 0.948 mm, ṁ = 1.47 kg/h, P0 = 9.5 MPa, qw = 31 kW/m2: Heat flux on the inner tube surface qw and local heat 
transfer coefficient h (left). Wall and fluid temperature distribution (right).
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mesh number of these meshes are also provided. Except for the outer 
boundaries of the HTF are split by graded fine meshes, the tube and the 
inner parts of the HTF are meshed with uniformly quadrangular meshes. 
Evidently, 7500 meshes in Mesh 3 are fine enough to achieve a balance 
between the simulation accuracy and the computation consumption.

To simplify the model, the initial temperature of the whole system, 
including single GEP and soil domain, is assumed to be 15 ◦C regardless 
of the depth. Regarding boundary conditions, the temperature, the inlet 
velocity, and outlet pressure are the main dominant parameters in this 
model. The temperature of inlet fluid 5 ◦C is used to simulate the winter 
temperature. The boundaries of the soil domain and the top edges of the 
tube are set to be thermal insulated and not affected by the ambient 
temperature.

The HTF flow is velocity-control at the inlet. Pressure at the outlet in 
the CO2 GEP is set as 85 bar to avoid the phase change. The phase 
change around critical points leads to a significant change in thermo- 
physical properties, which might further cause a non-stable pipe flow. 
To mitigate this impact, this study adjusts pressure and temperature to 
keep CO2 in the supercritical state. Additionally, since the single GEP is 
installed vertically into the soil domain, gravity needs to be taken into 
account. The backflow is not allowed at the outlet. All wall interfaces are 
assumed to be non-slip. Finally, energy loss caused by the collision be
tween fluid and tube wall at the bottom corner of annuli, in terms of the 
kinetic energy loss inside the single GEP is assumed to be ignored. A 
proper thermal-insulated strategy, such as an additional thermal baffle 
or a dummy pile, will play an essential role in addressing the issue of 
heat exchange reduction. To simulate the influence of thermal insu
lation, an additional heat exchange coefficient, hadd, is adopted to 
mitigate the effect of thermal interference between inlet and outlet, 
where hadd is applied on the surface of the inner tube. In Eq. (13), heat 
exchange coefficient hadd is required to count twice because the thermal- 
protective coating is applied on both sides of the inner tube.

Based on the boundary conditions mentioned above, the percentage 
of cutoff η and respective Tcutoff are summarised in Table 5.

3. Results and discussions

3.1. Thermal performance of GEPs

In Table 6, CO2 GEP and H2O GEP, corresponding to different HTFs, 
are involved; the comparison of various HTF has been assessed using the 
Péclet number considering both operation inlet velocity and HTF 
properties. When the Reynolds number is greater than 3500, the pipe 
flow is normally treated as turbulent flow. Laminar flow exists when the 
value of Reynolds number is less than 2000. Hence, only the inlet ve
locities corresponding to Reynolds numbers below 2000 and above 6000 
are considered in H2O GEP studies, which could avoid the transitional 
flow which is non-trail to be considered in current CFD scheme.

Fig 6 represents the results obtained from the respective preliminary 
analysis on thermal performances of CO2 and water GEPs. This figure is 
quite revealing in several ways. Firstly, the relationship T–t in the right 
three diagrams identifies the influence of inlet flow velocity on the heat 
exchange process in the entire system. The Tin, approximately main
tained at 15 ◦C, records the highest temperature, then the fluid bulk 
temperature starts to drop over time. This is because the temperature 
variation between the pile and surrounding soil leads to the reduction of 
heat exchange efficiency. Secondly, CO2, which indicates lower levels of 
inlet velocity under the similar Péclet number, indicating higher levels 
of fluid bulk temperature than water. We can infer that CO2, having 
more time to flow inside GEP, will absorb more energy, and therefore 
the decreasing rate of temperature over time is not as great as that of 
water.

The left three plots in Fig. 6 represent the q− t relationship, which is 
more concerned with fluid properties. The trend of q− t, while 

Fig. 5. Mesh sensitivity study and selection: Bulk fluid temperature at location x(m) along tube length under different mesh sizes (left). Mesh selection of the 
FEM (right).

Table 5 
Cutoff effectiveness and corresponding cutoff 
temperature.

η Tcutoff (◦C)

10 % 6
30 % 8
50 % 10
70 % 12
90 % 14

Table 6 
Groups of GEP with different HTF, CO2 and H2O, under the similar magnitude of 
Péclet number.

Group Group 1 Group 2 Group 3

CO2 H2O CO2 H2O CO2 H2O

v (m/s) 
inlet vl.

0.005 0.009 0.04 0.1 0.4 1

Re 
Reynolds 
nr.

5510 714.0 44,080 7933 440,800 79,340

Pr Prandtl 
nr.

2.1 ×
10− 3

1.11 ×
10− 2

2.1 ×
10− 3

1.1 ×
10− 2

2.1 ×
10− 3

1.1 ×
10− 2

Pe Péclet 
nr.

11.57 7.930 92.56 88.13 925.6 881.3

Range of Pe Pe∈[1,20] Pe∈[20,100] Pe∈[100,1000]

*In the first column, vl. is used as a written abbreviation for velocity, nr. is the 
abbreviation for number.
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preliminary, suggests that less energy is stored in the entire system. This 
is because more energy is extracted over time and the heat exchange rate 
gradually decreases. Additionally, q− t also suggests that the peak power 
of H2O GEP is higher than that of CO2, where the discrepancy could be 
attributed to the properties of HTF. The power q and Péclet number Pe 
are closely linked, which are respectively written as 

q = Cpρv
(

1
4

π
)

D2ΔT (14) 

Pe =
CpρvL

k
(15) 

where Cp is HTF specific heat, ρ is HTF density, v is HTF inlet velocity, k 
is HTF thermal conductivity, D and L are diameter and length of tube, ΔT 
is temperature difference and identified in Eq. (1)

These two equations can be further associated as 

q = Pe⋅k⋅ΔT
1
4 πD2

L
, (16) 

where 
1
4 πD2

L is a constant value under the same geometry of GEP. Under a 
similar Péclet number with the same Tcutoff, the peak power will benefit 
from thermal conductivity, where the water typically has a higher 
thermal conductivity than CO2.

3.2. Ragone plot evaluation on CO2 and water

The Ragone plot could further evaluate the overall heat exchange 
performance under different Tcutoff. We take Group 2 under the cutoff 
temperature 10 ◦C as an example to better explain the form of the 
Ragone plot. By comparing CO2 and H2O in Group 2, CO2 takes longer to 
reach 10 ◦C, which leads to a relatively lower average power but a 
higher total extracted energy. This finding is proved by the marked 
points in Fig. 7. For the purpose of estimation on other operation ranges, 
all analyses are carried out using the same way.

Fig 7 firstly presents that the points on the Ragone plot are projected 
to shift upper left with the increasing Péclet numbers. With a shorter 
running time inside GEP under high inlet Péclet numbers, HTF will bring 
out less energy than those of low Péclet numbers. Secondly, Fig. 7
demonstrates that sCO2-based GEP systems achieve higher power output 
and greater extracted energy than H2O-based GEP systems. The thermal 
performances of CO2 and water are comparable in high Péclet number 
scenarios, while CO2 cases are significantly different from those of H2O 
in low Péclet numbers.

For Tcutoff = 10 ◦C, to meet the same energy demand, the CO2 GEP 
could provide 1.5–4 times the power efficiency to that of water. Under 
the same operation power, CO2 GEP achieves 4–10 times the energy 
density than that of water. These findings underscore the thermody
namic benefits of CO2, particularly in low Péclet number scenarios 
where its enhanced heat transfer properties play a crucial role. Fig. 7
also reveals that, as the growth of Tcutoff, the thermal performances of 
CO2 become significantly different from those of H2O. The increase of 

Fig. 6. Comparative thermal performance results of sCO2 (black) and H2O (red) in the GEP system, respectively for low Péclet number (Pe∈[1,20]), intermediate 
Péclet number (Pe ∈ [20,100]), high Péclet number (Pe∈[100,1000]). The left three diagrams show the relationship of heat extraction rate (q) over time, and the right 
three diagrams show temperature at outlet (Tout) change over time.
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Tcutoff contributes to the decrease of desired energy, meanwhile, it 
maintains the high η and system power within a short time.

3.3. Ragone plot evaluation on CO2 system combining Pareto front

For the purpose of finding optimal solutions for the Ragone plot in 
the marginal area, Pareto fronts are introduced with various fitting 
functions. In Fig. 8, the potential extracted energy and maximum power 
could be acquired via the intersections of the x-axis and y-axis, 

respectively. With the growth of Tcutoff, both potential energy and the 
maximum power will accordingly increase. To control bias, curve fit
tings for Ragone plots are also carried out from the superellipse form. 
Similar trends of E0, q0 between the two groups are evident despite the 
differences among actual magnitudes.

Table 7 summarises data sets of E0,q0 collected from superellipse 
fitting function. The results of the correlational analysis on fitting 
function could be summarised that the larger potential energy will 
accordingly obtain a smaller maximum power. This observation could 
conceivably support the hypothesis of Pareto fronts that any increases in 
one objective will cost the other decrease in a multi-objective scenario.

4. Conclusions

This study on GEPs is numerically investigated by FEM, with the 
main aims: (1) to examine the data accuracy of the utilisation of CO2 in 
the supercritical state as HTF, and (2) to assess the comparable heat 
exchange performance between water and CO2 inside GEPs. The insights 
gained from this study are summarised below: 

Fig. 7. Ragone plot for the GEP using CO2 and water (corresponding to black and red curves) as geothermal fluids with different cutoff temperatures: (a) Tcutoff = 8.0 
◦C, (b) Tcutoff = 10. 0 ◦C, (c) Tcutoff = 12.0 ◦C. The blue arrow indicates the direction of increasing inflow Péclet number for each specific line.

Fig. 8. Ragone plot for the GEP using CO2 as geothermal fluids with Pareto 
fronts employing superellipse curve fitting.

Table 7 
Estimated maximum potential energy, E0, maximum heat exchange rate, q0, and 
the coefficient of determination R2 under curve fitting function in several cutoff 
temperatures.

Tcutoff (◦C) E0 (J) q0 (W) R2

6 2.85 × 108 3.63 × 104 0.827
8 2.67 × 108 2.04 × 104 0.875
10 2.41 × 108 1.27 × 104 0.906
12 1.31 × 108 8.95 × 103 0.944
14 1.18 × 108 3.41 × 103 0.994
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• Ensuring appropriate systems, support for the sCO2 database should 
be a priority. As reliable predictors in heat transfer, the fluid tem
perature, Tf, and heat transfer coefficient, h, show the same trend and 
similar magnitude as the experimental study. The model reliability 
study suggests that the accurate heat transfer model could be ach
ieved through the sCO2 dataset.

• For the comparison study, the coaxial-shaped GEPs circulated by CO2 
and water are investigated under similar Péclet numbers. The 
investigation identified that CO2 has a better heat exchange perfor
mance than water in the GEP, where CO2 GEP could provide 4 times 
the power efficiency and 10 times the energy density than that of 
water under the certain operating condition.

• The view of the Péclet number proves instructive in expanding the 
understanding of how the HTF will influence the thermal perfor
mance of GEP. Also, the Ragone plot emerges as a reliable predictor 
of system overall heat exchange performance.

The model validation clearly supports the employment of sCO2 on 
heat exchange performance. Then, the results of this research provide 
insights for sCO2 feasibility as HTF in the GEP. The findings of this study 
reveal that sCO2’s exceptional thermal properties, such as higher energy 
density and heat transfer efficiency, position it as an optimal HTF for 
geothermal energy piles in compact or high-energy-demand environ
ments. However, water remains a practical and cost-effective alternative 
for regions with milder climates or applications with lower operational 
pressures. By tailoring HTF selection to site-specific climatic and 
geological conditions, feasibility research on GEP systems for local re
gion can be considered and this insight provides a framework for opti
mizing GEP designs, operational efficiency in a wide range of real-world 
scenarios.
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