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ABSTRACT 

This paper studied the hydrothermal behavior of 

unsaturated soils as surrounding media for the shallow 

installed Borehole Heat Exchanger (BHE). Under 

seasonal environmental solicitations on the soil surface, 

the soil hydrothermal properties vary with time and 

space in the shallow zone. Appropriate models for 

hydrothermal transfer in porous media were 

implemented in the numerical framework to investigate 

the performance of a heat pump coupled with the BHE 

considering different surrounding soils (clay, sandy 

loam and sand). The results showed that soil thermal 

properties vary in different soils due to their unique 

water retaining capabilities, resulting to the different 

performance of the BHE. It was concluded that the 

BHE installed in sand and sandy loam had a better 

performance than that installed in clay. However, the 

BHE installed in sandy loam and sand had insignificant 

difference of performance between each other.  

1. INTRODUCTION  

Geothermal energy is a clean and environmental-

friendly energy. According to Saner et al. (2010), using 

borehole heat exchanger (BHE) instead of methane 

furnaces decreases the CO2 emissions by up to 84%. 

Advantages of BHE also include an elevated level of 

comfort (low noise) and low running cost (Bandos et al., 

2009). However, the installation cost of BHE is more 

compared with conventional heat exchangers. Recently, 

the focus is in on the optimization of the system to save 

energy (Zhang et al, 2016).  

Right now, there are mainly two usages of geothermal 

energy, to generate electricity and to provide heat. The 

depth of a geothermal well should be long enough to 

generate electricity. While it is much easier to provide 

heat with less depth (20 - 300 m). Radioti et al. (2017) 

have reported that short BHEs (length < 40 m) are 

economically advantageous compared to long BHEs in 

urban areas. Compared with Horizontal Ground Heat 

Exchanger (HGHE), BHE is more popular because it 

has less space requirement. Moreover, it is less 

influenced by the seasonal temperature fluctuations 

(Florides et al., 2007; Molina-Giraldo et al., 2011; Hu, 

2017). Sanner et al. (2003) have specified that vertical 

BHE shows better performance and energy efficiency 

than HGHE. Compared to a closed-loop system, the 

open-loop system has a higher energy yield, while they 

have a higher environmental risk due to the water 

pollution (Cui et al., 2016). For shallow boreholes, the 

most often used closed-loop pipe type is U-tube (Sliwa 

and Rosen. 2015).  

Although there are a lot of studies on BHE treating their 

experimental aspects, their analytical solutions and 

their numerical modeling validations, few studies have 

considered the hydrothermal variations in the 

unsaturated soils. The soil surface is influenced not 

only by the seasonal temperature variations but also 

periodical hydraulic solicitations (or suction variations). 

The suction has the advantage to represent the water 

flow in the horizontal direction. In addition, the suction 

range is known based on the existing field 

measurements and laboratory tests.  

It has been recognized in the literature that the thermal 

properties are sensitive to water content (Abu-Hamdeh, 

2000). The seasonal suction variations modify the 

water content and consequently the soil thermal 

properties (Hydrothermal coupling). Although the 

depth of moisture variations is around 1.5 m to 2.0 m, 

the temperature variations can reach around 10 m 

below surface. Rivera et al. (2015) report that the 

ground surface supplies up to 35% of the energy for a 

BHE. Mikhaylova et al. (2016) and Hein et al. (2016) 

report that BHE depth is significantly influenced by the 

thermal conductivity of surrounding soil. Zhang et al. 

(2015) indicate that the soil thermal properties have a 

close relationship with the temperature around a BHE.  

There are mainly three computational methods in 

studying BHE: analytical method (Zeng et al, 2003; 

Rivera et al., 2015; Li et al., 2012; Javed and Spitler, 

2017), semi-analytical method (Claesson and Eskilson, 

1988), and numerical method (Lee and Lam, 2008; Liu, 

et al., 2019). Analytical models are mostly based on 

Kelvin's point source theory. For the infinite cylindrical 

and line source model, points are assumed along a line 

in a domain, and the constant heat load is assumed. 

They are solved analytically by using Laplace 

transformation, Bessel equation, etc. The finite line 

source model presumes the domain as a semi-infinite 

domain (Carslaw and Jaeger, 1959). By employing the 

finite line source method, Claesson and Eskilson (1988) 

have developed a dimensionless G-function, which is a 

combination of the analytical and numerical method. 

After that, many models have been developed, 

including a short-time response model (Larmarche and 
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Beauchamp, 2007) and a transient analytical model 

using spectral analysis (Al-Khoury, 2010). The 

analytical and semi-analytical methods are time-saving 

and simplified computation methods based on 

assumptions on soil layers, boundaries, etc. (Al-Khoury 

et al., 2005). Moreover, most of the analytical models 

ignore the hydrothermal variations in soil. Bidarmaghz 

et al. (2016) conclude that a depth reduction of 11% can 

be saved for a 30 m BHE considering the surface 

thermal recharge. Conventionally, the analytical 

models ignore the heat transfer in the axial direction. 

Marcotte (2011) declares that borehole length is 15% 

shorter when axial conduction effects are considered.  

In this context, a finite element model (FEM) has been 

built to distinguish the influence of soil media on the 

performance of a shallow installed BHE by considering 

the unsaturated soil behavior. The model regarded the 

pipe and its carrying fluid as a 1d material, while the 

grout and the surrounding soils were considered as a 3D 

material. 

2. EQUATIONS USED IN THE MODEL 

The model contained the following parts: the water 

transfer in unsaturated soils, the soil thermal properties, 

the heat transfer in the pipe, the heat transfer in concrete 

(grout), the heat transfer in porous media, as well the 

approach to investigating the performance of heat pump. 

2.1 Water transfer equation in unsaturated soil 

Water in porous media is regarded to be incompressible 

and there is no mass transfer of soil particles. The water 

vapor was not considered since it was not significant in 

our calculations.  

The Darcy velocity in unsaturated soils is given as: 

( )
r p k

k H H D= −    + +u K                                      [1] 

where, K is hydraulic conductivity (m/s) of porous 

media, kr is relative hydraulic conductivity, Hp is water 

potential or suction head (m), Hk is the kinetic head (m), 

D is elevation head (m). In our model, the kinetic head 

was very small and was ignored. Mualem equation 

(1976) was used for the calculation of relative hydraulic 

conductivity kr: 
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where, m is defined as: 

1 1 /m n= −                                                                       [3] 

and the relative saturation Se is computed as: 
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In the above equations, l is pore conductivity parameter, 

n and m are constant parameters, θs and θr are saturated 

volumetric water content and residual volumetric water 

content. 

van Genucheten (1980) equation is used for the 

calculation of suction and relative saturation: 

1 1/
              0

                                       

1

1

1   0

pn

p

n

pe

H

H

HS 
−



=



+



  




                            [5] 

where, α (m-1) is Van Genucheten parameter. 

Richards equation (1931) is applied to calculate the 

variation of water potential with time and space, 

expressed as: 
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where, C is specific moisture capacity representing the 

amount of water that the soil can hold at a specific 

suction (1/m).  

2.2 Soil thermal properties 

In this investigation, the approach proposed by 

Nowamooz et al. (2015) for the thermal conductivity is 

used in the numerical simulation model: 

sat
= ) k
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In the above equations, Sr is the soil saturation; xs is the 

gravimetric sand content; γd is the soil dry density 

multiplied by gravity (kN.m-3), κ is the particle factor 

proportional to sand content. 

Tang and Nowamooz model (2018) is used to obtain 

soil volumetric heat capacity: 

( ) S
v sat dry r dry

C C C C= − +                                            [11] 

with the dry and saturated volumetric heat capacity Cdry 

and Csat expressed as: 

1.2 0.5
dry d s

C x= −                                                     [12] 

4.18 0.05 0.75
sat d s

C x= − −                                    [13] 

where, ρd is dry density (g.cm-3). 
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2.3 Heat transfer in pipe 

The 1D heat transfer in the pipe includes its wall layer, 

its internal film, and the carrying incompressible fluid. 

The Energy balance in U-tube can be then represented 

in the following form: 

2
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where, ρf is the fluid density (kg/m3), A is the pipe 

cross-sectional area (m2), Cp-f is the fluid specific heat 

capacity (J/(kg.K)), Tf is the fluid temperature, uf is the 

flowing velocity of fluid (m/s), kf is the fluid thermal 

conductivity W/(m.K), fD is the Darcy friction factor, dh 

is the hydraulic diameter (m), Qf represents the heat 

source (W/m), Qfilm-f indicates the energy absorbed 

(extracted) through internal film (W/m). 

The energy transfer by convection is: 
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The energy difference between outside and inside layer 

is:  
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where, L is the pipe length, rout and rin are the outside 

and inside radius of pipe, Tc is the temperature of 

exterior wall layer. 

2.4 Heat transfer in grout 

Heat transfer in the grout (concrete) is presumed by the 

conduction. The energy transfer equation regarding the 

surrounding concrete lining is: 
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g
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where, ρg, Cp-g, Tg, kg are respectively the density 

(kg/m3), heat capacity (J/(kg.K)), temperature (K), and 

thermal conductivity (W/(m.K)) of the concrete lining, 

Qg is the heat source (W/m3). 

2.5 Heat transfer in porous soil 

Heat balance equation in soil can be represented by: 
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where, ρs is the soil density (kg/m3), Ts is temperature, 

t is time, ks is the soil thermal conductivity (w/(m.K)), 

Cs is the soil heat capacity (J/(kg.K)), ρf is the fluid 

density in soil (kg/m3), A is the cross-sectional area of 

water flow (m2), Cp-f is the fluid heat capacity (J/(kg.K)), 

uf is the fluid velocity in soil (m/s), Qs is the heat source 

(W/m3).  

2.6 Approaches to investigating heat pump 

Coefficient of Performance (COP) and Total 

Extracted Energy (TEE) 

For the heating process, many researchers (Hein et al., 

2016; Shao et al., 2016; Casasso et al., 2014; Sanner et 

al., 2003) have pointed out that the heat pump COP can 

be treated as a linear function of the outlet temperature: 

out
COP aT b= +                                                              [20] 

The coefficients a and b are taken 0.1452 (°C-1) and 

4.0298 respectively (Glen Dimplex Deutschland 

GmbH, 2016). 

The following equation is used for the TEE in the 

numerical simulations: 

( )
Q

p f out in

t

ext

f f

d

A C T T
d

u
−

= −                                        [21] 

where, Qext represents extracted energy (J), t is time (s), 

A indicates the sectional area of U-tube (m2), ρf is fluid 

density (kg/m3), uf is fluid velocity (m/s), Cp-f is fluid 

specific capacity (J/(kg.K)). 

3 MODEL DESCRIPTIONS 

In this part, the geometry mesh, the necessary 

parameters, the hydrothermal conditions applied on the 

top and bottom boundaries, the initial hydrothermal 

profile of the surrounding soils, and the operation 

options of the BHE were described for the numerical 

simulations. 

3.1 Model geometry and mesh 

The studied model was supposed to be a 3D model with 

a side length of 30 m and a depth of 100 m (Figure 1-

a). The height was constituted of two parts: 30 m of 

soils on the top and 70 m of claystone (bedrock) on the 

bottom. The grout surrounding the single U-tube was 

supposed to be with a height of 25 m and the U-tube 

was with the depth of 20 m. The diameter of borehole 

was 0.14 m. Inside the borehole, the U-tube was 

symmetrically installed. The inner and outer diameter 

of U-pipe was 2.2 cm and 2.5 cm. The mesh used in the 

numerical simulations was also presented in Figure 1-

b. 
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Figure 1: (a) Schematic geometry for BHE and its 

surrounding soil; (b) mesh used in the 

numerical modelling. 

3.2 Parameters used in the numerical simulations 

Three typical soils (sand, sandy loam and clay) were 

considered in this study. Table 1 summarized the main 

hydrothermal properties of the soils surrounding the 

BHE. Where, ρs was the specific soil density. 

A pure water was chosen as the carrying fluid since no 

negative temperature was considered in the simulations. 

The U-tube was a high-density polyethylene pipe 

(HDPE) with a high durability and strength (Florides et 

al., 2007). Grout was used as a surrounding material of 

the U-pipe. 

3.3 Initial hydrothermal boundary conditions 

Seasonal suction and temperature conditions were only 

imposed on the soils surface (Dirichlet boundary) for a 

period of 365 days (1 year). A mild climate for thermal 

condition and a grass field for the hydraulic condition 

were respectively applied with the following equations. 

 -30 sin(pi/365 ) 1= t -
top

T                                                [22] 

 99 sin(pi/365 t)-1 +0.01(M. P1 a)
top

S =  −                   [23] 

No water and heat flow (out or in) was imposed to the 

left, right and bottom boundaries. The temperature 

gradient on the bottom of geometry was taken equal to 

0 °C/m. 

3.4 Initial hydrothermal profiles 

An equilibrium method (Tang and Nowamooz, 2018) 

has been used to obtain the initial hydrothermal profiles. 

After several cycles, an equilibrium stage could be 

reached with the negligible difference in the suction or 

temperature profiles for the last final cycles. This 

hydrothermal equilibrium stage was used as the initial 

profile in this work. The initial suction profile for a 

grass field and the initial temperature profile for a mild 

climate condition were shown in Figure 2. 

 

 

Figure 2: Initial hydrothermal profiles: (a) initial 

suction (Pa); (b): initial temperature (°C). 

3.5 Operation options 

When the temperature on the top surface was lower 

than 10°C, the BHE would start working. On the 

contrary, when the temperature on the top surface was 

higher than 10 °C, the BHE would stop working. 

According to the imposed meteorological conditions on 

the soil surface (equation [22]), BHE operated for 196 

days per year for Ton=10 °C. 

4 Numerical simulation results 

As the numerical simulation framework has been 

validated in literatures (Tang and Nowamooz, 2018; 

Tang and Nowamooz, 2019), the numerical simulation 
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results concerning current investigation would be 

brought out followingly. 

4.1 Variation of hydrothermal properties with time 

and space for sandy loam soil 

With the seasonal hydraulic conditions imposed on the 

top surface, the soil suction changed with time and 

space according to Darcy equation, Richards equation 

(1931), Mualem equation (1976), and van Genucheten 

equation (1980) (Figure 3).  

By using equations [7-10] and [11,12,13], the seasonal 

variations of the soil thermal conductivity and the soil 

volumetric heat capacity can be estimated with time 

and space.  

 

Figure 3: Hydrothermal properties in porous media: 

(a) suction; (b) volumetric water content; (c) soil 

thermal conductivity; (d) soil volumetric heat 

capacity. 

4.2 Influence of the 3 soil types on heat pump COP 

Three different soils were studied in this part: sand, 

loamy sand and clay. Figure 4 showed the variation of 

the thermal conductivity of the different soil with time 

and space. The thermal conductivity of sand had the 

largest variation while that of clay had the least 

variation. In saturated condition, the sand had the 

biggest thermal conductivity. 

By analyzing the variation of the soil thermal 

conductivity after 3 and 6 months (Figure 5), we found 

that the thermal conductivity of sandy loam and sand 

was higher than that of clay soil in the saturated and 

unsaturated zones. Sand had the greatest thermal 

conductivity in the saturated zone and the thermal 

conductivity for sandy loam was the greatest in the 

unsaturated zone. 

 

 

Figure 5: Thermal conductivity for 3 soils with time: 

(a) 3 months; (b) 6 months. 

TEE and the heat pump COP of BHE installed in three 

different soils were exploited during 1 year (Figure 6). 

It could be concluded that the extracted TEE for sandy 

loam soil and sand was 12.8% and 12.4% more energy 

than that of clay (Figure 6-a). With the decrease of the 

surface temperature during the cold seasons, the COP 

at first decreased dramatically and it reached its 

minimum value after 222 days (Figure 6-b). Then, it 

increased with the increase of the surface temperature. 

In the sand and sandy loam, the COP values were very 

close (negligible difference), and higher than those of 

clay. 
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Figure 6: The operation of the BHE after one year 

for three soils: (a) TEE; (b) heat pump COP.  

5 CONCLUSION 

In this work, unsaturated soils were chosen as the 

surrounding medias for BHE. Appropriate models for 

the soil water retention curve, the soil thermal 

conductivity and the volumetric heat capacity were 

implemented simultaneously in the numerical 

framework. The initial suction and temperature value 

with depth were deliberately chosen to be in an 

equilibrium state.  

It was found that the variation of temperature profile 

and water content corresponded to the existing 

analytical solution. BHE performance considering 

geotechnical condition was investigated in the 

numerical modelling. It was concluded that the BHE 

installed in sand and sandy loam extracted 12.4% and 

12.8% more energy than that in clay. While there was 

negligible performance for the BHE installed in sandy 

loam and sand.  

The investigation has provided a view for how soil 

properties can change soil thermal properties in 

different soils, and thus affect the BHE performance. 

The investigation furthermore helps to understand 

better the technical mechanism for BHE installed in 

soils. 

 

 

Table 1 Hydrothermal properties of the studied soils 

Material χs K (m/s) l α (m-1) n θs θr ρs (g/cm3) ρd (g/cm3) 

Sand 0.9 1.03E-4 0.5 4.30 1.520 0.366 0.025 2.59 1.64 

Sandy loam 0.6 4.42E-6 0.5 2.49 1.17 0.392 0.01 2.69 1.64 

Clay 0.2 1.44E-6 0.5 1.98 1.086 0.481 0.010 2.80 1.45 

 

 

Figure 4: The thermal conductivity of three soils with time: (a) sand; (b) sandy loam; (c) clay. 
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