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Highlights 1 

• A λ ratio (= water level/U-pipe length) is defined for the Thermal Response Tests. 2 

• The testing time, λ ratio and U-pipe length affect the Thermal Response Test results. 3 

• The effective soil thermal conductivity varies linearly with the λ ratio. 4 

• The soil thermal conductivity varies with the pipe length in a polynomial (2nd degree) form. 5 

• An analytical solution is proposed for the effective soil thermal conductivity. 6 
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Abstract  1 

Thermal Response Test (TRT) is commonly conducted in geothermal projects to determine 2 

the effective ground thermal conductivity. However, the tests are hardly conducted in small or 3 

medium projects due to its considerable costs. Moreover, these projects are more likely to be 4 

influenced by the environmental conditions (climate and groundwater level) due to the 5 

shallow installation depth of the Borehole Heat Exchangers (BHEs). The objective of this 6 

investigation is to find an alternative approach for the estimation of the field effective soil 7 

thermal conductivity by considering various testing times, field conditions and U-pipe 8 

lengths. To reach this objective, a numerical framework is initially validated by the in-situ 9 

measurements. Then, it is used to simulate the TRTs conducted in clay, sandy loam and sand 10 

during the hottest day(s) of a year in summer and the coldest day(s) of a year in winter with 11 

various U-pipe lengths and groundwater levels. The results show that there is a higher 12 

effective soil thermal conductivity in winter than in summer while this difference becomes 13 

less significant for the U-pipes longer than 30 m. Among the studied soils, clay has the least 14 

effective thermal conductivity. Sandy loam shows a higher effective thermal conductivity than 15 

sand especially in the short U-pipes. The effective soil thermal conductivity varies linearly 16 

with a newly defined λ ratio (the water level depth divided by the U-pipe length). It also 17 

varies with the U-pipe length in a polynomial form (2nd degree). Finally, an analytical 18 

approach is proposed to estimate the effective soil thermal conductivity. The approach is 19 

validated by 6 in-situ measurements. The capacity of the approach is also evaluated by a 20 

regional multi-layered field. 21 

Keywords 22 

Analytical approach; Borehole Heat Exchanger; Effective soil thermal conductivity; Field 23 

condition; Testing time; Thermal Response Test; U-pipe length. 24 
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Nomenclature 

 

  

u velocity, m.s-1 

A U-pipe cross-sectional area, m2 xs sand content 

Cp specific heat capacity, J.kg-1.K-1 z depth beneath land surface, m 

Cv volumetric heat capacity, J.m-3.K-1 zu depth of unsaturated zone, m 

dh U-pipe inner diameter, m zU-pipe U-pipe length, m 

fD Darcy friction factor   

Hp water potential or suction head, m Greek symbols 

K hydraulic conductivity, m.s-1 α independent parameter, m-1 

k thermal conductivity, W.m-1.K-1 γd soil dry unit weights, kN.m-3 

l pore connectivity parameter γs soil specific unit weights, kN.m-3 

L borehole length, m ε difference, % 

m index θ volumetric water content 

n independent parameter ρ density, kg.m-3 

q heat extraction rate, W. m-1   

Q energy source, W.m-3 Subscripts 

Qp energy source in pipe flow, W.m-1 b borehole 

r 
distance between borehole center and 
surrounding medium, m 

eff effective 

Rb borehole thermal resistance, K.m.W-1 f fluid 

Se relative saturation inlet inlet node of U-pipe 

Sr saturation of soil outlet  outlet node of U-pipe 

t time, s res residual 

T temperature, °C s soil 

T0 initial temperature, °C sat saturated 
 1 

1 Introduction 2 

Geothermal energy is clean, efficient, sustainable [1], and can be accessed all over the world. 3 

Ground Source Heat Pump (GSHP) is a traditional approach to exploit geothermal energy, and 4 

Thermal Response Test (TRT) is popularly conducted during the design stage of a GSHP to 5 

mainly decide the effective ground thermal conductivity and the borehole thermal resistance. 6 

TRT has firstly been proposed by Mogensen in 1983 [2]. The first mobile measurement 7 

devices are introduced in Sweden [3] and then in the USA [4]. Since then, the test approach 8 

has spread rapidly and is available in about 40 countries worldwide [5,6].  9 
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In a conventional TRT, a constant power input is applied to soil with a continuous water flow 1 

during 2 or 3 days [7,8], and the inlet/outlet fluid temperatures are continuously measured to 2 

determine bulk thermal properties over the borehole length [9,10]. 3 

Although the fiber-optic Distributed Temperature Sensing (DTS) [11,12] is available now to 4 

characterize the vertical thermophysical properties, the traditional TRT has not lost its 5 

popularity. The TRT provides an average depth of the ground, indicating that the ground 6 

heterogeneity and anisotropy can be ignored [13]. Fig. 1 shows a TRT performed in a multi-7 

layered field and its corresponding effective thermal conductivity. By comparing two models 8 

with homogeneous and stratified subsurface layers, Luo et al. [14] found that there was no 9 

significant difference between the fluid outlet temperatures in both models. After conducting 10 

the in-situ experiments for a heterogeneous rock, Radioti et al. [13] employed the measured 11 

effective ground thermal conductivity in their numerical framework and concluded that the 12 

bedrock heterogeneity was not critical in the Borehole Heat Exchanger (BHE) simulations. 13 

Claesson and Eskilson [15] found also that the temperatures in the heat extraction mode were 14 

not different in homogeneous and stratified grounds. 15 

 16 

Fig. 1 Schematic diagram for TRT and test results. 17 
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The traditional method to analyze the TRT results is the Infinite Line Source Model (ILSM) 1 

[16], and the ground temperature variation (ΔT) at a given time (t) and distance (r) can be 2 

expressed as: 3 

2
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     0.5772 ln

4 4 !

v s

s s
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                         (1) 4 

where, T0 is initial ground temperature (°C), Ei is the integral exponential function, q is the 5 

heat per unit length of the line heat source (W.m-1), ks is the soil thermal conductivity (W.m-6 

1.K-1), Cv-s is the soil volumetric heat capacity (J.m-3.K-1), m is the index number, and 0.5772 7 

is the Euler constant. When t is sufficiently large and Cv-sr2/(4kst) is sufficiently small (less 8 

than 0.05) [17], the above equation can be approximated as: 9 

2

0( , ) ln( ) ln 0.5772
4 4 4

v s

s s s

C rq q
T T r t T t

k k kπ π
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                            (2) 10 

The borehole thermal resistance can be defined as: 11 

( , )f b
b

T T r t
R

q

−=                                                               (3) 12 

where, rb is the borehole radius (m). 13 

Therefore, the average fluid temperature can be obtained: 14 

2

0( , ) ln( ) ln 0.5772
4 4 4

v s b
f b b b

s s s

C rq q
T T r t qR t qR T

k k kπ π
− 

= + = − + + + 
 

                  (4) 15 

where, the average fluid temperature is conventionally defined as the mean value of the 16 

carrying fluid inlet and outlet temperature ((Tinlet+Toutlet)/2). In the right part of the above 17 

equation, only the first term is variable with time and the other terms remain constant. 18 
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Therefore, the effective soil thermal conductivity can be estimated after the stabilization of the 1 

fluid temperature with the natural logarithm of time: 2 

ln( )

4s
f

q t
k

Tπ
∆= ⋅
∆

                                                              (5) 3 

Due to the simplicity and reliability of ILSM, it has been adopted into many investigations. 4 

Lee et al. [18] used the method to analyze the TRT results of an in-situ Standing Column Well 5 

(SCW) geothermal heat exchanger. Luo et al. [19] applied the method to 17 in-situ TRTs with 6 

specific configurations and ground conditions in Wuhan (China). Radioti et al. [13] used 7 

ILSM to get the effective ground thermal conductivity of 4 sites on the campus of the 8 

University of Liege (Belgium). Zhou et al. [20] used ILSM to analyze in-situ TRTs conducted 9 

in Donghua University (China). Spitler et al. [21] conducted 5 TRTs on the campus of 10 

Chalmers University of Technology (Sweden) and ILSM was used to estimate the thermal 11 

resistance of groundwater-filled boreholes in both heat extraction and injection modes.  12 

Groundwater level affects the effective soil thermal conductivity obtained from the TRTs. The 13 

groundwater level divides the soil into saturated and unsaturated zones. The saturated zone 14 

has normally a higher soil thermal conductivity. In the unsaturated zone, the soil thermal 15 

conductivity is largely dependent on field geology and suction/water content profiles [22,23]. 16 

Luo et al. [24] conducted six TRTs at two sites in a loess deposit with different groundwater 17 

levels and they found that the effective ground thermal conductivity increased remarkably 18 

with the increase of groundwater level, indicating that the effective thermal conductivity of 19 

the ground increased from 1.64 W.m-1.K-1 to 2.07 W.m-1.K-1 when the groundwater level 20 

changed from 35 m to 10 m. By conducting TRTs for a BHE in a karstic aquifer field, Smith 21 

et al. [25] identified the significant influence of the water table on the effectiveness of the 22 

system. They suggested that TRTs should be conducted multiple times to better characterize 23 
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the saturated zone.  1 

In practice, the annual temperature fluctuation on the land surface influences the ground 2 

temperature up to 10 m below land surface [26]. Thus, seasonal land surface hydrothermal 3 

fluctuation also influences the TRT results [27]. 4 

Few studies have considered the variations of water level and seasonal temperature on the 5 

TRT [28] and further studies are still necessary for the seasonal climate changes in shallow 6 

depths. In this context, a Finite Element Method (FEM) is adopted to simulate the TRT during 7 

the hottest day(s) of a year in summer and during the coldest day(s) of a year in winter. The 8 

investigated soils are constituted of unsaturated and saturated zones, where the thermal 9 

properties in the saturated zone are constant and the soil thermal properties in the unsaturated 10 

zone are decided by the soil hydraulic profile.  11 

Another objective of this study is to find an alternative approach to estimate the effective soil 12 

thermal conductivity since TRT is not conducted in some small or medium projects due to its 13 

relatively high capital investment. For example, a TRT for a borehole with a depth between 14 

100 and 120 m can cost between 3000 and 5000 £ in England [29]. In these cases, the ground 15 

thermal conductivity normally relies on the known results of TRTs performed in nearby 16 

locations [30]. By analyzing the different cases in the numerical simulations, a new analytical 17 

approach is also proposed for the estimation of the effective soil thermal conductivity in BHE 18 

allpications.  19 

2 Governing equations of the numerical framework 20 

A FEM is employed in this paper to simulate TRTs. The same numerical framework has been 21 

used in our previous papers [26,31]. The principal equations of this framework are 22 

summarized in Table 1. Although there is a small impact of Darcy friction and heat 23 
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conduction of carrying fluid on the current TRT results (less than 0.5%), they are also taken 1 

into account in equation (12) by respecting the energy balance equation.  2 

Table 1 Governing equations of the numerical framework [26] 3 

Physics Governing equation * 

Hydrothermal fluctuation in soil 
(used for deriving initial soil 

hydrothermal profiles) 

1 1/
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(4.18 0.095 0.3 )S 0.09 0.2
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Energy balance in soil ( )
s p s s

s
s s

T
C k T Q

t
ρ −

∂
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∂
                                                                 (11) 

Energy balance in pipe 
2

2
f p f f p f D f f p

h

f f

f f f f

T A
A C A C T Ak T f Q

t d

ρ
ρ ρ− −

∂
+ ⋅ ∇ = ∇ ⋅ ∇ + +

∂
u u u (12) 

*Se: relative saturation; α: independent parameter, m-1; Hp: water potential or suction head, m; n: independent 4 
parameter; θ: volumetric water content; θsat: saturated volumetric water content; θres: residual volumetric water 5 
content; Sr: saturation of soil; xs: sand content; γd: soil dry unit weights, kN.m-3; Cv-s: soil volumetric heat 6 
capacity, J.m-3.K-1; ρs: soil density, kg.m-3; Cp-s: soil specific heat capacity, J.kg-1.K-1; Ts: soil temperature, °C; t: 7 
time, s; Qs: soil energy source, W.m-3; A: U-pipe cross-sectional area, m2; ρf: carrying fluid density, kg.m-3; Cp-f: 8 
carrying fluid specific heat capacity, J.kg-1.K-1; Tf: carrying fluid temperature, °C; uf: velocity, m.s-1; fD: Darcy 9 
friction factor; dh: U-pipe inner diameter, m; Qp: energy source in pipe flow, W.m-1. 10 

3 Validation of the numerical framework for the TRTs 11 

In-situ TRTs conducted at the Chiba Experimental Station at the University of Tokyo (Japan) 12 

[32] are used to evaluate the capacity of the numerical framework. The water level is situated 13 

at a depth of 10 m and the U-pipe length is 50 m. The effective soil thermal conductivity of 14 

1.96 W.m-1.K-1 is employed in the model [32]. All the site parameters are reported in Table 2.  15 

Table 2 Input parameters of the simulated in-situ TRT in Tokyo (Japan) [27,32] 16 

Parameter, unit Value 

Carrying fluid density, kg.m-3 1000 

Carrying fluid specific heat capacity, J.kg-1.K-1 4200 

Carrying fluid thermal conductivity, W.m-1.K-1 0.6 

Carrying fluid velocity, m.s-1 0.53 

U-pipe type, - Single 
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U-pipe thickness, m 0.0034 

U-pipe inner diameter, m 0.0270 

U-pipe heat conductivity, W.m-1.K-1 0.38 

Borehole diameter, m 0.165 

Grout heat conductivity, W.m-1.K-1 1.43 [27] 

Grout volumetric heat capacity, MJ.m-3.K-1 1.9 [32] 

Shank spacing, m 0.05 

Effective soil thermal conductivity, W.m-1.K-1  1.96 

Soil volumetric heat capacity, MJ.m-3.K-1 2.5 

Initial temperature, °C  17 

Operation time, h 72 

Outlet temperature – inlet temperature, °C 1.673 

 1 

Fig. 2 shows the comparison between the in-situ measurements and the model predictions of 2 

the inlet/outlet fluid temperatures. The difference between the measurements and the 3 

predictions is presented by ε, given as: 4 

= 100%numerical in situ

numerical

T T

T
ε −−

×                                             (13) 5 

The comparisons show that the numerical framework is capable to predict well the inlet and 6 

outlet temperatures, particularly after 20 h. The difference is relatively large in the first 20 h. 7 

After this time, the difference becomes less than 1%.  8 

 9 

Fig. 2 Comparison between the in-situ measurements and the numerical simulations: the fluid inlet/outlet 10 

temperatures and their differences (ε).  11 
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However, the concept of TRTs is based on a homogenized one-layered soil but the ground is 1 

often stratified, and the thermal conductivity is then a function of depth: k = k (z). We use the 2 

following equation to obtain the equivalent thermal conductivity: 3 

1
( )

z L

z
k k z dz

L

+
= ∫                                                     (14) 4 

where, L is the length of the BHE (m), z is the starting depth where the BHE is installed (m). 5 

To further evaluate the capacity of our proposed numerical framework, TRTs are simulated for 6 

a BHE installed in Alsace region (France) [26] since we have access to an instrumented site in 7 

this region. Alsace has a semi-continental climate at low altitude and a continental climate at 8 

high altitude. At some parts of the region, the ground temperature gradient can reach 9 

0.1 °C.m-1. The lowest daily average ambient temperature at the test site is around 1 °C in 10 

winter and the highest daily average ambient temperature in summer is around 22 °C. The 11 

annual average ambient temperature at the test site is around 11.5 °C. Table 3 presents 6 12 

different soil layers and their thicknesses. The U-pipe is surrounded by grout and water is the 13 

carrying fluid. Further details about the field, the weather condition, the grout thermal 14 

properties, the U-pipe description, the physical properties of the carrying fluid and the U-pipe 15 

layout are given in our previous publication [26].  16 

Table 3 Six soil layers with their thicknesses at a site in Alsace region (France)  17 

Soil layer Soil category Thickness (m) 

1 Clay loam 0.1 

2 Sandy loam 1 1.0 

3 Loam 0.15 

4 Sandy loam 1 4.75 

5 Sandy loam 2 8.0 

6 Loam 11.0 

 18 
By using equation (14), the equivalent soil thermal conductivities are then obtained 1.659 and 19 

1.662 W.m-1.K-1 respectively in summer and winter. The heat injection rate is 60 W.m-1. Fig. 3 20 
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shows the comparison of the average fluid temperatures of the TRTs conducted in summer 1 

and winter for the stratified and its equivalent soil. It shows that the effect of the heterogeneity 2 

is not significant in our numerical approach and the equivalent thermal conductivity can 3 

provide correctly the effective thermal conductivity.  4 

 5 

       (a)                                                                           (b) 6 

Fig. 3 Comparison of the average carrying fluid temperatures for the stratified field and its equivalent soil in two 7 

seasons conducting TRTs: (a) summer and (b) winter. 8 

4 TRT simulation results  9 

In this section, the simulation results of the TRTs conducted in different scenarios are 10 

presented. 11 

4.1 Model description 12 

A 3D geometry with a length of 30 m, a width of 30 m and a depth of 100 m is used in the 13 

numerical simulations. The borehole diameter is 0.14 m. Inside the borehole, the single U-14 

tube is symmetrically positioned with a shank spacing of 0.05 m. The inner and outer 15 

diameters of U-pipe are respectively 2.2 and 2.7 cm.  16 

In practice, a BHE is conventionally surrounded by unsaturated and saturated soils, and the 17 

depth of the unsaturated zone varies with the water level. The soil thermal properties vary 18 

with time and space, particularly in the unsaturated zone. To better investigate the influence of 19 
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this unsaturated zone on the effective soil thermal conductivity, a λ ratio is introduced: 1 

u

U pipe

z

z
λ

−

=                                                                (15) 2 

where, zu is the depth of unsaturated zone/water level (m), zU-pipe denotes the U-pipe length 3 

(m). In the investigation, the λ ratio ranges between 0 to 1, indicating that the unsaturated 4 

zone does not exceed the U-pipe length. 5 

To have a more comprehensive investigation, 10 scenarios are considered by modifying either 6 

the U-pipe length or the water level. In this work, the U-pipe length is between 11.5 and 34.03 7 

m, the water level is between 8.45 and 15 m and the λ ratio is between 0.34 and 1. Table 4 8 

summarizes these scenarios with their corresponding λ ratios.  9 

Table 4 Summary of the 10 scenarios for 6 U-pipe lengths and 3 water levels 10 

Scenario U-pipe length zU-pipe (m) Water level zu (m) λ=zu/zU-pipe 

S1 

15 

8.45 0.56 

S2 11.5 0.77 

S3 15.0 1 

S4 20.42 
11.5 

0.56 

S5 11.5 1 

S6 

25 

8.45 0.34 

S7 11.5 0.46 

S8 15.0 0.6 

S9 34.03 
11.5 

0.34 

S10 19.17 0.6 

 11 

It is expected that the effective ground thermal conductivity ranges between a value obtained 12 

during the hottest day(s) of a year and a value obtained during the coldest day(s) of a year. 13 

Hot days of a year are supposed to be in summer and cold days of a year are in winter. Thus, 14 

summer and winter express these extreme conditions in our simulations. The daily average 15 

land surface temperatures for the hottest day(s) in summer and the coldest day(s) in winter are 16 

respectively considered 25 and 0 °C. The temperature profiles on the hottest and the coldest 17 

days are also presented in Fig. 4-a.  18 
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To explore the influence of the water level on the TRT, three water levels of 8.45 m, 11.5 m 1 

and 15.0 m are used for the different scenarios as mentioned in Table 4. The suction profiles 2 

of these 3 water levels in summer and winter are then presented in Fig. 4 b-d.  3 

 4 

(a)                                                                  (b) 5 

 6 

(c)                                                                  (d) 7 

Fig. 4 Initial hydrothermal profiles of the model for 2 seasons (winter & summer): (a) ground temperature; (b) 8 

suction profiles in scenarios S1 and S6; (c) suction profiles in scenarios S2, S4, S5, S7, S9 and S10; and (d) 9 

suction profiles in scenarios S3 and S8. 10 

The sand content is used in this work to represent the different field conditions since it affects 11 

directly the soil thermal properties in the numerical framework (equations (9) and (10)). Three 12 

typical soils with 20%, 60% and 90% of sand content, representing clay, sandy loam and sand 13 

are adopted to investigate the TRTs in the different geotechnical (field) conditions. Table 5 14 
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summaries the hydrothermal parameters necessary in equations (6) to (10) and their 1 

corresponding values for the 3 soils. The soil specific unit weights (γs) are also presented.  2 

Table 5 Hydrothermal properties of the studied soils 3 

Soil γd (kN.m-3) xs (-) K (m.s-1) l (-) α (m-1) n (-) θsat (-) θres (-) γs (kN.m-3) 

Clay 14.2 0.2 1.44E-6 0.5 1.98 1.086 0.481 0.010 27.4 

Sandy loam 16.1 0.6 4.42E-6 0.5 2.49 1.170 0.392 0.010 26.4 

Sand 16.1 0.9 1.03E-4 0.5 4.30 1.520 0.366 0.025 25.4 

 4 

The water retention curves and their corresponding soil thermal properties obtained from 5 

equations (9) and (10) for the studied soils are presented in Fig. 5. The variation of these 6 

thermal properties is presented with the degree of saturation (Fig. 5-b & c). As it is known, 7 

soil is conventionally made up of mineral particles (represented by sand content in this study), 8 

water and air. Water (with a thermal conductivity of 0.6 W.m-1.K-1) has a higher thermal 9 

conductivity than air (with a thermal conductivity of 0.026 W.m-1.K-1) and it acts as bridges to 10 

connect mineral particles together. The higher the water content, the higher the soil thermal 11 

conductivity (Fig. 5-b). A higher sand content results in a higher thermal conductivity (Fig. 5-12 

b). The volumetric heat capacity decreases inversely with the increase of the sand content 13 

(Fig. 5-c). 14 

 15 

     (a)                                                         (b)                                                        (c) 16 

Fig. 5 Hydrothermal properties of the 3 soils: (a) water retention curves; (b) thermal conductivity and (c) 17 
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volumetric heat capacity. 1 

By using the equations (9) and (10), and the initial suction profiles (presented in Fig. 4), the 2 

initial soil thermal properties can be obtained. Fig. 6 shows the initial thermal properties of 3 

the 3 soils at the water level of 8.45 m (scenarios S1 and S6) in summer and winter. In 4 

general, clay has the lowest thermal conductivity. Sand has the highest thermal conductivity in 5 

the saturated zone while sandy loam has the highest thermal conductivity in the unsaturated 6 

zone. Furthermore, clay has the highest volumetric heat capacity. 7 

 8 

    (a)                                                                          (b) 9 

Fig. 6 Initial thermal properties of the studied soils for a water level of 8.45 m (scenarios S1 and S6) in summer 10 

and winter: (a) thermal conductivity and (b) volumetric heat capacity. 11 

Water is selected as the circulating fluid in the U-pipe with the velocity of 0.5 m.s-1. The 12 

thermal conductivity of pipe is 0.5 W.m-1.K-1. The grout has a thermal conductivity of 2.5 13 

W.m-1.K-1, a density of 2500 kg.m-3 and a specific heat capacity of 800 J.kg-1.K-1.  14 

Due to a limited hydraulic velocity in clay and the water head difference in shallow BHEs, no 15 

groundwater flow is imposed in the numerical simulations.  16 

Conventional TRTs usually need a time between 48 and 72 hours [7,8]. Consequently, a 17 

period of 120 h is considered in our simulations to cover sufficiently this period.  18 

The heat injection process is only considered in our investigation, which is common in the 19 
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TRT practice. ASHRAE standards recommend a thermal load between 50 and 80 W.m-1 for a 1 

TRT [33,34]. Cai et al. [35] have experimentally conducted TRTs subjected to 3 heat loads 2 

and found that the heating power influenced less than 5% the ground thermal conductivity. 3 

Accordingly, a heat injection rate of 60 W.m-1 is chosen for the following TRT simulations. 4 

4.2 Numerical simulation results for carrying fluid temperature  5 

The carrying fluid temperatures are obtained for the 10 scenarios in clay, sandy loam and sand 6 

in summer and winter. Fig. 7 shows the variation of the mean carrying fluid temperature with 7 

the natural logarithm of time for clay and sand in summer and winter where Su, Wi, Cl and Sa 8 

stand respectively for summer, winter, clay and sand. The figure shows that the fluid 9 

temperature increases with time due to the heat accumulation in soil. Moreover, the fluid 10 

temperature is higher in summer than in winter, mainly due to a higher land surface 11 

temperature in summer. The fluid temperature of BHE installed in sand has a larger range of 12 

variation. The fluid temperature increases with the λ ratio in summer for all the studied soils. 13 

However, it decreases with the increase of λ ratio for some cases in clay and in winter: S4-Wi-14 

Cl, S5-Wi-Cl, S9-Wi-Cl and S10-Wi-Cl. The carrying fluid temperature in sand also increases 15 

with the λ ratio in all the scenarios. Since the TRT results in sandy loam show the same 16 

tendency observed in clay, these results are not presented in Fig. 7. In the next section, these 17 

results will be considered.  18 
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 1 

            (a) 2 
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 1 

          (b) 2 

Fig. 7 Mean carrying fluid temperature from TRTs in summer and winter for different soils: (a) clay and (b) sand. 3 

4.3 Numerical simulation results for the effective soil thermal conductivity 4 

The testing time, the soil, the λ ratio and the U-pipe length influence the fluid temperature, 5 

and consequently the effective soil thermal conductivity. The fluid temperature between 80 6 

and 120 h are eventually chosen to acquire the effective soil thermal conductivity by using 7 

equation (5), since the TRT reaches a steady state in this stage.  8 
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To better analyze the TRT results and explore the effect of λ ratio and U-pipe length on the 1 

results, the tests are divided into 2 groups as presented in Table 6. 2 

Table 6 Two proposed groups for a more comprehensive analysis of the TRTs 3 

Group Scenario Water table (m) U-pipe length (m) 

1 S1, S2, S3, S6, S7, S8 Variable 15 & 25 (Constant) 

2 S2, S4, S5, S7, S9, S10 11.5 (Constant) Variable 

 4 

Fig. 8 shows the variation of the effective thermal conductivity of clay, sandy loam and sand 5 

with the λ ratio and the U-pipe length in summer and winter for the two groups. The results of 6 

the second group are presented with both λ ratio and U-pipe length.  7 

The figure shows that the effective soil thermal conductivities obtained in winter are higher 8 

than those in summer (3.8% to 14.0% for clay, 5.8% to 24.3% for sandy loam, and 5.2% to 9 

17.9% for sand), and the largest difference exists for the shortest U-pipe. The phenomenon is 10 

due to a favorable heat transfer during the heat injection period in winter.  11 

The figure also shows that the effective soil thermal conductivity varies linearly with the λ 12 

ratio (Fig. 8 a-f) and it additionally varies in a (2nd degree) polynomial form with the U-pipe 13 

length (Fig. 8 g-i).  14 

Generally, clay has the smallest effective thermal conductivity among the 3 soils. Sand and 15 

sandy loam have a larger variation of the effective thermal conductivities than clay. Further, 16 

sandy loam has a greater effective thermal conductivity than sand in shallow U-pipes. The 17 

phenomenon can be explained by Fig. 6-a, where sandy loam has a higher thermal 18 

conductivity in its unsaturated zone. However, the advantage would diminish with the 19 

increase of the U-pipe length, since sand has a higher thermal conductivity in the saturated 20 

zone.  21 

In Group 1 with a variable water level, the decrease of the effective soil thermal conductivity 22 
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with the λ ratio is observed for all the soils (Fig. 8 a-c). In Group 2 with a variable U-pipe 1 

length, the same trend is observed for clay and sandy loam in summer while an increase of 2 

their effective thermal conductivity occurs during winter (Fig. 8-d & e). Fig. 8-f illustrates 3 

that the effective soil thermal conductivity of sand decreases with the λ ratio in summer and 4 

winter.  5 

Moreover, the difference between the effective thermal conductivity in summer and winter 6 

decreases with the increase of U-pipe length, and the decrease rate is stabilized for the lengths 7 

longer than 30 m (Fig. 8 g-i). It means that the testing time affects less the TRT results in long 8 

U-pipes. 9 

 10 

 11 

 12 

Fig. 8 Effective soil thermal conductivity variation of the 3 soils in summer and winter for group 1 with the λ 13 
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ratio (a to c) and for group 2 with the λ ratio (d to f) and the U-pipe length (g to i). 1 

5. An analytical approach for the effective soil thermal 2 

conductivity and its applications 3 

In this section, an analytical approach is first proposed and then applied to 6 in-situ 4 

measurements and a geothermal multi-layered field in Alsace region (France). 5 

5.1 The proposed analytical approach 6 

It has been obtained in the last section that the soil effective thermal conductivity varies 7 

linearly with the λ ratio (Fig. 8 a-f) and it varies with the U-pipe length in a polynomial form 8 

(Fig. 8 g-i). Fig. 8 g-i also show that the effective soil thermal conductivity is stabilized for 9 

the long U-pipes. This maximum U-pipe length in which the stabilization occurs is noted as 10 

Lmax (m).  11 

According to the results in the last section, the following solution is proposed to predict the 12 

effective soil thermal conductivity: 13 

( )

( )

2    1

                           1  
eff

a b c d

k

e b

λ χ χ χ

λ χ

+ ⋅ + ⋅ + ⋅ <
=

+ ⋅ ≥







                                  (16) 14 

where a (W.m-1.K-1), b (W.m-1.K-1), c (W.m-1.K-1), d (W.m-1.K-1) and e (W.m-1.K-1) are 15 

constant parameters. The λ ratio varies between 0 and 1. χ is another dimensionless factor, 16 

defined as:  17 

max

= U pipe
z

L
χ −                                                            (17) 18 

By fitting the results, all the parameters estimated in the two seasons for the 3 soils are 19 

summarized in Table 7. The table indicates that the proposed equation (16) considers 20 
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indirectly the soil saturation, its dry density, and its sand content since the coefficients vary 1 

with the soil type and the season. It also confirms that the λ ratio define reasonably the effect 2 

of the unsaturated zone on the effective thermal conductivity. 3 

Table 7 Fitted parameters of the proposed analytical solution (equation (16)) for the 3 soils in summer and winter  4 

Soil Season 
a  

(W.m-1.K-1) 
b  

(W.m-1.K-1) 
c  

(W.m-1.K-1) 
d  

(W.m-1.K-1) 
e 

(W.m-1.K-1)  
Lmax (m) 

Clay 
Summer 1.810 -0.2092 0.26134 -0.52295 1.549 30.6 

Winter 2.060 -0.1936 0.45347 -0.90740 1.606 34.9 

Sandy loam 
Summer 2.178 -0.273 0.25685 -0.51449 1.920 31.7 

Winter 3.028 -0.312 0.98515 -1.96840 2.045 30.4 

Sand 
Summer 2.354 -0.7261 0.29137 -0.58208 2.07 41.4 

Winter 3.154 -0.9278 0.90042 -1.80194 2.252 34.5 

 5 

As the sand content is the unique instinctive parameter distinguishing the three studied soils in 6 

this work, the relation between the fitted parameters with the sand content are also presented 7 

in Fig. 9. The figure shows that 3 parameters (a, b and e) increase/decrease constantly with the 8 

sand content. However, the other parameters (c, d and Lmax) do not follow a continuous trend 9 

(decrease or increase) with the sand content, which is due to the climate changes in shallow 10 

depths. When the U-pipe length is beyond Lmax, the corresponding parameters (b and e) 11 

increase/decrease constantly with the sand content. 12 
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 1 

Fig. 9 Variation of the fitted parameters for the proposed approach with the sand content in summer and winter: 2 

(a) parameter a; (b) parameter b; (c) parameter c; (d) parameter d; (e) parameter e and (f) parameter Lmax. 3 

The fitted curves of the proposed approach and the TRT simulation results are additionally 4 

shown in the 3D (effective thermal conductivity - λ ratio - U-pipe length) plane, presented in 5 

Fig. 10. The results show that the proposed approach predicts well the effective soil thermal 6 

conductivities with RMSE values less than 0.035 W.m-1.K-1.  7 

The Lmax values varying between 30 and 42 m confirm also the necessity of the proposed 8 

analytical solutions since the traditional TRTs are normally conducted for BHEs beyond 50 m 9 

and these TRTs are independent of the U-pipe length based on our calculations.  10 

 11 

-2.4

-2.1

-1.8

-1.5

-1.2

-0.9

-0.6

-0.3

0 0.2 0.4 0.6 0.8 1

d 
va

lu
e 

(W
.m

-1
.K

-1
)

Sand content

Summer Winter

(d)

1.5

1.6

1.7

1.8

1.9

2

2.1

2.2

2.3

0 0.2 0.4 0.6 0.8 1

e 
va

lu
e 

(W
.m

-1
.K

-1
)

Sand content

Summer Winter

(e)

25

27

29

31

33

35

37

39

41

43

0 0.2 0.4 0.6 0.8 1

L
m

ax
va

lu
e 

(m
)

Sand content

Summer Winter

(f)

(a) 
(c) 

(e) 



25 

 

 1 

Fig. 10 Fitted curves and the simulation results in the (effective thermal conductivity - λ ratio - U-pipe length) 2 

plane: (a) clay in summer; (b) clay in winter; (c) sandy loam in summer; (d) sandy loam in winter; (e) sand in 3 

summer and (f) sand in winter.  4 

5.2 The application of the proposed approach to the in-situ measurements 5 

The approach has been used to predict the effective soil thermal conductivity of 6 sites all 6 

around the world. As observed in Fig. 8 g-i, the effective soil thermal conductivity is less 7 

influenced by the testing time (winter or summer) when the U-pipe length exceeds Lmax. Since 8 

all these studies have a U-pipe length longer than 50 m, it is not necessary to estimate two 9 

different thermal conductivities in summer and winter as the difference will be less than 5.5%. 10 

Therefore, an average value of the effective soil thermal conductivity in summer and winter is 11 

estimated for the three soils (Table 8). The measured in-situ effective soil thermal 12 

conductivities are also reported in Table 8. The results show that the in-situ soil thermal 13 

conductivities for the 6 sites are between the smallest (clay keff) and the largest (sand keff) 14 

values, proving the capacity of the proposed approach.  15 

The proposed approach can be also used to approximate the geotechnical field condition by 16 

comparing the in-situ thermal conductivity with the predicted values for the different soils. 17 

For example, it can be declared that the Japanese soil in Choi and Ooka’s work [32] has a 18 

geotechnical texture between sand and sandy loam and the Cyprian soil in Florides and 19 

Kalogirou’s work [38] has more or less a clayey texture. 20 

(b) (d) (f) 
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Table 8 Comparison of the measured and predicted effective soil thermal conductivities (keff) for the 6 sites  1 

Source Country zu (m) 
zU-pipe 
(m) 

Predicted keff (W.m-1.K-1) 
In-situ keff (W.m-1.K-1) 

Clay 
Sandy 
loam 

Sand 

Choi and Ooka [32] Japan 10 50 1.54 1.92 2.00 1.96 

Saito et al. [36,37] Japan 11 50 1.53 1.92 1.98 1.71 

Luo et al. [24] China 35 120 1.52 1.90 1.92 1.64 

Luo et al. [24] China 10 120 1.56 1.96 2.09 2.07 

Florides and Kalogirou [38] Cyprus 15 50 1.52 1.89 1.91 1.61 

Soldo et al. [39] Croatia 15 100 1.55 1.94 2.04 1.92 

 2 

5.3 The application of the proposed approach to a multi-layered field in 3 

Alsace (France) 4 

To further verify the capacity of the proposed approach, TRTs are also simulated in Alsace 5 

region (France) for a BHE with a U-pipe length of 20 m and a water level of 7.63 m 6 

(presented in section 3). The U-pipe has also penetrated through 6 soil layers (Table 3).  7 

The validity of an equivalent one-layered soil in the TRT numerical simulations was 8 

confirmed in section 3. Fig. 3 compared the average carrying fluid temperatures of a one-9 

layered equivalent soil with a multi-layered soil for TRTs conducted in summer and winter 10 

and for a period of 80 hours.  11 

Fig. 11 shows additionally the average carrying fluid temperatures of the one-layered 12 

equivalent soil with the natural logarithm of time to deduce the effective soil thermal 13 

conductivity. The derived effective soil thermal conductivities range between 1.71 W.m-1.K-1 14 

in summer and 1.79 W.m-1.K-1 in winter. The effective thermal conductivity is rationally 15 

higher in winter than in summer. The effective soil thermal conductivities of the different 16 

studied soils in summer and winter are also reported in Fig. 11 as the reference values. The 17 

obtained effective soil thermal conductivities are close to the equivalent thermal conductivity 18 

derived from equation (14): 1.659 W.m-1.K-1 in summer and 1.662 W.m-1.K-1 in winter 19 

(presented in section 3). These facts give more credits to the proposed approach for the 20 



27 

 

estimation of the effective soil thermal conductivity in a shallow BHE. 1 

 2 

Fig. 11. Comparison of the effective soil thermal conductivity from the numerical simulation and the analytical 3 

approach for a multi-layered soil in Alsace region (France), in (a) summer and (b) winter.  4 

6 Conclusion 5 

In this investigation, the impacts of testing time, field condition and U-pipe length on TRTs 6 

have been studied. Eventually, an analytical approach has been proposed to estimate the 7 

effective soil thermal conductivity in BHE applications.  8 

Generally, the TRT numerical simulations are conducted in 3 soils, 2 seasons, 3 water levels 9 

and 6 U-pipe lengths. In total, 60 cases are simulated, and their corresponding effective soil 10 

thermal properties are obtained. The results show that the TRTs in winter have higher 11 

effective soil thermal conductivities, due to the heat injection process. The influence of the 12 

testing time becomes less significant as the U-pipe length increases. The effective soil thermal 13 

conductivity varies linearly with the λ ratio (= water level/ U-pipe length) and it decreases 14 

generally with the increase of the λ ratio in summer. On the contrary, it increases with the λ 15 

ratio for the tests in clay and sandy loam with a constant water level during winter. Moreover, 16 
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the effective thermal conductivity varies with the U-pipe length in a (2nd degree) polynomial 1 

form, and the influence of U-pipe length on effective soil thermal conductivity generally gets 2 

stabilized when the U-pipe is beyond 30 m. 3 

By analyzing the TRT results, an analytical solution is proposed to estimate the effective soil 4 

thermal conductivity, with a RMSE less than 0.035 W.m-1.K-1. The approach has been used to 5 

estimate the effective soil thermal conductivities of 6 sites in Japan, China, Cyprus and 6 

Croatia, along with a shallow BHE installed in a multi-layered field in Alsace region (France). 7 

The comparisons prove the good capacity of the proposed approach to estimate the field 8 

effective thermal conductivities in the BHE projects with various field conditions and U-pipe 9 

lengths. The proposed approach is particularly interesting for short BHEs with limited capital 10 

investments. 11 
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