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A B S T R A C T   

A methodology to characterize the main hydro-geothermal parameters of saturated and unsaturated ground 
layers, such as intrinsic thermal conductivity, volumetric heat capacity and groundwater velocity is proposed, 
based on the monitoring of the temperature plume around an activated borehole heat exchanger (BHE). The 
methodology is applied on an experimental platform composed of four BHEs. Based on the expected lithology 
and approximative groundwater fluxes direction, one BHE is thermally activated with a pre-determined heat 
injection and duration. The temperature evolution is recorded by means of PT100 sensors in the activated BHE 
and in the three non-activated BHEs, at three different depths in the saturated and unsaturated domain of an 
unconfined aquifer crossed by the BHEs. From an analytical solution considering conductive, advective and 
dispersive heat transfers, the hydro-geothermal parameters of the ground are obtained by fitting the measured to 
the predicted temperatures evolution. The effect of the possible inclination of the measuring boreholes is eval
uated with the analytical solution. The obtained hydro-geothermal parameters demonstrate the important role of 
the saturated aquifer that significantly enhances the apparent thermal conductivity of the ground and, in case of 
groundwater flows, induces an anisotropic propagation of the temperature plume.   

1. Introduction 

Amongst the different technologies of shallow geothermal energy, 
closed-loop systems consist in circulating a heat-carrier fluid within 
borehole heat exchangers (BHEs). BHEs mainly consist in U-shaped, or 
less frequently co-axial, pipes buried into the ground and surrounded 
with grout. As the fluid circulates within the pipe, its temperature sta
bilizes with the ground temperature. Therefore, this method allows to 
warm up buildings during winters and to cool them down during sum
mers [1–4]. 

The heat exchanges between ground and BHE can be significantly 
affected by the presence of groundwater. Larger conductive heat flows 
are expected in the saturated domain, since the intrinsic thermal con
ductivity of the ground is higher than under partially saturated condi
tions [5,6]. Besides, the volumetric heat capacity of the ground is also 

positively linked to its degree of saturation [7]. In addition, if ground
water fluxes take place, heat transfers by advection and dispersion also 
occur [8,9]. The presence of an aquifer may thus have a substantial 
impact on the performance of BHEs. The impact of groundwater fluxes 
has been already studied several times numerically [10–16] and 
analytically [17–21]. [22]; proposed an interesting review on that 
purpose. On the other hand, only few in-situ experiments highlighted 
the impact of groundwater flow [23,24]. There is consequently a sig
nificant interest to develop experimental methodologies allowing to 
infer the groundwater fluxes along BHEs, but also to characterize the 
impact of groundwater fluxes on heat transfers around BHEs. 

Nowadays, the current dimensioning methods of BHEs fields are 
mainly based on the results of an in-situ Thermal Response Test (TRT) 
[25] or tests based on the same working principles [26]. The interpre
tation of TRTs is generally based on the Infinite Line Source (ILS) model 
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proposed by Ref. [27]. This model considers that only conductive heat 
exchanges take place, leading to only radial heat transfers. Therefore, in 
presence of groundwater flows, the data from TRT analyzed from the ILS 
model only provide an apparent thermal conductivity, including the 
distinct heat transfer mechanisms (conduction, advection, dispersion) 
into a single one [28]. It is therefore not possible with this approach to 
distinguish and quantify straightforwardly the intrinsic thermal con
ductivity of the ground nor the groundwater flows, except under very 
high groundwater velocities for which the time required to reach a 
steady state temperature is compatible with the duration of standard 
TRT [29]. Some attempts have been done to develop specific experi
mental methods able to characterize the groundwater fluxes in fractured 
rocks based on the evolution of the vertical profile of the heat-carrier 
fluid temperature along a heated BHE, recorded by means of optic fi
bers or temperature probes. In fractured rocks, non-uniform tempera
ture vertical profiles allow first to localize hydraulically active fractures 
and then to quantify the groundwater velocities, and also their di
rections [30–35]. However, those techniques can be applied only in 
geological conditions with high contrasts in the vertical distribution of 
the groundwater fluxes, which prevents their application in more ho
mogeneous soil aquifers. 

Besides, only a few studies proposed an experimental monitoring of 
the thermal plume around one or several BHEs under groundwater 
fluxes, and their results are generally not used to infer the ground hydro- 
geothermal parameters [36,37]. equipped multi-BHEs fields with tem
perature sensors installed along each BHE. After the activation of one or 
several BHEs, the measurement of the temperature evolution in the 
neighboring non-activated BHEs allowed them to characterize the 
migration of the thermal plume. Alternatively, Hermans et al. [38] 
deduced the ground temperature distribution around an activated BHE 
through electrical resistance tomography. 

Facing the lack of experimental in-situ techniques to identify the 
distinct effect of heat conduction and advection for low to moderate 
groundwater fluxes, this paper proposes a methodology to characterize 
the intrinsic thermal conductivity and groundwater velocity, based on 
the monitoring of the temperature plume around an activated BHE. The 
first contribution of this paper is thus the monitoring of the temperature 
field evolution during the activation of a BHE. This is done from an 
existing experimental platform made up of four 85 m long BHEs crossing 
an unconfined aquifer. The second contribution is the elaboration of a 
methodology to characterize the groundwater fluxes (i.e. velocity and 
direction), the ground volumetric heat capacity and the intrinsic ground 
thermal conductivity based on the thermal plume measurements at 
different depths in both activated and non-activated BHEs, in both 
saturated and unsaturated domains of the unconfined aquifer. The 
physically based methodology rests upon the use of an existing analyt
ical solution [39,40] able to predict the temperature evolution of the 
heat carrier fluid and the surrounding ground around an activated BHE 
in presence of groundwater fluxes and discontinuous heat injectio
n/extraction. The methodology is validated through the comparison 
between the predictions and the monitored temperature field around the 
heated BHE at different depths. 

2. Analytical solution 

The methodology proposed in this paper uses an existing analytical 
solution developed by Ref. [39]. This analytical solution simulates 
discontinuous heat injection/extraction in finite-length BHE systems 
surrounded by a homogeneous and infinite ground for conduction, 
advection and dispersion dominated heat transfers and allows to predict 
the temperature evolution in the ground in case of both single and 
multiple BHEs. 

The analytical solution is based on the energy balance equation 
including heat conduction, advection, and dispersion: 

ρcp
∂T
∂t

= div
(

λ grad
̅̅ →

T
)
− v→ρwcw ∇

→T + s Eq 1  

with ρcp [J/m3K] the volumetric heat capacity of the ground, T [K] the 
temperature, t [s] the time, v→ [m/s] the groundwater velocity, ρwcw [J/ 
m3K] the volumetric heat capacity of water and s a volumetric heat 
source [W/m3]. 

The ground thermal conductivity tensor λ [W/mK] includes the 
impact of the heat dispersivity. If the groundwater fluxes are oriented 
towards x axis and if their velocity is vx [m/s], the principal components 
of the thermal conductivity tensor become [41]: 

λxx = λ + ωLρwcwvx Eq 2  

λyy = λzz = λ + ωT ρwcwvx Eq 3  

with λ [W/mK] the intrinsic thermal conductivity of the porous medium 
(supposed isotropic) when there is no groundwater flow and ωT and ωL 
[m] the transverse and longitudinal dispersivity respectively. Various 
authors showed a strong correlation between the longitudinal and 
transverse dispersivities of a porous medium and the Peclet number 
[42–44]. Besides, the ratio between the longitudinal and transverse 
dispersivities is also linked to the groundwater velocity. In this study, a 
ratio of 0.1 between the transverse and the longitudinal dispersivities is 
assumed and the longitudinal dispersivity value was fixed to be 1m, in 
accordance with various studies [42,44–46]. 

To apply a discontinuous heat extraction/injection in time domain, 
one must consider series of successive rectangular heat pulses. With qL 
the specific heat extraction rate per m of BHE [W/m] and Pe the period 
of heat extraction/injection, the rectangular heat extraction function 
qL(t) is defined as: 

qL(t)=
{
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0 for t ∕∈ [0,Pe]
Eq.4 

Posing the function f(x, y, z, t) as follow [39,47]: 
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Eq 5  

with H [m] the length of the BHE, x, y and z [m] the position of the 
observation point in an orthonormal system centered in the center of the 
BHE with x and y in the horizontal plane and z downwards, and with x 
the direction of the horizontal groundwater flows. 

Then, by calculating the convolution product of f(x, y, z, t) and qL(t)
and by discretizing both functions with a differential of time Δt, the 
solution of the partial differential equation (Eq. (1)) can be expressed as 
the convolution of a sum of heat impulses responses at given coordinates 
and time (x, y, z, t) and is equal to: 

ΔT(x, y, z, t)=
∑p− 1

i=0
qL(iΔt)f (x, y, z, t − iΔt)Δt Eq 6  

with p denoting the time span and iΔt the time delay of each unit im
pulse. The delayed and shifted impulse response is thus qL(iΔt)f(t −
iΔt)Δt. 

For a steady-state heat flux within the BHE, the average heat carrier 
fluid temperature Tf evolution can be then determined through [40,48]: 

Tf (z, t) =Tb(z, t) + Rb qL(t) Eq. 7 
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with Tb the temperature at the BHE wall calculated by Eq. (6), Rb [mK/ 
W] is the BHE thermal resistance and qL is the specific heat extraction 
rate per meter of BHE [W/m]. The BHE thermal resistance depends on 
the type of exchangers, the BHE diameter and spacing between the 
pipes, the thermal conductivity of the grout and the pipes. It can be 
deduced from various methods, like the analytical multipole method 
[49], the shape factor model [50], or by using an equivalent diameter of 
the BHE to consider the effects of the pipes within the BHE [51]. 

All the key parameters related to the hydro-geothermal properties of 
the ground and to the geometrical characteristics of the BHE used in this 
analytical model are displayed in Table 1. As mentioned earlier, the 
longitudinal and transverse dispersivity values are fixed. In addition, 
both length and diameter of the BHE are supposed to be known. The 
remaining unknown parameters are thus the volumetric heat capacity of 
the ground ρcp, the thermal conductivity of the ground λ, the ground
water velocity v, the groundwater flow direction θ and the thermal 
resistance of the BHE Rb. 

3. Experimental platform with monitored borehole heat 
exchangers 

3.1. Experimental platform 

An experimental platform made up of four 85 m long BHEs and one 
piezometer installed in Brussels, on the campus of Université libre de 
Bruxelles (ULB) (coordinates: 50.8146981,4.38287194), is used in this 
study. The relative location of the four BHEs and the piezometer are 
given in Fig. 1. They form a quadrangle, and are named F1, F2, F3 and 
F4. Each BHE is composed of 2 U-shaped pipes in which the heat carrier 
fluid (water) can circulate and can be thermally-activated individually. 
The piezometer depth is equal to 50 m. 

The 3D-GIS geological model of the Brussels-Capital Region [52] is 
used to reconstruct the stratigraphic log below the experimental plat
form. The stratigraphy is displayed on Fig. 2 and was ascertained by the 
lithological description of the ground collected during the drilling of the 
piezometer. The geological model highlights the presence of horizontal 
sedimentary layers from the Cenozoic period. The ground consists in an 
alternation of clayey and sandy deposits. Fig. 2 highlights the presence 
of a 30 m thick unconfined aquifer in the Brusselian sand geological unit. 
The saturated thickness is around 17 m while the top 13 m are unsatu
rated. The screens of the piezometer are installed along this aquifer. The 
present study is exclusively focused on that geological unit (both satu
rated and unsaturated parts) in order to evaluate the impact of the 
groundwater fluxes on the thermal plume around an activated BHE and 
to investigate if the hydro-geothermal properties of the ground can be 
back-analyzed from the monitoring of the temperature field. 

Based on existing piezometric maps of the Brussels-Capital region 
[53], a preliminary estimation of the direction of the groundwater fluxes 
in the Brusselian unconfined aquifer was deduced to be approximately 

between 326◦ and 331◦ from north (i.e., in the north-west direction). It 
is worth to note that this first estimation is prone to relatively large 
uncertainties because the site is located near a local piezometric crest in 
the Brusselian sand aquifer with relatively low hydraulic gradient. 
Consequently, the direction of the groundwater fluxes will be an un
known of the model, and a total safety margin of +/- 15◦ will be 
considered (i.e., in the range of 5◦–40◦ compared to the x’ axis between 
F3 and F4, as plotted in Fig. 1). 

Because of the expected direction of the groundwater fluxes in the 
Brusselian sand aquifer, it was decided to thermally-activate the BHE 
located at the upstream zone of the site (i.e., F3), while the three other 
BHEs (i.e., F1, F2 and F4) will be used as measuring BHEs to monitor the 
migration of the thermal plume. 

Table 1 
Input parameters of the analytical solution (unknowns are underlined).   

Parameter Units 

Ground hydro-geothermal 
parameters 

Intrinsic thermal conductivity of the 
ground, λ 

W/ 
mK 

Volumetric heat capacity of the 
ground, ρcp 

J/ 
m3K 

Groundwater velocity, v m/s 

Groundwater direction, θ 
◦

Longitudinal Dispersivity, ωL m 
Transverse dispersivity, ωT m 

Geometrical characteristics of 
the BHE 

BHE length, H m 
Resistance of the BHE, Rb mK/ 

W 
Diameter of the BHE, Db m  

Fig. 1. Top view of the experimental platform with relative position of the 4 BHEs 
(in meters) and preliminary estimation of the direction of the groundwater fluxes in 
the Brusselian aquifer θ, based on piezometric map. F3: Thermally-activated BHE; 
F1, F2 and F4: non-activated BHEs. 

Fig. 2. Stratigraphy of the ground located below the experimental site and 
locations of temperature sensors along the BHEs. 
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3.2. Temperature monitoring system 

The focus being on the hydro-geothermal behavior of the Brusselian 
sand aquifer, it was decided to monitor the temperature evolution at the 
top and bottom of the Brusselian sand aquifer and just below the 
groundwater table level, as reported in Fig. 2. In the following, the three 
levels will be called TOP, WAT and BOT for the top of the Brusselian 
sand unit, the level of the groundwater table and the bottom of the 
Brusselian sand unit, respectively. Consequently, three temperature 
sensors were inserted in the pipes of the four BHEs to reach those three 
levels. For the three non-activated BHEs (F1, F2 and F4), sensors were 
inserted in one of the outlets of the BHE. In the activated BHE, tem
perature sensors were inserted in both the inlet and the outlet of the 
same pipe. Because of the relatively long horizontal distance between 
some sensors installed at the same depth (more than 7,5m between F2 
and F3) and the duration of the heating phase of a few months, the 
temperature evolution in some non-activated BHEs was expected to be 
lower than 0,5 ◦C. In other words, there was a need to find sensors ac
curate enough to detect temperature variations as small as 0,2-0,3 ◦C 
and with a diameter thin enough to insert 3 of them in the pipes, whose 
inner diameter is 26 mm. For this reason, class 1/10 PT100 were 
selected. Their accuracy is ± (0,03 ◦C + 0,5%). A Fluke 2638A Hydra 
Serie III multimeter was used to measure the resistance variation. The 
total accuracy of the apparatus (PT100 and multimeter) was considered 
to be equal to 0,1 ◦C. To record the temperature evolution in the acti
vated BHE when heated water is circulating within the pipe, the 
watertightness of the system should be ensured even after the insertion 
of the sensors. To do so, a T-shaped tool was developed, as shown in 
Fig. 3. 

4. Methodology 

4.1. General layout 

In this section, the procedure proposed to determine the hydro- 
geothermal parameters of the ground from the experimental charac
terization of the heat plume around an activated BHE is described. This 
procedure is first based on the monitoring of temperature at three 
different depths in the activated BHE and the three non-activated BHEs. 
Heat is injected through a surface heat pump in the activated BHE and 

the temperature evolution is monitored in the four BHEs. Then the 
hydro-geothermal parameters are calibrated using the analytical solu
tion to fit the monitored temperatures. 

Step 1 of the procedure is to design the heat load and the duration of 
the heat injection in the activated BHE in order to induce a temperature 
plume that can be detected in the non-activated BHEs in a realistic 
duration of the heating phase (i.e., the order of a couple of months). Step 
2 of the procedure consists in performing a sensitivity analysis of the 
impact on the temperature evolution in both activated and non- 
activated BHEs of each unknown enumerated in Table 1. During this 
second step, the range of variation of the unknowns is kept in realistic 
values, as a function of the lithology and the hydrogeological context. 
The sensitivity analysis aims at discriminating the unknowns that 
significantly affect the temperature response at the activated BHE from 
those ones that impact the temperature mainly in the non-activated 
BHEs. Thanks to the discrimination of the parameters, the final cali
bration (Step 3) can be performed in two phases from the knowledge of 
the temperature field: (i) calibration of the parameters affecting the 
temperature evolution in the activated BHE (step 3a of the procedure), 
followed by (ii) calibration of the remaining parameters from the non- 
activated BHEs, keeping the parameters determined in step 3a un
changed (step 3b of the procedure). This strategy allows to reduce the 
number of unknowns in each calibration phase. Steps 3a and 3b must be 
repeated for the three depths of investigation in order to obtain the 
hydro-geothermal properties of both saturated and unsaturated zone of 
the Brusselian aquifer. 

4.2. Step 1: design of the heat load 

The heat load and duration of the heat injection must be designed 
such that the induced temperature variation in the farthest non- 
activated BHE (i.e., F2) is reached with a magnitude larger than the 
accuracy of the temperature sensor. The analytical solution was used in 
that purpose, using realistic ranges of hydro-geothermal parameters of 
the ground. The lowest expected temperature variation in F2 was at the 
TOP level, as this level is above the groundwater level (i.e., in the un
saturated part of the aquifer). Preliminary values of the thermal con
ductivity of 1,0 W/mK and volumetric heat capacity of the ground of 2,2 
MJ/m3K were used for first simulations, with no groundwater flow. 
When a heat load of 59 W/m is applied at BHE during 65 days and then 
stopped, the maximal temperature variation in the farthest non- 
activated BHE (7.5 m away from the activated BHE) was maximal 
after 250 days, and close to 0,25 ◦C. Such a heat load (i.e., 59 W/m) is in 
the usual order of magnitude for standard TRTs [54,55]. 

Instead of that monotonic heat load, we decided to apply a discon
tinuous thermal response test made of two successive thermal loading 
phases, separated by a recovery period. This allows to have access to the 
thermal response of the ground during recovery and restart periods. This 
two-phases heating allows also to adjust eventually the thermal power of 
the second heating phase based on the observation of the first heating 
period. Also, the duration of the recovery period between the two 
heating phases was tuned as a function of the temperature monitoring 
data. We started the second heating phase when the temperature vari
ation in the activated BHE was come back at less than 1 ◦C (while the 
peak of temperature variation at the end of the first heating phase was 
22 ◦C). 

Finally, based on the preliminary modelling and the adjustment 
during the test, the heat load was designed as follow. The first thermal 
loading phase, called TRT A, lasts 11,5 days with a fixed injected heat qL 
of 68 W/m. Then a recovery period of 22 days was imposed during 
which no thermal load was applied, followed by the second heating 
phase (called TRT B) that lasts 87 days with a heat injection qL of 45 W/ 
m. Finally, after the second heating phase, a recovery period of 120 days 
was maintained, during which temperatures were still monitored while 
the heating was stopped. 

Fig. 3. T-shaped pipe tool ensuring the watertightness of the system and an 
alteration as limited as possible of the fluid flow within the U-shaped pipe. 
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4.3. Step 2: preliminary sensitivity analysis 

Based on the lithology of Brusselian unconfined aquifer (i.e., sand), 
Belgian recommendations [56,57] narrow the range of plausible values 
of volumetric heat capacity ρcp and thermal conductivity λ of the 
ground, both in the saturated and unsaturated domains, as defined in 
Table 2. A specific test called Finite Volume Point Dilution Method 
(FVPDM), based on long-term tracer dilution [58,59], was performed in 
the piezometer available on the site to infer the groundwater velocity, 
that was determined equal to 8 10− 7 m/s. Because the groundwater 
velocity is generally highly affected by the local heterogeneity of the 
hydraulic conductivity of the ground and the volume of ground char
acterized by the measurements, we selected a preliminary range of ve
locity between 8 10− 8 m/s and 8 10− 6 m/s. The plausible range of 
groundwater flux direction was deduced from piezometric maps of the 
Brussels-Capital region [53] and is shown on Fig. 1. Finally, using the 
analytical multipole method [49]; Hellström,1991) and the available 
technical data of the BHEs, the resistance of the BHE was narrowed in a 
range between 0,04 mK/W and 0,13 mK/W depending on the spacing 
between the pipes and the thermal conductivity of the grout that are not 
precisely known. 

To reduce the number of ground parameters to calibrate based on the 
monitored temperatures, a sensitivity analysis is done to discriminate 
two categories of ground parameters, i.e. the parameters that essentially 
affect the temperature in the activated BHE and the parameters affecting 
the temperature in a farther field (i.e., in the non-activated BHEs). Based 
on the plausible range of unknowns as established in Table 2, the 
sensitivity analysis, performed through the analytical solution, reveals 
the relative impact of each parameter in both activated and non- 
activated BHEs, as illustrated in Table 3. For this sensitivity analysis, 
the non-activated BHE is assumed to be located at 4 m from the ther
mally activated BHE, in the direction of groundwater fluxes. Those 
relative impacts are coherent with the publications of previous authors 
[60,61]. 

4.4. Step 3: determination of ground hydro-geothermal parameters 

Based on the outcomes of the sensitivity analysis, the calibration of 
the hydro-geothermal parameters of the ground is decomposed into two 
stages, i.e., step 3a (calibration based on the temperature monitored at 
the activated BHE) and step 3b (calibration based on the temperature 
evolution in non-activated BHEs). In step 3a, the thermal resistance of 
the BHE Rb, the thermal conductivity of the ground λ and the ground
water velocity v (when applicable) are determined. In step 3b, the 
monitored temperature at non-activated BHEs serves to calibrate the 
remaining unknowns: the volumetric heat capacity of the ground ρcp 

and the groundwater flux direction θ (when applicable). Unlike steps 1 
and 2, that are applied once, the two stages (3a and 3b) are applied 
successively for the three monitored depths, from the TOP level (i.e., the 
top boundary of the aquifer) to the BOT level (i.e., the bottom boundary 
of the aquifer). This sequencing was motivated as follows. Starting from 
the TOP level reduces the number of unknowns because the 

groundwater velocity is nul. Then, the thermal resistance of the BHE Rb 
determined at the TOP level will be considered constant along all the 
depth of the BHE, which allows to reduce the number of unknowns at the 
other levels where additional hydrogeological parameters must be 
considered (i.e. groundwater velocity v and direction θ). Finally, the 
saturated thermal conductivity of the ground λsat, the saturated volu
metric heat capacity of the ground ρcpsat and the groundwater direction θ 
will be considered constant along the saturated part of the aquifer. This 
will not be the case for the groundwater velocity v. Indeed, as the hy
draulic conductivity is highly heterogeneous within the Brusselian 
sandy aquifer [62,63], the groundwater velocity is expected to be het
erogeneous along the thickness of the saturated part of the aquifer as 
well. The adopted procedure is summarized on Fig. 4, where the pa
rameters considered as known, because either fixed or already deter
mined in previous levels or steps, are highlighted in bold. It highlights 
that at BOT level, the prediction of the temperature field in the 
non-activated BHEs is a blind prediction, since all the ground parameters 
were determined in the previous stages. 

Alternately to some existing methods developed for geothermal 
purposes and that propose an automated calibration of the hydro- 
geothermal parameters of the ground (Pasquier, 2015; Zhang et al., 
2015; [64], we preferred to apply here a manual back-analysis of the 
parameters, based on a stepwise methodology that considers the speci
ficity of the studied case, with the three monitored levels having con
nected and non-connected unknowns between the various levels. This 
stepwise methodology allows to reduce the high total number of 
hydro-geothermal parameters to determine into a limited number for 
every step. Also, the manual analysis allows to provide an in-depth 
physical understanding of the heat transfers around the activated BHE. 

5. Results 

In this section, we present the measured temperature evolutions at 
the different BHEs and depths in parallel with the temperature evolu
tions deduced from the analytical solution obtained after parameter 
calibration. For the activated BHE, the monitored temperature at a given 
depth is the average temperature between the inlet and outlet temper
atures. The BHEs are assumed vertical. 

5.1. Temperature evolution at the TOP level 

At TOP level, the experimental temperature evolution at the acti
vated BHE is reported in Fig. 5, highlighting the two successive heat 
injections (TRT A and TRT B). The temperature increase is higher and 
shorter during TRT A, while it is lower but longer during TRT B. The 
non-smooth temperature curve between day 50 and day 120 (i.e., during 
TRT B) are probably due to the outside temperature variation that alters 
the effective thermal power injected in the activated BHE due to heat 
loss in the pipes between the heat pump and the head of the activated 
BHE, as TRT B was performed during a cold winter. 

The thermal resistance of the BHE Rb and the thermal conductivity of 
the unsaturated ground λunsat were first calibrated, based on the tem
perature evolution at the activated BHE (Step 3a). The groundwater 

Table 2 
Minimal and maximal values of the volumetric heat capacity ρcp and thermal 
conductivity λ of the Brusselian aquifer [56], of the thermal resistance of the 
BHE Rb [48], of the direction of the groundwater fluxes θ [53], and of the 
groundwater velocity v (from FVPDM results).   

Minimal value Maximal value 

ρcp (MJ/m3K) Unsat. sand 1,6 2,2 
Sat sand 2,2 2,8 

λ (W/mK) Unsat. sand 1,0 1,9 
Sat sand 2,0 3,0 

Rb (mK/W) 0,04 0,13 
θ (◦) 5 40 
v (m/s) 8 10− 6 8 10− 8  

Table 3 
Sensitivity analysis of the relative impact of each unknown in both activated and 
non-activated BHEs.   

At the 
activated BHE 

4m from the activated BHE in the 
groundwater flux direction 

Volumetric heat capacity of 
the ground, ρcp 

low high 

Resistance of the BHE, Rb medium nul 
Thermal conductivity of 

the ground, λ 
high medium 

Groundwater velocity, v high high 
Groundwater direction, θ nul high  

V. Gigot et al.                                                                                                                                                                                                                                    



Renewable Energy 218 (2023) 119250

6

velocity v is fixed to 0 m/s, as the TOP level is above the groundwater 
level. While keeping both Rb and λunsat in realistic ranges of values 
(Table 2), both parameters were determined in order to obtain the best 
agreement between the measured and predicted temperatures. An un
saturated thermal conductivity λunsat = 1,9 W/mK and a thermal resis
tance Rb = 0,09 mK/W were obtained, with a volumetric heat capacity 
that plays a minor role at the activated BHE ρcp,unsat = 2,1 MJ/m3K. 

During step 3b, the volumetric heat capacity of the ground ρcp,unsat 

was more precisely characterized from the monitored temperatures at 
the non-activated BHEs. The best value of the volumetric heat capacity 
of the ground was thus calibrated to 1,8 MJ/m3K, the other ground and 
BHE parameters (i.e., λunsat and Rb) remaining the same. This value is in 
the range of acceptable values displayed in Table 2. Both experimental 
and numerical temperatures for the 3 non-activated BHEs at the TOP 
level are displayed in Fig. 6. Similarly to the temperature curves in the 
activated BHE, both experimental and analytical results show a good 
agreement in the three non-activated BHEs. The maximal difference 
between them is observed at F4 and is around 0,08 ◦C (i.e., lower than 
the accuracy of the measurement system). 

5.2. Temperature evolution at the WAT level 

Similarly to the TOP level, steps 3a and 3b of the procedure were 
then applied at the WAT level (i.e. at the top of the saturated domain). 
The only differences are that, during step 3a, the groundwater velocity 
cannot be considered to be equal to 0 m/s and that the thermal resis
tance of the BHE is already known (Rb = 0,09 mK/W), since assumed 
constant all along the BHE. The temperature sensors are now located 
below the water table, and saturated thermal properties of the ground 
must thus be characterized. At this step 3a, the saturated thermal con
ductivity λsat and the groundwater velocity v were calibrated (λsat = 2,4 

W/mK, v = 3 10− 7 m/s) while the other parameters that have minor or 
no effects at this step were fixed to some realistic values (Rb = 0,09 mK/ 
W, cp,sat = 2,2 MJ/m3K and θ = 10◦). Fig. 7 shows the comparison be
tween monitored and predicted temperatures, with better agreement 
during recovery periods than during heating periods. Nevertheless, the 
calibration quality seems to be slightly lower than at the TOP level, with 
a maximum relative error around 7% (i.e., absolute error about 1,2 ◦C) 
during heating phases. 

The saturated volumetric heat capacity of the ground ρcp,sat and the 
groundwater fluxes direction θ were then calibrated during step 3b of 

Fig. 4. Steps 3a and 3b - sequence of calibration of the different hydro-geothermal parameters at the three levels based on the adopted procedure.  

Fig. 5. Correlation between monitored and simulated temperature evolutions 
at the activated BHE, at the TOP level with λunsat = 1,9 W/mK, ρcp,unsat = 2,1 
MJ/m3K, Rb = 0,09 mK/W and v = 0 m/s. 

Fig. 6. Correlation between monitored and simulated temperature evolution in 
the 3 non-activated BHEs (F1, F2 and F4) at the TOP level with λunsat = 1,9 W/ 
mK, ρcp,unsat = 1,8 MJ/m3K, Rb = 0,09 mK/W and v = 0 m/s. 

Fig. 7. Correlation between monitored and simulated temperature evolutions 
at the activated BHE, at the WAT level with λsat = 2,4 W/mK, ρcp,sat = 2,2 MJ/ 
m3K, Rb = 0,09 mK/W, θ = 10◦ and v = 3 10− 7 m/s. 
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the procedure, based on the temperatures in the 3 non-activated BHEs at 
BOT level (ρcp,sat = 2,2 MJ/m3K and θ = 14◦, i.e. 322◦ from North). Both 
experimental and numerical temperature curves for the 3 non-activated 
BHEs at the WAT level are displayed in Fig. 8. The fitting between the 
experimental and the numerical temperature curves are very good in 
both F4 and F2. For F1, the difference between the measured and 
simulated temperatures is significantly higher (i.e., maximum relative 
error about 25%), even if the maximum absolute error remains limited 
(<0,3 ◦C). The effect of the groundwater velocity can be clearly noticed. 
Despite F1 and F4 are located at relatively similar distance from the 
activated BHE, the temperature variation is more pronounced in F4 than 
F1, because the groundwater flux is essentially directed toward F4. 

To validate the calibration, it was also decided to perform a blind 
prediction of the temperature evolution within the piezometer at the 
WAT level, where a temperature sensor was inserted. Blind-predicted 
(with the same set of ground parameters used in Fig. 8) and experi
mental temperature evolutions are displayed in Fig. 9, showing the good 
matching between both curves and a good confidence in the hydro- 
geothermal parameters inferred for the WAT level. 

5.3. Temperature evolution at the BOT level 

The procedure was then applied at the bottom of the saturated 
domain (BOT level). At the activated BHE, only the groundwater ve
locity has to be determined, all the other ground parameters are sup
posed known from the previous steps (λsat = 2,4 W/mK, Rb = 0,09 mK/ 
W, ρcp,sat = 2,2 MJ/m3K, θ = 14◦). According to the calibration, a null 
groundwater velocity (v = 0 m/s) provides the best matching at both 
activated and non-activated BHE, as displayed in Fig. 10. With those 
parameters, the maximum absolute error, occurring at the F4 BHE, is 
0,2 ◦C, corresponding to a maximum relative error of 17%. The differ
ence of groundwater velocity between the WAT and BOT levels (v = 3 
10− 7 m/s and v = 0 m/s, respectively) corroborates the impact of the 
vertical heterogeneity of the hydraulic conductivity in the Brusselian 
aquifer. The null groundwater velocity at the bottom of the aquifer could 
be also explained by the possibility that the temperature sensors are very 
close to the transition zone between the Brusselian sandy aquifer and the 
underlying sand and clay Cenozoic layer (Fig. 2). 

5.4. Consistency of the hydro-geothermal parameters of the ground 

The hydro-geothermal parameters of the Brusselian aquifer deter
mined in both saturated and unsaturated domains by means of the 
proposed procedure are summarized in Table 4. All those parameters are 

Fig. 8. Correlation between monitored and simulated temperature evolutions 
in the 3 non-activated BHEs (F1, F2 and F4), at the WAT level with λsat = 2,4 
W/mK, ρcp,sat = 2,2 MJ/m3K, Rb = 0,09 mK/W, θ = 14◦ and v = 3 10− 7 m/s. 

Fig. 9. Blind prediction of the temperature evolution in the piezometer, at the 
WAT level, with λsat = 2,4 W/mK, ρcp,sat = 2,2 MJ/m3K, Rb = 0,09 mK/W, θ =
14◦ and v = 3 10− 7 m/s, and comparison with experimental measurements. 

Fig. 10. Correlation between monitored and simulated temperature evolutions 
in the activated BHE (a) and in 3 non-activated BHEs (F1, F2 and F4)(b), at the 
BOT level with λsat = 2,4 W/mK, ρcp,sat = 2,2 MJ/m3K, Rb = 0,09 mK/W and v 
= 0 m/s. 
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in the ranges of plausible values as preliminary defined in Table 2. 
The thermal conductivity and the volumetric heat capacity of the 

ground can be expressed as a function of the degree of saturation Sr and 
the porosity n as follow [5,65]: 

ρcp =(1 − n)ρscs + Srnρwcw Eq. 8  

with ρwcw (= 4,18 MJ/m3K) the volumetric heat capacity of water and 
ρscs the volumetric heat capacity of the solid particles, that can be 
considered equal to 1,45 MJ/m3K in a sandy aquifer (i.e., the average 
value of the volumetric heat capacity of sand particles according to 
Ref. [66]. 

λ= λ1− n
s λSrn

w λ(1− Sr )n
a Eq. 9  

with λs the thermal conductivity of the solid particles [W/mK], λa (=
0,024 W/mK) the thermal conductivity of air and λw (= 0,598 W/mK) 
the thermal conductivity of water [67,68]. 

The thermal conductivity of the solid particles depends on the 
mineralogy of the soils. According to Ref. [67]; it can be decomposed 
into the thermal conductivity of the quartz minerals that are highly 
conductive (λq = 7,7 W/mK), and the thermal conductivity of the other 
minerals that has been averaged to λother min = 2 W/mK. If q is the quartz 
content, the thermal conductivity of the geological material becomes: 

λ=
(
7, 7q21− q)1− nλSr n

w λ(1− Sr )n
a Eq. 10  

According to Ref. [69]; the quartz content q in the Brusselian sandy 
aquifer is approximately 85%. Therefore, λs is equal to 6,29 W/mK. 

Since the saturated volumetric heat capacity ρcp,sat and saturated 
thermal conductivity λsat are known from the calibration procedure, the 
porosity can be inferred from Eqs. (8) and (10) for Sr = 1. From Eq. (8), it 
yields to n = 0,28, while from Eq. (10), it yields to n = 0,41. Then, if the 
porosity is assumed uniform all along the aquifer, the degree of satu
ration can be then determined at the top of the unsaturated domain. A 
degree of saturation Sr = 0,65 is obtained from Eq. (8), and Sr = 0,82 
from Eq. (10). The procedure is illustrated in Fig. 11 and the values of 
porosities and degrees of saturation are summarized in Table 5. 

Fig. 11 and Table 5 highlight that a single set of values of the porosity 
and degree of saturation cannot explain the calibrated thermal con
ductivities and volumetric heat capacities. However, according to the 
geotechnical maps of the area [70], the porosity of the Brusselian aquifer 
is between 0,19 and 0,52, with an average value of 0,39. The range of 
porosities inferred from our analysis (i.e., 0,28- 0,41) is thus realistic. 
For the degree of saturation, it does not exist any experimental data at a 
specific level in this aquifer, but the obtained range (i.e., 0,65-0,82) is 
narrow and quite realistic. 

5.5. Impact of the deviation of the BHEs 

The results presented in the previous sections reveal that the quality 
of the correlation between the simulated and monitored temperature 
evolutions tends to diminish when the observation depth increases. This 
could be explained by a possible inclination of the BHEs. The positions of 

the head of each BHEs is very well controlled, but their verticality is 
much more uncertain. In reality, an inclination of the BHEs can hardly 
be avoided. For instance Ref. [36], measured experimentally in
clinations of BHEs up to 4% in a bedrock consisting mainly in a suc
cession of siltstone/shale and sandstone layers while [71] measured 
inclinations up to 2% in a rock consisting in a succession of mudstone 
and sandstone layers). Those inclinations occur in rock materials, where 
the anisotropic character induced by the bedding planes can have a 
significant impact on the inclination of drilled BHEs. In soil materials, 
lower deviations can be expected. Consequently, the impact of an 
inclination from the vertical axis of 1% of the 3 non-activated boreholes 
was investigated. The activated BHE (F3) is supposed perfectly vertical 
and the three non-activated BHEs can have an inclination of 1% in all 
possible directions. An inclination of 1% produces a deviation of 0.58 m 
at the BOT level. Knowing the closest non-activated BHE is at 4.1 m from 
the activated BHE, it corresponds to an uncertainty of +/- 14% on the 
distance between them. 

In both unsaturated (i.e., TOP) and saturated domains (i.e., WAT and 
BOT), the simulations are based on the calibrated hydro-geothermal 
values displayed in Table 4. The possible range of predicted tempera
ture evolutions are plotted in comparison with the experimental data on 
Figs. 12–14, at the TOP, WAT and BOT levels, respectively. The hy
pothesis of the possible slight inclination of the BHEs to explain the 
mismatching at greater depths between simulated and measured tem
perature evolutions is highly plausible. However, even an inclination of 
1% does not allow to significantly reduce the gap between the simulated 
and monitored temperature curves within the F4 BHE at the BOT level 
(Fig. 14). As mentioned earlier, this significant gap could be also 
explained by an incorrect installation depth of the temperature sensors. 

6. Conclusions 

An experimental set-up to monitor the temperature field around an 
activated BHE was proposed, based on the insertion of temperature 
sensors at different depths in both an activated BHE and surrounding 
non-activated BHEs. Then a procedure to characterize the groundwater 

Table 4 
Hydro-geothermal parameters of the ground in saturated and unsaturated 
domains.   

Unsaturated 
domain 

Saturated 
domain 

Resistance of the BHE, Rb [mK/W] 0,09  
Volumetric heat capacity of the ground, ρcp 

[MJ/m3K] 
1,8 2,2 

Thermal conductivity of the ground, λ [W/ 
mK] 

1,9 2,4 

Groundwater velocity, v [m/s] 0 0–3 10− 7 

Groundwater direction, θ [◦] / 14  

Fig. 11. Sets of porosity and degree of saturation corresponding to fixed values 
of thermal conductivity and volumetric heat capacity in both saturated and 
unsaturated parts of the Brusselian aquifer. 

Table 5 
Summary of the porosity and degree of saturation inferred from the thermal 
conductivity and volumetric heat capacity in the saturated part of the aquifer.   

Porosity n Degree of saturation Sr 

From thermal conductivity λ 0,41 0,82 
From volumetric heat capacity ρcp 0,28 0,65  
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fluxes, the intrinsic thermal conductivity and the volumetric heat ca
pacity of the ground from the monitoring of the thermal plume was 
developed. The procedure can be divided in 4 distinct steps: (i) design of 

duration and heat load of the heat injection within the activated BHE, 
(ii) sensitivity analysis of the different unknown parameters to 
discriminate the parameters that play a significant role on the temper
ature evolution at the near field (i.e. at the activated BHE) and in the far 
field (i.e. at the non-activated BHE), (iii) determination of selected 
hydro-geothermal parameters of the ground based on the temperature 
evolution within the activated BHE and (iv) determination of the 
remaining parameters based on the temperature evolution in the far 
field. 

The calibration rests upon an analytical solution providing the 
temperature field around BHEs for discontinuous heat extraction, and 
based on the finite line source model considering conductive, advective 
and dispersive heat exchanges. The methodology was developed on an 
unconfined aquifer, for which the temperature field was monitored at 
three different depths in both the saturated and unsaturated parts. The 
different steps of the procedure were applied successively at the three 
different monitoring depths. Even if the procedure can be successfully 
applied on a temperature field characterized at a single depth, the 
collection of experimental temperatures at different depths in both 
saturated and unsaturated parts of the aquifer allow to reduce the 
number of unknowns of the problem, since some parameters such as the 
BHE thermal resistance can be reasonably assumed constant all along 
the BHE. So, combining information from both saturated and unsatu
rated parts of the unconfined aquifer allows to increase the robustness of 
the methodology, and in turn the reliability of the back-analyzed ground 
hydro-geothermal parameters around an activated BHE. 

The application of the procedure showed that the calibrated hydro- 
geothermal parameters of the ground provide on average a good cor
relation between the monitored temperature and the predicted tem
perature evolutions. This good correlation was also supported by a blind 
prediction of the temperature evolution within a nearby piezometer. It 
also highlights the clear impact of groundwater fluxes on the tempera
ture field around BHEs. This effect could become significant for a sus
tainable use of the ground heat reservoir. 

The discrepancies between monitored and simulated temperatures 
tend nevertheless to increase at greater depths. This could be justified by 
(i) the inclination of the BHEs assumed to be vertical during the different 
simulations and (ii) an inaccuracy on the insertion depth of the tem
perature sensors at the bottom of the aquifer. The impact of a 1% 
inclination of the non-activated BHEs on the predicted temperatures 
within the BHEs was performed and demonstrates the relevance of this 
hypothesis. An accurate control of the vertical inclination of BHE is thus 
needed to carefully characterized the temperature field around an 
activated BHE. 

Finally, the development of an automated calibration of the ground 
hydro-geothermal procedure based on a suitable minimization proced
ure and that would allow the identification of the best set of parameters 
could be envisaged as a perspective. Also, including in the calibration 
procedure the relationships that link the values of thermal conductivity 
and volumetric heat capacity between saturated and unsaturated do
mains of the aquifer would lead also to a reduction of the number of 
unknowns. 
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