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A B S T R A C T

This study investigates thermal response tests (TRTs) in heterogeneous geological settings to assess the impact of 
groundwater flow on TRT interpretation and borehole heat exchanger (BHE) performance. Traditional TRT 
analysis relies on the infinite line source (ILS) model, which assumes homogeneous ground and negligible 
groundwater flow. However, these assumptions are often lacking in natural environments, resulting in an 
overestimation of the thermal conductivity. The analysis of four distributed thermal response tests (DTRTs) in 
high groundwater flow regimes reveals apparent thermal conductivities up to 40 times higher than expected, 
highlighting the limitations of the ILS method in such settings. To address this issue, a comparison between the 
ILS model and the moving infinite line source (MILS) model, which accounts for advective heat transfer due to 
groundwater flow, was conducted. Model fitting and parameter optimization were performed on 84 temperature 
perturbation time series distributed along four BHEs used for TRT. The MILS model (global RMS = 0.25 ◦C) 
outperforms the ILS model (global RMS = 0.48 ◦C) in TRT data fitting and better reflects actual thermal con
ductivity values obtained from laboratory tests and literature. The MILS model also estimates groundwater flow 
velocities up to 3.0 × 10–5 m/s. Considering the estimated thermal conductivity and groundwater flow velocity, 
it was found that advective heat transfer contributes to 35–44 % of the total thermal exchange potential for all 
BHEs. A correction procedure for the apparent thermal conductivity derived from the ILS model, considering 
Darcy flow velocity, is presented using nomograms. This correction is crucial for accurate BHE design in areas 
with significant groundwater flow, ensuring a better understanding of BHE performance and its implications for 
shallow geothermal energy applications.

1. Introduction

Ground source heat pumps (GSHPs) represent a promising and 
increasingly adopted technology for heating and cooling buildings 
(Lund et al., 2022; Sanner, 2019). This growing popularity can be 
attributed to (at least) three key factors: I) GSHPs provide a heating 
solution with no direct GHGs emissions (Bayer et al., 2012; Self et al., 
2013), II) they are deployable in most regions, making them broadly 
applicable (Curtis et al., 2005), and III) despite requiring electricity, 
their high efficiency ensures one of the lowest energy consumption 
levels among renewable heating technologies (Lo Russo et al., 2009; 
Saner et al., 2010; Self et al., 2013). This high efficiency is primarily 
attributed to the ground’s high thermal diffusivity and thermal capacity, 
as well as its stable thermal regime, which is typically achieved at depths 
greater than 10 m. These characteristics make the ground a more 
consistent and reliable thermal energy source compared to other direct 

heating/cooling mediums, such as air or water. Thus, among all known 
configurations of GSHPs, vertical borehole heat exchangers (BHE) are 
mostly used to maximize the specific power output with respect to the 
installation costs (Aresti et al., 2018; Blum et al., 2011; Self et al., 2013).

In-situ thermal response tests (TRTs) are performed to design vertical 
GSHPs by deriving the compound ground/borehole thermal resistance 
of the BHE after recording the temperature evolution in time due to a 
constant heat power injection. This is typically achieved by keeping a 
constant temperature difference throughout a heat pump (HP) between 
the heat carrier fluid entering the BHE loop with respect to the fluid 
returning to the HP after the heat exchange. The TRT procedure and 
interpretation is widely used in practice (Galgaro et al., 2021; Sanner 
et al., 2008; Wilke et al., 2020) and described in many textbooks 
(Kavanaugh and Rafferty, 2014; Lamarche, 2023; Stauffer et al., 2013), 
and regulations (VDI 4640/5, 2020). To avoid interference of the initial 
fluid circulation and heat transfer through the borehole grout, previous 
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studies indicated an optimal TRT duration of at least 20 to 60 h 
depending on site-specific characteristics (Gehlin, 2002; Spitler and 
Gehlin, 2015). The TRT interpretation method is based on the infinite 
line source (ILS) solution of the Fourier’s law and was first presented by 
Carslaw and Jaeger (1959) and Ingersoll et al. (1954), and later devel
oped for many GSHPs applications. This technique shows good accuracy 
in determining the effective ground thermal conductivity (λ) during a 
TRT upon the following assumptions: 1) the borehole is assumed to be 
an infinite vertical line of infinitesimal diameter (e.g., typically the 
vertical size is much larger than the horizontal; 2) the ground temper
ature and thermal properties are vertically homogeneous; 3) the effects 
of groundwater flow on heat transport are negligible. In practice, the last 
two assumptions are hard to satisfy in a natural environment. A common 
solution among GSHP designers is to consider vertically equivalent ho
mogeneous thermal properties, following the principle of a purely radial 
heat flow oriented parallelly to the ground stratification (i.e., the ho
mogeneous equivalent value corresponds to the thickness-weighted 
arithmetic mean of the single values of the strata). In recent de
velopments, the vertical heterogeneity has been addressed by means of 
distributed thermal response test (DTRT) by recording the temperature 
evolution along the borehole length by means of thermistor strings or 
fiber optic temperature sensing (Wilke et al., 2020). Conversely, the last 
assumption is often neglected leading to misinterpretations of the 
ground thermal properties and GSHP performance when groundwater 
flow is present, and the TRT is interpreted by standard methods based on 
the ILS. The effect of groundwater flow on the heat propagation around 
BHEs and their resulting performance has been object of previous 
studies (Angelotti et al., 2014; Aresti et al., 2016; Chiasson et al., 2000; 
Previati and Crosta, 2024; Rivera et al., 2015; Wagner et al., 2013; 
Witte, 2013; Zhang et al., 2023; for a review, Zhao et al., 2022). Firstly, 
Diao et al. (2004) and Sutton et al. (2003) developed the analytical 
solution to estimate the temperature evolution around an infinite line 
source considering groundwater advection by means of the Green’s 
function method, and Molina-Giraldo et al. (2011) developed an 
analogue solution for a finite line. The moving infinite line solution 
(MILS) approach has been recently adopted to interpret TRTs in 
advective dominated regimes (Albers et al., 2024; Angelotti et al., 2018; 
Antelmi et al., 2020; Simon et al., 2021), but a comprehensive procedure 
is still missing. For example, Wagner et al. (2013) proposed a correction 
to account for the hydraulic parameter contrast between the borehole 
grouting material and the surrounding ground. Simon et al. (2021) and 
Zhang et al. (2023) through combined actively heated and fiber optic 
cables (ETRT, according to Wilke et al., 2020) compared the MILS 
method with a graphic identification of the characteristic times for an 
improved estimation of the ground thermal conductivity and flow ve
locity. Although promising in several aspects, this technique remains so 
far poorly adopted in TRT analysis due to its high installation costs and 
the absence of a standardized method of interpretation, which this paper 
aims to contribute.

In this study, four traditional TRTs (Signorelli et al., 2007) were 
performed in the city of Turin (N Italy) and enhanced by incorporating 
2.5 m-spaced thermistor strings inside auxiliary pipes in each borehole, 
obtaining four DTRTs with a total number of 84 temperature time-series. 
A comparison between all tests revealed that the standard interpretation 
of TRT and depth-distributed temperature perturbation time series from 
DTRT can lead to apparent thermal conductivity values up to 40 times 
the actual values. By comparing hydrogeological information from the 
test sites, this discrepancy was attributed to the advective heat transfer 
around the BHE induced by groundwater flow. This paper aims to 
quantify this effect. A comparison between the infinite line source (ILS) 
and the moving infinite line source (MILS) models, through data fitting 
and parameter optimization, highlights a significant overestimation of λ 
by the ILS model, particularly in regions with expected groundwater 
flow, where the MILS model is more suitable. Finally, a correction 
procedure of the apparent thermal conductivity (λapp) obtained from the 
ILS method in advective-dominated regimes is proposed, emphasizing 

the role of Darcy flow velocity (vd). The applicability and limitations of 
the ILS and MILS models in interpreting TRT data under high ground
water flow conditions are discussed.

2. Study site

Four in-situ thermal response tests (TRT), together with the DTRT 
tests performed simultaneously to the TRT tests, were analyzed in the 
scope of this work. The test sites are in the city of Turin (N Italy) and 
TRTs were conducted in 2022 along the pathway of the metro “Line 2″ 
for underground thermal characterization (Fig. 1a) as part of the 
installation of thermally active tunnel concrete walls (Barla et al., 2019).

Drillings for TRT (reaching 50 m of depth for TRTs 1, 2, 3 and 60 m 
for TRT 4) were performed by continuous rotation and core destruction. 
Thus, the lithostratigraphic vertical profile at each location (Fig. 1b) 
were reconstructed by matching the available nearby continuous-core 
drilling logs (Fig. 1a). For all the locations are available detailed bore
hole logs only up to 40 m of depth. Each TRT, except for TRT 4, crosses 
two main hydrogeological units (Festa et al., 2009): 1) a first shallow 
layer of Upper Pleistocene fluvio-glacial deposits pertaining to the ’Dora 
Riparia’ basin (Frassinere synthem) made of pebbly heterometric gravels 
in a weakly-weathered sandy matrix, with no to moderate degree of 
cementation; 2) a deeper layer of marine deposits (Argille Azzure or 
Marne di Sant’Agata Fossili fm.s) made of silt, clayey silt and silty clay 
with thin levels of sandy silt, highly compacted with local lithification. 
The transition between the shallow and deeper units is marked by 
dashed lines in Fig. 1b, following the map of the shallow aquifer bottom 
provided by a regional study available on the regional geoportal (https: 
//geoportale.igr.piemonte.it/). Note that for TRTs 1, 2 and 3 the pro
posed aquifer bottom agrees with the investigated lithostratigraphy, 
while for TRT 4 it is only suggested. The thickness of the saturated part 
of the shallow aquifer varies from a maximum of about 25 m at TRT4 to 
a minimum of 14 m at the center of the ’Dora Riparia’ river valley axis 
(TRT2). The hydraulic gradient ranges from 1.9 to 6.3 ‰ showing the 
highest values close to the terraced topography of the ’Dora Riparia’ 
river at TRT2.

3. Materials and methods

3.1. Test equipment

Four boreholes were drilled with a diameter of 152 mm to be used for 
vertical thermal response testing (TRT) and depth-distributed temper
ature recording (DTRT). The boreholes were equipped with single-U 
HDPE heat exchanger pipes having an external diameter of 40 mm 
and an internal diameter of 32 mm (Fig. 2), using shanks to maintain the 
distance between the pipes and to the borehole face. An auxiliary HDPE 
pipe of the same characteristics was installed in each bore, filled with 
water and equipped with a thermistor string with nodes every 2.5 m of 
depth to record the temperature evolution with an accuracy of 0.01 ◦C. 
TRTs 1, 2 and 3 (depth 50 m) had 20 nodes, while TRT 4 (depth 60 m) 
had 24 nodes in total. Finally, the borehole structure was cemented with 
thermal conductive grout having a nominal λgrout of 2.3 W/mK.

The TRTs were performed using a portable heat pump machine and 
clean water as heat transfer fluid of the heat exchanger. During the tests, 
the temperature evolution of the fluid entering (Tin) and leaving (Tout) 
the heat exchanger, and at every node of the thermistor string was 
recorded with a sampling frequency of 15 min. The heating phase of 
each test lasted 48 h and the following recovery period was monitored 
for at least the same duration. A constant flow rate of 0.14 l/s and a 5 ◦C 
temperature difference between Tin and Tout were maintained 
throughout the test to ensure a total steady heat power (Q) delivery of 
approximately 3.45 kW to the ground. The specific power (q = Q/L) was 
retrieved considering the length of each BHE, the average measured flow 
rate and temperature difference recorded during each test, resulting in 
70, 69, 69 and 58 W/m for TRT 1, 2, 3 and 4, respectively.
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Additionally, four disturbed and four undisturbed soil samples have 
been collected during borehole drilling to evaluate the thermal con
ductivity of the materials with the thermal needle method following the 
ASTM standard D5334–22. The disturbed samples were dried and 
reconstructed in a 8 cm-diameter cylindric sampler 10 cm high, at a bulk 
density of 2.0 kg/dm3 after adding 18 % by weight of water. Finally, 
after thermal equilibrium of the samples at room temperature, the 
thermal conductivity was estimated using a 10 cm long needle. The test 
includes a heating and a recovery stage of 90 ss each, while the needle 
temperature is recorded every 2.5 ss. During the heating stage a constant 
heat power injection is provided by the instrument. According to the ILS 
analytical method, the effective thermal conductivity values (λ) are 
obtained comparing the heating and recovery stages. For each sample, 
the average between three measures of λ in different positions of the 
sample was adopted as a representative value.

Furthermore, grain-size analyses from soil samples collected along 
boreholes within a 500 m-radius from each TRT location were consid
ered to reconstruct the lithostratigraphic profiles. Fig. 1a shows the 
location of the boreholes where grain-size analyses were collected.

3.2. Analytical methods

The thermal response test (TRT) results from the BHE inlet/outlet 
and from each node of the thermistor strings (DTRT) were analyzed 

through the methods described below and the vertical heterogeneity 
compared to the available lithostratigraphic and hydrogeological 
characteristics.

3.2.1. ILS method
The most widely adopted analytical model to interpret a TRT is 

founded on the infinite line source (ILS) theory (Carslaw and Jaeger, 
1959; Ingersoll et al., 1954). The method approximates the radial tem
perature perturbation field around a heating line source upon the 
following assumptions: 

• the vertical heating line source is of infinite length respect to the 
horizontal plane where the temperature field is examined;

• the temperature perturbation field is purely radial to the heat source 
axis, i.e. it can represent only a purely conductive heat transfer 
process;

• the initial temperature and the thermal resistance of the ground is 
homogeneous;

• the heat injection power is constant in time.

Although these assumptions are hardly fully satisfied in the geolog
ical environment, the ILS method is commonly adopted to interpret 
TRTs where the BHE is assumed to an infinite vertical line heat source of 
infinitesimal radius (Gehlin, 2002; Spitler and Gehlin, 2015).

The exponential integral solution provided by Carslaw and Jaeger 
(1959) can be approximated with Eq. (1), giving the temperature 
perturbation θ = T(ti) − T(t0) with respect to the initial temperature as a 
function of the radial distance (r) and time (t): 

θILS(r, t) =
q

4πλ
⋅
(

ln
4αt
r2 − γ

)

+ q⋅Rb (1) 

where q is the specific heat injection/extraction power (W/m), λ is the 
thermal conductivity of the ground (W/mK), α = λ/ρc is the ground 
thermal diffusivity (ρc is the volumetric heat capacity of the ground), 
γ = 0.5772… the Euler’s constant, and Rb the compound borehole 
thermal resistance.

The approximation of the integral solution for the infinite cylindrical 
problem given by Carslaw and Jaeger (1959) is valid for large values of 
the characteristic time (tc = r2

b/α). It is widely recognized (after the 
work of Claesson and Eskilson, 1988) that the approximate solution 
produces negligible errors (<10 %) for t > 5 tc which was also quantified 
numerically by Signorelli et al. (2007).

Moreover, according to Spitler and Gehlin (2015), the later stage (i. 

Fig. 1. (a) Map of the study site showing the location of the four thermal response tests (TRTs), the main hydrogeological features and the available borehole and 
grain-size information used in this work. (b) Simplified hydrogeological cross-section showing the lithostratigraphic characterization at each TRT site. DTRT at the 
same sites were acquired by 2.5 m-spaced thermistors inside auxiliary pipes.

Fig. 2. Geometry and characteristics of the borehole heat exchanger (BHE) 
used for the TRTs. The bore is equipped with a thermistor string in the auxiliary 
pipe. All measurements are in mm.
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e., typically after about 10 h) of a TRT have to be preferred to estimate 
the thermal conductivity of the ground. In fact, it was highlighted that 
the earliest times (i.e., in the order of 10–20 mins) of a TRT are affected 
by the circulation of warmed and not-yet-warmed fluids inside the BHE 
loop, while intermediate times (i.e., in the order of few hours) are 
affected by the heat transfer within the grout. Thus, only later times can 
assure the estimation of heat transfer properties inside the ground when 
the thermal front has penetrated beyond the borehole wall and the ef
fects of the BHE can be neglected.

For these reasons, considering a broad range of possible ground 
thermal parameters λ and ρc between 1.0 to 3.0 W/mK and 1.5 to 3.0 
MJ/m3K (Dalla Santa et al., 2020; VDI 4640/2, 2001), respectively, the 
characteristic time (tc) ranges approximately between 1 and 3 h and, 
consequently, the minimum required time for TRT analysis between 5 
and 15 h. Thus, for each temperature time-series recorded during the 
TRTs, λ was estimated considering t > 10 h up to the end of the test (48 
h).

Practically, from the experimental temperature-time evolution dur
ing the TRT, λ is determined taking the derivative of Eq. (1) with respect 
to the natural log of t. Therefore, ignoring all non-time-dependent terms, 
Eq. (1) yields to: 

λ =
q
4π

(
dθ

d(ln(t))

)− 1

(2) 

Therefore, the thermal conductivity can be also easily obtained 
graphically from the slope of the temperature plotted versus the loga
rithmic time.

Similarly, the ILS theory was applied to estimate the λ of the soil 
samples by means of the needle probe method in the laboratory. Eq. (2)
was deployed comparing the slope of the temperature versus the loga
rithmic time for the heating (H) and recovery (C) stages. For the heating 
stages Eq. (2) was directly applied, while for the cooling stages the 
following transformation (Eq. (3)) is necessary to account for the 
duration of the heating phase before cooling: 

λC =
q
4π

⎛

⎜
⎝

dθ

d
(

ln
(

t
t− t1

))

⎞

⎟
⎠

− 1

(3) 

where t1 is the total duration of the heating stage and q is the specific 
heating power applied constantly during heating. Representative values 
of λ will be provided in the results section considering the average be
tween three measures in different positions of the sample.

3.2.2. MILS method
In natural aquifers, groundwater flow may have a significant impact 

on the heat transport (Angelotti et al., 2014; Aresti et al., 2016; Cai et al., 
2020; Chiasson and O’Connell, 2011; Zhao et al., 2022). The importance 
of heat transport due to groundwater advection with respect to the 
conductive heat transfer is given by the thermal Peclet number: 

Pe =
ve⋅D

α (4) 

where ve = vd/ne is the effective velocity obtained dividing the Darcy’s 
velocity (vd) by the effective porosity (ne), and D represents the reference 
dimension, defined for this specific problem as the borehole diameter (2 
x rb). To quantify the thermal perturbation around a line source when 
groundwater flow is present, many studies (for a review, see Zhao et al., 
2022) proposed analytical approaches to solve the partial differential 
equation of conduction-advection heat transport similarly to the con
duction equation with a moving heat source through a fixed medium or 
with a fixed heat source in a moving medium. Diao et al. (2004) derived 
a solution (Eq. (5)) to this problem in transient conditions by means of 
the Green’s function method: 

θMILS(r,φ, t, vt) =
q

4πλ
⋅exp

( r vt

2α cosφ
)

⋅
∫4αt / r2

0

1
η⋅exp

(

−
1
η −

r2 v2
t η

16 α2

)

dη

+ q⋅Rb

(5) 

where vt = vd ρcw/ρc is the effective heat transport velocity, φ is the 
polar angle, and η = 4α(t − t́ )/r2 is the integration parameter. The as
sumptions of this method are identical to those of the ILS method. An 
additional assumption is that the groundwater flow velocity is homo
geneous and constant over time, oriented along the polar direction φ =

0. The assumption of a steady groundwater flow regime is justified by 
the short duration of the test (2 days) compared to the typical timescale 
of groundwater fluctuations in the region, which generally occur over 
weeks or months (e.g., seasonal or longer-term variations). Similarly, 
spatial homogeneity of the groundwater flow velocity can be assumed in 
the horizontal dimension, as the spatial scale of the perturbation caused 
by the test is smaller than the natural hydrogeological variability in the 
area. In the vertical dimension, however, characterizing the ground
water flow velocity distribution is the primary focus of this study.

Since the temperature on a circle around the heat source (e.g. at the 
borehole radius) is no longer constant, because of groundwater flow, the 
average temperature perturbation at a radial distance (θ) can be ob
tained by integrating Eq. (5) from 0 to π respect to the polar angle, 
giving: 

θMILS(r, t, vt) =
q

2πλ
⋅I0

(r vt

2 α

)
⋅

∫4αt / r2

0

1
2η⋅exp

(

−
1
η −

r2 v2
t η

16 α2

)

dη + q⋅Rb

(6) 

where I0 is the modified Bessel function of the first kind of order zero 
used to express the integral function of the first exponential term of Eq. 
(5).

Simon et al. (2021) and Zhang et al. (2023) demonstrated that the 
minimum required time for evaluating heat transfer to the ground de
creases from the theoretical characteristic time (tc) defined for the ILS 
method as the flow velocity increases. This peculiarity ensures the 
minimum duration for TRT data fitting with the MILS method.

3.2.3. Surrogate advective g-function and thermal exchange potential
Another common approach to determine the spatial-temporal tem

perature perturbation around an infinite line source due to a constant 
heat rate is using nondimensional response functions also called g- 
functions (Eskilson, 1987; Kavanaugh and Rafferty, 2014; Spitler and 
Bernier, 2016). The g-functions have been firstly formulated as a complex 
integral equation or in the form of tabulated values by Carslaw and 
Jaeger (1959) and Ingersoll et al. (1954), and have been used to derive 
the temperature perturbation from the relationship: 

θ(r, t) =
q
λ
⋅G(Fo) (7) 

where G is the g-function value for a given Fourier’s number Fo = αt/r2.
Using the superposition principle, Eskilson (1987) firstly provided 

the ground response for different configurations of multiple boreholes 
and time-varying heat pulses, and many GSHP design softwares are 
based on this principle. The main limitation is that g-functions have been 
derived from the ILS theory and, thus, are valid only for purely 
conductive heat transport problems where the effect of groundwater 
advection is negligible.

The concept of g-function has been adopted by the authors (Previati 
and Crosta, 2024) for combined conduction-advection regimes by 
calculating numerically the mean radial temperature around a line 
source during constant heat injection and under variable Darcy velocity 
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values. A bundle of pseudo g-functions (Gʹ) was obtained by inverting Eq. 
(7) for different values of vd and replacing θ(r, t) with the numerical 
results. The relationship Gʹ(Fo, vd) was interpolated for a specific radius 
of 0.05 m by means of artificial neural networks (ANN) obtaining a 
surrogate model as displayed in Fig. 3.

A numerical regression of Fig. 3 was also obtained in the scope of this 
work from the results by Previati and Crosta (2024) and is given in the 
Supplementary Material.

Thus, the average temperature perturbation at a radial distance from 
the line heat source can be expressed using the numerically derived 
pseudo g-function G’(Fo,vd): 

θSRG(a, t, vd) =
q
λ
⋅G’(a⋅Fo, vd) (8) 

where a is a constant term used to account for a variable radius.
Alternatively, the values Gʹ of the pseudo g-function were used by the 

authors (Previati and Crosta, 2024) to estimate the specific power 
extraction rates (PGSHP) of the BHE following the ASHRAE method of 
Kavanaugh and Rafferty (2014) (a complete explanation of this method 
is given in the Supplementary Material, see Equation S.4): 

PGSHP
(
Gʹ

t1,G
ʹ
t2,G

ʹ
t3,Rb,ΔT,EFLH,COP, PLF, Fsc

)
(9) 

According to Kavanaugh and Rafferty (2014), the values of Gʹ at 
three specific times: t1 = 4 h, t2 = 30 days and t3 = 10 years were used to 
derive three corresponding ground thermal resistances Rg1, Rg2 and Rg3 

(see Equation S.2 in the Supplementary Material) for short-, medium- 
and long-term heat pulses from the BHE to the ground.

The borehole thermal resistance (Rb) was calculated according to the 
characteristics following the method of Shonder and Beck (1999), 
considering the borehole radius (rb), the BHE pipes radius (rp), the 
number of pipes (n) and the thermal conductivity of the ground (λgrout). 

Rb =
1

2π λgrout
ln
(

rb

rp
̅̅̅
n

√

)

(10) 

ΔT, EFLH, COP, PLF and Fsc depend on the GSHP configuration and 
refer, respectively, to the average temperature difference between the 
heat carrier fluid and the initial ground, the yearly equivalent full-load 
operating hours, the coefficient of performance of the system, the part 
load factor that accounts for the total daily operating hours, and the 
short-circuit factor depending on the BHE geometry.

Finally, the steps to determine the thermal exchange potential of 
GSHP with the method proposed by Previati and Crosta (2024) are 
summarized below (a complete explanation is given in the Supplemen
tary Material): 

1. from a set of synthetic numerical models, the pseudo g-function 
values (Gʹ) for GSHPs with groundwater flow were derived from the 
average temperature perturbation around the heating source using 
Equations (7) and (8);

2. pseudo g-function values (Gʹ) are calculated for three characteristic 
times t1 = 4 h, t2 = 30 days and t3 = 10 years using the surrogate 
model by Previati and Crosta (2024) outlined in Fig. 3;

3. these Gʹ values are implemented into the GSHP sizing method of 
Kavanaugh and Rafferty (2014) (ASHRAE), incorporating demon
strative system-specific parameters, to obtain PGSHP.

3.2.4. Parameter estimation
The described analytical models were used to estimate the ground 

thermal parameter λ and the Darcy flow velocity vd, assuming r = rb. The 
following error functions were used to search for the optimal values of r, 
λ, α and vD that best match the measured temperature evolution T(t)
during the TRTs using the derivative-free method implemented in 
MATLAB: 

EILS(r, λ, α,Rb) =
∑n

i=0
[T(ti) − θILS(r, ti)]2 (11) 

EMILS(λ, vd) =
∑n

i=0
[T(ti) − θMILS(r, vt , ti)]2 (12) 

Eq. (11) was used for ground parameter estimation (λ and α) from the 
average heat carrier fluid temperature (Tavg) time series. This equation 
was also used to estimate the borehole radius (r = rb) and the compound 
borehole thermal resistance (Rb) and compare with their empirical es
timations based on the geometry and characteristics of the boreholes. In 
the further analysis, r, Rb, and cρ = λ/α will no longer be optimized and 
considered constant along the entire borehole length.

Eq. (12) was used for the estimation of local λ and vd using the 
temperature time series measured at the thermistor string nodes 
(DTRTs). The results will be compared each other and against the 
available lithostratigraphic and hydrogeological knowledge of the sites.

4. Results

4.1. Thermal response test (TRT)

For each TRT, the average fluid temperature (Tavg) at each time step 
was calculated from the temperature of the fluid entering (Tin) and 
leaving (Tout) the heat exchanger. Fig. 4 displays the Tavg versus time for 
the four TRTs in comparison with the modeled temperature perturbation 
using the ILS method (Eq. (1)) after the optimization of λ, α and Rb by 
means of Eq. (11) with a fixed r of 0.075 m. For comparison, tempera
ture perturbation time series from the DTRT are also shown. As sug
gested by the technical literature (Carslaw and Jaeger, 1959; Claesson 
and Eskilson, 1988; Signorelli et al., 2007; Spitler and Gehlin, 2015), to 
avoid disturbances due to the initial fluid circulation and heat transfer in 
the borehole grout, curve fitting and parameter optimization were per
formed only for t > 10 h.

The resulting optimal ground and borehole parameters for each TRT 
are displayed in Table 1 for r = 0.075 m.

Considering the materials described in Section 2, values of λ should 
range between 1.5 and 2.5 W/mK (Dalla Santa et al., 2020; VDI 4640/2, 
2001) for the shallow unit and even lower for the deeper unit, suggesting 
a significant contribution of groundwater advection along the boreholes 
that may enhance the BHE-ground heat transfer processes leading to 
apparent higher values of TRT thermal conductivity.

Due to the indeterminacy of both λ and vd using the MILS method 
(Angelotti et al., 2018), a range of possible values of vd was assessed by 
optimizing vd in Eq. (6) for a bundle of fixed values of λ. This was ach
ieved by means of Eq. (12) adopting the estimated values of borehole 
thermal resistance in Table 1. Fig. 5 shows the optimal values of Darcy 

Fig. 3. Numerically derived pseudo g-functions (colored lines) expressed as a 
function of the Fourier number (Fo) for different Darcy velocities (vd) compared 
to the static groundwater (conduction only) g-function solution (black line) 
(from Previati and Crosta, 2024).
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flow velocity (vd) obtained for a bundle of thermal conductivity values 
(λ) for each TRT, highlighting the different contribution of advection in 
each TRT. It is important to note that as λ increases, the optimal vd ap
proaches a vertical asymptote corresponding precisely to the λ value 
estimated using the ILS method. Conversely, as λ decreases, the optimal 
vd reaches a maximum value. Resulting intervals of vd for the range of λ 
between 1.5 and 2.5 W/mK are given in Table 1.

4.2. Distributed thermal response test (DTRT)

The vertical variability of the thermal exchange properties between 
the ground and the BHE, along with the contribution of conductive and 
advective processes, was investigated by analyzing 84 temperature time 
series (Fig. 6) recorded along the BHE every 2.5 m from four thermistor 
strings installed inside each TRT borehole. This technique is also known 

as distribute thermal response testing (DTRT). The normalized temper
ature (θq = θ/q) time-depth heat maps show a strong vertical hetero
geneity in the borehole-ground heat transfer processes after the constant 
heat power injection deployed by the TRTs. It is clearly visible the 
presence of small layers with a significant contribution of groundwater 
advection whose characterization is object of this work. From Fig. 6, 
especially in the cooling stage, it is also visible the vertical heat transfer 
between the layers which is not addressed in this work.

Temperature time series from DTRTs were analyzed by means of the 
ILS and MILS methods to retrieve the optimal conductive and advective 
BHE-ground heat transfer parameters. The results are plotted against 
depth in comparison with the lithostratigraphic profiles and the avail
able grain-size data in Fig. 7.

As outlined by the configuration of the BHE (Fig. 2) and the recorded 
temperature differences during the TRTs (Fig. 4), the thermal resistance 
(Rb) for the DTRT temperature time series is lower than the one calcu
lated for the standard TRT (shown in Table 1). This difference can be 
attributed to the outermost positioning of the auxiliary pipes where the 
thermistor strings are located. To estimate the equivalent Rb at the 
measurement position of the DTRTs, the ILS method was applied to all 
temperature time-series for each DTRT using Eq. (11). A single value of 
Rb was assumed for each location (since the geometric configuration 
remains consistent along the borehole), while the thermal conductivity 
(λ) was allowed to vary at each depth level. The resulting values of Rb 
were 0.019, 0.035, 0.027 and 0.010 mK/W for DTRT 1, 2, 3 and 4, 
respectively. These values are notably lower than those calculated using 
the temperature difference between the inlet and outlet pipes and will 
therefore be neglected in the subsequent processing of the DTRT series. 
This approach is further justified by the fact that fitting was performed 
for t > 10 h, ensuring that only heat transfer processes in the ground are 
considered.

Additionally, introducing another parameter into the optimization 
process of the MILS method would increase the degrees of freedom, 
potentially complicating the estimation of vd, as addressed later. How
ever, it is important to acknowledge that neglecting Rb, while having a 
minimal effect on the DTRT, could result in a slight underestimation of 

Fig. 4. TRT measured (empty dots) and calculated (red lines) temperature perturbation versus time (left) and logarithmic time (right), after the parameter estimation 
using the ILS method. Model fitting was performed for t > 10 h. The reader must note that the measured data are displayed every 2.5 h, while the real sampling 
frequency is 15 min. For comparison, temperature perturbation time series from the DTRT are also shown (blue lines).

Table 1 
Optimal borehole and ground thermal parameters obtained with the ILS method. Rb is the borehole thermal resistance, λ is the ground thermal conductivity and cρ is 
the ground volumetric heat capacity. The optimal values of vd using the MILS method are also shown for a range of λ between 1.5 and 2.5 W/mK.

TRT1 TRT2 TRT3 TRT4

Rb (mK/W) 0.10 0.12 0.13 0.10
cρ (J/m3K) 2.649 × 106 2.50 × 106 2.36 × 106 2.52 × 106

λILS (W/mK) 3.08 3.94 4.12 6.91
vd(m/s) 2.78 – 4.76 × 10–6 4.86 – 6.01 × 10–6 5.07 – 6.28 × 10–6 9.20 – 10.0 × 10–6

Fig. 5. Optimal values of Darcy flow velocity (vd) obtained for a bundle of 
thermal conductivity values (λ) for each TRT. The yellow area shows the most 
likely interval for λ according to the geological materials described in Section 2.
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vd or λ values, as demonstrated by Eq. (6).
Fig. 7a shows the depth-distributed values of λ obtained by the ILS 

method (Eq. (1)) on each temperature time series (DTRT) in comparison 
with the mean value of λ obtained by the ILS method on the average fluid 
temperature (Tavg) from TRT as shown in Table 1, and the optimal values 
of λ obtained by the MILS method after optimization of the groundwater 
velocity (vd) for each depth level (DTRT). For the MILS method, two 
parameters optimization attempts were made: one without any 
constraint on all parameters (MILS in Fig. 7) and another constraining 
the λ between 1.5 and 2.5 W/mK (MILSCO in Fig. 7). In the same plot, the 
values of laboratory-estimated λ for specific soil samples by means of the 
needle probe method are also shown. These lasts, generally exhibit 
lower values than in-situ estimates, probably due to the lower time and 
spatial scales of investigation achieved with the laboratory method and 
the absence of moving groundwater.

The high (up to 10 - 40 W/mK) apparent values of λ displayed in 
Fig. 7a by the ILS method are compensated by the combination of lower 
optimal values of λ and values of vd using the MILS solution. These high 
values of groundwater flow are not only necessary to explain the high 
BHE-ground heat transfer capacity shown by some depth levels but are 
also confirmed by the lithological profiles and the available grain size 
information.

Fig. 7b shows the optimal Darcy groundwater flow velocity (vd) for 
each depth level attained by means of the MILS method constraining λ 

between 1.5 and 2.5 W/mK as a realistic range derived from the labo
ratory needle probe analysis. The abundance of fines (i.e., d < 0.075 
mm) by weight derived from the available grain-size analyses is shown 
for comparison. The grey dashed area shows the likelihood range of vd 
obtained by optimizing vd from Eq. (12) for the boundary values of λ (=
1.5 and 2.5 W/mK, respectively). This analysis demonstrates that for 
high flow velocity values, where the advective contribution outweighs 
the conductive one (i.e., for Pe > 2), the range of possible vd values 
narrows significantly, indicating that this parameter is essential for 
interpreting the local thermal response. Conversely, where the advective 
contribution is negligible or absent, the range of possible vd values 
broadens, as its role in determining temperature development is null. 
This leads to the indeterminacy of vd in conduction-dominated regimes 
(e.g., for Pe < 2 or vd below 2.5 × 10–6 m/s), where estimating vd using 
the MILS model on TRT data becomes unfeasible.

In practical terms, vd is a key parameter for predicting the ground 
thermal response in advective-dominated regimes, while in conductive 
regimes, its indeterminacy increases due to its limited influence on local 
thermal processes agreeing to the conclusions by Angelotti et al. (2018).

Vertically-equivalent values of vd were retrieved for each DTRT by 
computing the depth-weighted average of depth distributed values of vd 
and compared to the values of vd obtained applying the MILS method on 
the average (Tavg) BHE temperature (Table 2), demonstrating good 
agreement and supporting the acceptability and comparison between 

Fig. 6. Depth-distributed TRT temperature perturbation data from the thermistor strings at each borehole (from TRT1 to TRT4) plotted as time-series (upper plots) 
and as time-depth heat maps (lower plots). θq = temperature perturbation normalized by the average specific heating power (q) of each test. The white lines in the 
lower plots show the depth of groundwater, while the dashed horizontal lines show missing data due to interference with the heat flow at the ground-surface interface 
or recording problems. The lithostratigraphic profile for each borehole is plotted to the right of each heatmap.
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the classical interpretation of TRT and the DTRT method with the MILS 
approach. The resulting equivalent horizontal hydraulic conductivity (K 
= vd/i) was obtained for each TRT from the observed hydraulic gradient 
(i) showing agreement between the two methods and, in general, with 
typical values of K expected for the geological materials described.

4.3. Thermal exchange potential

Finally, by applying the surrogate model approach by Previati and 
Crosta (2024) (see the Supplementary Material for a detailed explana
tion), the GSHP thermal exchange potential (PGSHP) was obtained for 

Fig. 7. (a) Estimated values of thermal conductivity (λ): Needle – in the laboratory by the needle probe method (ASTM standard D5334–22), ILS – infinite line source 
method (Eq. (1)) on depth-distributed temperature time series (DTRT), ILSavg – infinite line source method on the average fluid temperature (TRT), MILS and MILSCO 
– moving infinite line source method (Eq. (6)) after the optimization of vd and λ at each depth for each borehole, without constraints (MILS) and constraining 
(MILSCO) the λ between 1.5 and 2.5 W/mK, respectively (DTRT). (b) Estimated values of Darcy groundwater flow velocity (vD) using the MILS method: black line =
optimal value, grey dashed area = uncertainty range obtained for 1.5 < λ < 2.5 W/mK; in comparison with the available grain size data from borehole sampling 
(expressed as percentage of fines, i.e., d < 0.075 mm, by weight in each sample). The Peclet number (Pe) is displayed considering λ = 2 W/mK, α = 8 × 10–7 m2/s, D 
= 0.152 m, n = 0.25. The groundwater depth as of August 2022 and the estimated bottom of the shallow layer of highly permeable deposits are displayed as 
horizontal lines for each borehole.

Table 2 
Vertically-equivalent Darcy flow velocity (vd) obtained with the MILS method on the average BHE fluid temperature (Tavg) and by the depth-weighted average of depth 
distributed values of vd (from DTRT). The resulting borehole-equivalent horizontal hydraulic conductivity (K) was derived considering the local hydraulic gradient (i).

TRT1 TRT2 TRT3 TRT4

i (‰) 2.8 6.3 6.2 1.9

​ Tavg DTRT Tavg DTRT Tavg DTRT Tavg DTRT ​
vd (m/s) 2.8 – 4.8 1.9 4.8 – 6.0 3.0 5.0 – 6.3 2.6 9.1 – 10 8.3 x 10–6

K (m/s) 1.0 – 1.7 0.69 0.8 – 0.9 0.48 0.8 – 1.0 0.43 4.8 – 5.2 4.4 x 10–3
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each depth level considering the values of λ and vd obtained by 
parameter optimization of the MILS model (Eq. (6)). Fig. 8 shows, for 
each TRT, and for each depth level, the values of PGSHP obtained by the 
surrogate approach considering only conduction (i.e., using the 
MILS-estimated values of λ from Fig. 7a and setting vd = 0) and both 
conduction and advection (i.e., using the MILS-estimated values of λ 
from Fig. 7a and vd from Fig. 7b).

The depth-averaged values of PGSHP for BHE in TRT1, 2, 3 and 4 are 
47.4, 46.7, 48.7, 50.4, and 73.9, 84.4, 77.9, 90.2 W/m considering only 
conduction or conduction and advection, respectively. Thus, the esti
mated contribution of groundwater advection on the specific power 
extraction rates of the BHEs stands at the 35, 44, 37 and 44 % of the 
total, respectively for TRT1, 2, 3 and 4.

5. Discussion

Distributed thermal response tests (DTRT) indicate high heat ex
change rates between the BHE and the ground where the presence of 
high groundwater flow is suggested by the available hydrogeological 
information. This study aligns with previous findings dealing with the 
quantification of the groundwater flow contribution during a TRT 
(Angelotti et al., 2018; Antelmi et al., 2020; Chiasson and O’Connell, 
2011; Zhang et al., 2023) for a set of very high (up to 3.0 × 10–5 m/s), 
yet unexplored, groundwater velocity values.

The combined advective-conductive MILS heat transport model was 
used to retrieve their respective contributions on the BHE-ground heat 
exchange, and to estimate the magnitude of groundwater flow along the 
BHEs. With a global RMS between all measured and simulated DTRT 
temperature perturbations of 0.25 ◦C, the MILS solution generally out
performs the purely conductive ILS solution (with a global RMS of 0.48 
◦C).

Considering the average hydraulic gradient of 2 to 6 ‰, it was 
observed that a hydraulic conductivity between 4.3 × 10⁻⁴ and 4.4 ×
10⁻³ m/s is required to achieve the estimated flow velocities corre
sponding to the observed heat exchange rates. These values are typical 
of the described materials where vertical heterogeneities, such as pref
erential flow channels, can locally increase the groundwater flow 
significantly. These high velocities are able to capture a great portion of 
the total heat exchanged by the vertical BHE and their thermo- 

hydrogeological investigation is essential for shallow geothermal 
applications.

A possible limitation of the presented DTRT analysis lays in the 
assumption of a vertically homogeneous heating load (Q) distribution 
along the BHE. In practice, this is related to the actual temperature 
difference between the heat carrier fluid and the surrounding ground for 
every depth level of the BHE, leading to possible non-homogeneous 
distribution of the applied specific heat extraction rate (q). The homo
geneity assumption may be considered acceptable for TRT1, 2 and 3, 
since they exhibit a quite constant initial temperature-depth distribution 
as shown in Fig. S1 (in the Supplementary Material). Conversely, TRT4 
displays a strong vertical heterogeneity of the initial temperature-depth 
distribution possibly due to the presence of two geothermal injection 
wells (groundwater heat pumps, GWHP) located 90 m upgradient 
(described in the work by Lo Russo et al., 2011). Thus, higher uncer
tainty must be expected on the assessment of the heat transfer along 
TRT4 since the higher heat exchange values estimated between 32.5 and 
50.0 m of depth (Fig. 6b) might be overestimated due to the higher 
initial temperature values shown in Fig. S1 and confirmed by the 
geothermal reinjection wells filter screen interval.

This limitation has been resolved by the novel enhanced thermal 
response test (ETRT) technique (Dalla Santa et al., 2022; Wilke et al., 
2020; Zhang et al., 2023) where a combined heating-fiber optic cable is 
used to control the applied heating load, or by using multiple fiber optic 
cables inside the BHEs (Acuña et al., 2011; Acuña and Palm, 2013). In 
the work of Albers et al. (2024), the specific heating power q was 
retrieved for each depth level by coupling the ETRT techniques with 
fiber optic temperature sensing, while Acuña et al. (2011) resolved q 
from a local energy balance across coaxial BHEs from multiple fiber 
optic temperature sensing. This study configuration, which excludes the 
estimation of local heat fluxes across the BHE and assumes a homoge
neous specific heating power load (q), recognizes the potential for 
parameter misestimations arising from inaccuracies in local q values.

5.1. Nomograms for the interpretation of TRTs considering the effect of 
groundwater flow

Nevertheless, the present work provides valuable insights into when 
it is appropriate considering groundwater flow and how it can be 

Fig. 8. Depth-distributed values of GSHP thermal exchange potential (PGSHP) in W/m obtained by the model by Previati and Crosta (2024) from the optimized 
parameters λ and vd of the MILS model. The blue area represents only the conductive contribution (obtained setting vD = 0) and the orange area represents the 
additional advective contribution obtained using the estimated values of λ and vd. The dashed vertical lines the depth-averaged PGSHP obtained by the model 
considering conduction and advection.
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effectively incorporated into TRT analysis. However, in common prac
tice, the MILS method (Eq. (6)) is not frequently adopted due to the 
greater complexity of the equation with respect to the ILS method (Eq. 
(1) and (2)), which is widely used and mentioned by the TRT guidelines 
but inappropriate in advective hydrogeological regimes as demonstrated 
by this study and in the literature. Therefore, a method was presented to 
derive the actual thermal conductivity (λ) from the apparent thermal 
conductivity (λapp), which arises from the improper application of the 
ILS method to groundwater advection-dominated TRT data.

The relationship between λ and λapp was investigated comparing the 
ILS and MILS solutions to a range of synthetic thermal perturbation time 
series generated with the MILS method and varying the groundwater 
flow velocity (vd), obtaining the theoretical nomograms presented in 
Fig. 9.

Fig. 9 shows the ratio λapp/λ versus (a) the groundwater flow velocity 
(vd), and (b) the actual thermal conductivity (λ), for different values of λ 
and vd, respectively. Black dots represent the values from DTRT and TRT 
analyses presented in this study where the λapp was obtained applying 
the ILS method to the measured temperature perturbation time series, 
while λ was obtained with the MILS method after the optimization of 
both λ and vd as described in the previous section.

In practice, the nomograms shown in Fig. 9 can be used by varying 
the combination of λ and vd within a range of reasonable values to obtain 
λ from λapp and vd, or to estimate vdfrom λ and λapp. This approach can be 
useful, for example, assuming that the hydrogeological regime in a study 
area may vary over time due to natural or anthropogenic forcing, to 
refine the estimates of the thermal exchange potential (PGSHP) resulting 
from the TRT.

These plots also display two main limitations of the proposed 
approach. First, several combinations of λ and vd may lead to very 
similar temperature perturbations over time using the MILS equation 
introducing uncertainty in the optimization process if none of the two 
parameters is known in advance (as discussed by Angelotti et al., 2018) 
which may be reduced introducing plausible boundaries for λ to narrow 
the possible space of solutions for vd. For practical applications, this 
work demonstrated that the non-uniqueness of the λ and vd estimations 
from TRT data is problematic only for purely conductive and 
conductive-advective transitional regimes (i.e., for Pe < 2), where the 
effects of groundwater flow on heat transport is negligible and, there
fore, the ILS solution becomes reliable. For advective dominated regimes 
(i.e., for Pe > 2), it was demonstrated that vd is essential for TRT data 
fitting and, therefore, predicting the ground thermal response. More
over, in such cases, the range of possible vd narrows as the ratio of 

advection to conduction contributions increases (i.e., as the Peclet 
number rises), thereby enhancing the reliability of the MILS solution.

The second limitation was highlighted by the comparison of the 
proposed theoretical nomograms with real interpreted data from TRTs 
(black dots in Fig. 9a) revealing significant deviations. In particular, in 
the upper-right corner, very high values of λapp/λ can be simulated only 
adopting flow velocities higher than the theoretical expectations prob
ably to compensate the thermal resistance of the borehole grout which is 
not included in the nomograms. Minor discrepancies may also be due to 
the vertical heat transfer which is neglected by this model.

6. Conclusions

This study underscores the significant influence of groundwater flow 
on thermal response tests (TRTs), challenging traditional approaches 
that assume ground homogeneity and ignore groundwater effects. The 
application of both the infinite line source (ILS) and moving infinite line 
source (MILS) models to TRT data revealed the overestimation of the 
thermal conductivity (λ) by the ILS method in advective dominated re
gimes. In particular, for values of Darcy velocity (vd) greater than 5 ×
10–6 m/s, the traditional ILS approach leads to apparent values of λ up to 
40 times larger. The MILS approach, which accounts for advective heat 
transfer, provides a more accurate interpretation of the heat transfer in 
the ground, estimating both λ and vd.

The analyzed depth-distributed TRTs show strong vertical hetero
geneity in the heat transfer, with few layers displaying significant 
groundwater advection with local values of vd up to 3 × 10–5 m/s. Their 
contribution on the total heat exchanged by the BHE was quantified 
thanks to a surrogate model for geothermal potential assessment 
developed by the authors. It was discussed that the advective contri
bution to the specific power extraction rates of the BHEs (i.e., the 
shallow geothermal potential) accounts for 35–44 % of the total heat 
extraction capacity. Moreover, it has been demonstrated that the non- 
uniqueness of vd values when fitting TRT data diminishes as the 
advection to conduction ratio increases, making the estimation of vd 
increasingly reliable as its value grows. These findings emphasize the 
need to account for both conduction and advection when estimating 
geothermal potential of GSHPs.

Finally, a correction procedure is proposed to adjust the apparent 
thermal conductivity derived from improperly interpreted TRT data by 
the ILS method in advective regimes, incorporating the effect of 
groundwater flow velocity through a nomogram approach. This 
research provides an improved framework for interpreting TRT data for 

Fig. 9. Nomograms of the ratio λapp/λ versus (a) the groundwater flow velocity (vd), and (b) the actual thermal conductivity (λ), for different values of λ and vd, 
respectively. The apparent thermal conductivity (λapp) was obtained with the ILS method for different values of flow velocity. The dots in both plots (black = from 
DTRT data, empty circles = from Tavg TRT data) show the λapp/λ values obtained in this study after the estimation of vd and λ with the MILS method.
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various hydrogeological regimes, considering groundwater flow, lead
ing to more reliable GSHP designs and geothermal potential assess
ments, promoting the sustainable use of shallow geothermal energy.
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