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Abstract 

In this paper for the first time the Moving Line Source (MLS) model is combined with a depth-resolved Thermal Response 

Test (TRT). The latter was performed in a heterogeneous and groundwater rich subsoil, composed by a layering of silty 

sand, medium-fine sand and coarse-medium sand, with a layer of clayey silt separating a shallow aquifer from a deep 

one.  

The temperature evolution in the ground along the vertical axis was analysed with both the standard Infinite Line Source 

(ILS) and the MLS. The two models lead to similar estimates of the thermal conductivity in those regions of the subsoil 
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where conduction prevails, while the MLS performs better where a significant groundwater velocity is expected. In these 

layers, the MLS analysis allow to derive both the thermal conductivity and the Darcy velocity. The MLS results were 

validated by comparison with a numerical simulation on a multiple-layers ground model developed in 

MODFLOW/MT3DMS using a constant energy boundary condition. The combined depth-resolved TRT/MLS approach 

represents an important method for an accurate design of the Ground Heat Exchangers under the presence of groundwater 

flow. 

 

 

Highlights 

 Moving Line Source analysis applied to depth-resolved Thermal Response Test  

 Vertical distribution of thermal conductivity and Darcy velocity achieved 

 Thermal and hydraulic properties of layers in good agreement with stratigraphic log 

 Layered numerical model validates the MLS results 

 Numerical simulation of BHE using ITYPE15 boundary condition 

 

 

Keywords: Ground Source Heat Pumps, Depth-resolved Thermal Response Test, Advection, Numerical Modelling, 

Moving Line Source, Groundwater. 
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Nomenclature 

 

Symbol Variable Unit 

 Thermal diffusivity m2/s 

BHE Borehole Heat Exchanger - 

C Volumetric heat capacity of the porous medium or water or pipe J/(m3K) 

Ck Dissolved mass concentration kg/m3 

Cs Concentration of the sources or sinks kg/m3 

cs, cw Specific heat capacity of the solid or water J/(kgK) 

D* Molecular diffusion coefficient/Thermal diffusion coefficient m2/s 

Dij Diffusion-dispersion tensor m2/s 

 Angle between Darcy velocity and source-probe distance ° 

θ Volumetric water content of the porous medium  - 

GSHP Ground Source Heat Pump - 

H, h Hydraulic head m 

Kd Distribution coefficient m3/kg 

ILS Infinite Line Source - 

λ Effective thermal conductivity of the porous medium W/(mK) 

L Cell thickness m 

M, N Total number of data sample - 

MLS Moving Line Source - 

q Heat rate per unit length or specific heat rate W/m 

qs Volumetric flow rate per unit volume of aquifer representing sources and sinks (m3/s)/m3 

r Radial coordinate m 

RMSE Root mean squared error °C 

ρb Porous medium bulk density kg/m3 

ρs, ρw Density of the solid material or water kg/m3 

T, Ts, T0 Temperature, temperature of the source or undisturbed ground °C 

TILS, TMLS, TMODFLOW, Tmeas 
Temperature achieved by Moving Line Source, or Infinite Line Source or 

MODFLOW approaches or measured data 
°C 
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Tabs_res Absolute residual mean error of temperature °C 

t Time s 

vi, vD Seepage velocity and Darcy velocity m/s 

xi, xj Space coordinates along directions i and j m 

z Depth m 

 

  



6 
 

1. Introduction  

Ground-Source Heat Pumps (GSHP) are highly efficient heating and cooling systems, mainly diffused in Europe [1] and 

North America, and recently increasing worldwide [2–4]. By means of closed-loop Ground Heat Exchangers (GHE) they 

exploit the low-depth ground as a heat source or sink, namely a “shallow geothermal energy” in principle available 

everywhere. Clearly, GSHP application does not appear economically feasible and operationally efficient in cities with 

tropical climates, where the ground temperature is relatively high and a significant imbalance between cooling and heating 

demand exists [5].  

Influence of groundwater flow on the BHE performances. Whenever a regional groundwater flow is present, the GHE 

performance is generally enhanced because heat transfer in the ground occurs by both conduction (related to the ground 

thermal conductivity and thermal diffusivity) and advection (related to the groundwater velocity). The Péclet number is 

often used to quantify the relative importance of advection over conduction and thus to identify when groundwater 

influence on the GSHP performance is relevant. The characteristic Péclet length can be taken as either the soil mean grain 

size [6], the borehole diameter/radius [7,8] or even the spacing among boreholes [9].   

The influence of groundwater flow on the Borehole Heat Exchangers (BHE) operation was studied by several authors, 

mostly by numerical modelling [7–15] and by analytical modelling [16,17], more rarely by field experiments [18].  

Fuji et al. [7] simulate the behaviour of a large-scale borefield in the Akita Plain (Japan) under the groundwater velocity 

of 1.4∙10-4 m/day for 50 years. They find that, if the system is used for heating only or is subjected to a large imbalance 

between heat extraction and injection, upstream boreholes show higher heat exchange performances than downstream 

ones. Therefore, they suggest taking into account groundwater flow effect to optimise the borefield operation, 

implementing more heat storage in downstream boreholes.  

Hein et al. [12] study numerically the long-term operation of a GSHP and show that groundwater flow as well as using 

the system also for cooling are beneficial to the energy recovery and to the heat pump efficiency.  

Wang et al. [18] find that a strong groundwater advection enhances the thermal performance of the BHE. The enhanced 

effect depends to a great extent on the distribution and thickness percentage of the ground layer with the greatest 

groundwater flow. In their case, when the total thickness of coarse sand and gravel layer as a percentage of the borehole 

depth was 10.6%, the heat injection and heat extraction of the BHE were enhanced on average by 10 % and 13 %, 

respectively, compared with the case without groundwater flow. 

Casasso and Sethi [19] observe that the influence of the Darcy velocity on the performances of the system is much stronger 

than the variation induced by different saturated thicknesses. This means that the contribution of the advection can be 

taken into account, but precise values are needed to avoid undersized design. 
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Samson et al. [20] assess the impact of the groundwater flow velocity and angle on the economics of a project of borehole 

field, by considering both the initial and the annual operation costs. They find that the project is more sensitive to the 

groundwater flow velocity than to the angle. Moreover, they show that passing from Pé = 10-4 to Pé = 10-1 with a ground 

thermal conductivity equal to 1.5 W/(m∙K) decreases the total cost by 5.8%. Finally, the total cost of a borefield operating 

in off-design conditions is quantified, highlighting the importance to know both thermal conductivity and Darcy velocity 

in the design phase. 

The seasonal fluctuations of the hydrothermal properties in the soil are taken into account in [21], while in [22] the impact 

of the thermally induced water flow and convection on Soil-Borehole Thermal Energy Storages (SBTES) is demonstrated. 

Groundwater flow is proved to be beneficial for mitigating the thermal drift in the ground induced by a seasonally 

unbalanced operation of the GSHP [23], and thus advective heat flux should be taken into account in the ground energy 

balance together with the ground surface heat flux [24].  

Environmental issues related to the impact of the BHE on the groundwater quality are analysed by [25], who simulate in 

a test facility the release of the antifreeze additive polypropylene-glycol, observing the leaching of the main heavy metals. 

The Authors also investigate the role of the BHE grouting in changing the hydraulic conditions of aquifers, because 

defects and voids in the grout may increase the hydraulic conductivity along the boreholes, and quantify the magnitude 

of the inter-aquifer flux, assuming typical hydraulic parameters of the alluvial aquifer of Padana Plain (N Italy). 

Standard TRT as a mean to know thermal conductivity. The design of the BHE typically requires the knowledge of the 

ground thermal conductivity. Thermal Response Test (TRT) is a well-known experimental procedure that allows to obtain 

this crucial parameter on site, together with the borehole thermal resistance and the ground undisturbed temperature [26–

32]. In the standard TRT an external source provides a constant heat rate to the fluid that is circulated at a given flow rate 

in a test BHE typically for 2-3 days. The variation with time of the inlet and the outlet fluid temperature is monitored and, 

by inverse modelling of the mean fluid temperature profile, the ground and borehole relevant parameters are estimated. 

The most popular model used to interpret the TRT data is the Infinite Line Source (ILS) analytical model  [33], 

representing the BHE as an infinite linear source embedded in an infinite homogeneous medium with uniform initial 

temperature, where heat transfer happens only by conduction. 

Influence of groundwater on TRT. The presence of a regional groundwater flow affects the TRT results. In [9] a finite 

elements numerical model of groundwater flow and heat transfer is used to simulate a standard TRT for increasing Darcy 

velocities. With respect to the null velocity case, the fluid thermal response features a steady state regime. As the 

groundwater velocity increases, the time to reach steady state and the temperature asymptotic value decrease. According 

to Witte [34] a clear indication of the groundwater presence in a TRT can be obtained by plotting the estimate of the 

thermal conductivity as a function of the measuring time: as more data are added, the thermal conductivity tends to 
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increase and often a stable estimate cannot be reached. Signorelli et al. [35] use a numerical model to study the effect of 

soil heterogeneities and groundwater flow on the TRT results. By assuming the borehole diameter as the characteristic 

length in Péclet number, they show that the ILS analysis returns an effective thermal conductivity, combining conduction 

and advection, that overestimates the pure thermal conductivity by 7% at Pé ~ 1.7 and by 17% at Pé ~6.8. Raymond et al. 

[36] show that using a numerical groundwater flow model to analyse a TRT with significant groundwater flow allows to 

distinguish the effects of hydraulic and thermal properties and therefore provides additional information for designing 

systems, compared to the approach that combines conduction and advection in a single effective conductivity value. In a 

recent study by [37] it is shown that the seasonal variations of the groundwater level can affect the thermal conductivity 

estimate in a TRT performed on a shallow BHE, leading to different results for tests executed in different times of the 

year. 

In order to study groundwater flow influence on TRT and to understand how to obtain the key parameters affecting both 

conduction and advection heat transfer, an alternative to numerical modelling is represented by laboratory scale 

experiments in so-called sand boxes [38–40]. Compared to field experiments, they allow to control and vary the ground 

thermal properties and the water flow parameters. Results achieved at the sand box scale can easily be brought to the field 

scale if a heat transfer similarity approach is adopted [40].  

The MLS to analyse standard TRT under groundwater flow. Concerning analytical models suitable to analyse a TRT 

influenced by groundwater flow, some authors proposed and tested the application of the Moving Line Source (MLS). 

The MLS [41,42] generalizes the ILS by considering an infinite homogeneous porous medium surrounding the linear 

source, with a uniform horizontal fluid flow. In [43], the MLS is compared with the groundwater g-functions and with a 

mass-transport model in the analysis of a TRT. It is found that the mass-transport solution yields the more realistic results, 

especially in cases with high groundwater flow where thermal dispersivity is an important parameter. Wagner et al. [44] 

show that inverse modelling of the TRT through the MLS tends to underestimate the true Darcy velocity because it 

disregards the borehole volume, where the grouting with a negligible hydraulic conductivity inhibits the water flow. 

Therefore, they calculate by numerical simulations a correction factor to be applied to the velocity value derived from 

TRT fitting in order to obtain the true velocity. In [45] the MLS analysis is applied to two real TRT data, highlighting the 

issue of multiple solutions. The Authors find that while in the advection-dominated case physical considerations driven 

by the general knowledge of the hydrogeological conditions of the site can help to identify the more realistic solution, in 

the case where conduction and advection compete the MLS analysis may not be successful in identifying the Darcy 

velocity. Chae et al. [46] propose a practical method for the simultaneous determination of both the groundwater velocity 

and the effective thermal conductivity of soil by using the MLS theory, by applying the radius of an equivalent single 

pipe instead of the borehole radius to the MLS model, under the conditions in which the borehole is filled by the 



9 
 

surrounding porous soil with the groundwater flow. The method is applied to a TRT carried out in Kazuno City, Japan, 

where alluvial gravel deposits were buried in a valley to a depth of over 100 m, resulting in a Darcy velocity equal to 120 

m/y and a thermal conductivity of 4.7 W/(m∙K).  In all these papers [43–47], since the MLS model is applied to a standard 

TRT where just inlet and outlet fluid temperature are measured, only depth-averaged heat transfer properties of the ground 

can be obtained, namely any subsoil heterogeneity is neglected. 

Distributed TRT. The evidence of groundwater impact on conventional TRT recently stimulated the development of 

innovative TRT including groundwater from their design. In [47] the concept of a combined Hydro/Thermal Response 

Test to simultaneously estimate the ground thermal and hydraulic properties is introduced and numerically studied. The 

setup uses three temperature sensors set around a heating cable in a borehole, to detect the horizontal temperature gradient, 

which is sensitive to the water flow velocity modulus and direction.  A similar approach is applied by [48] in a TRT in 

Aachen, where two Temperature Sensor Modules are attached to a BHE at depths of 82 and 94 m, where groundwater 

flow is expected. Each TSM consists in 48 probes on a cylindrical tube, measuring the temperature distribution at the 

exterior of the BHE. They obtain a groundwater flow of 0.4 m/day in the NW direction and a negligible velocity at 82 m 

and 94 m depths, respectively.  

Depth-resolved TRT are advanced tests where the temperature variation with time is monitored along the BHE, allowing 

the determination of local ground thermal conductivities and borehole thermal resistances. According to [49] depth-

resolved tests can be distinguished in Distributed Thermal Response Tests (DTRT) and Enhanced Thermal Response 

Tests (ETRT). While in DTRT heating is supplied by the circulating heating fluid as in conventional TRT, ETRT use a 

current-carrying wire inserted in the borehole (inside or outside the U-pipe) as the heating source. A continuously 

distributed temperature profile can be detected with either a fiber optic cable [50–52], or a wireless spherical sensor 

moving at the same velocity of the fluid [53], the latter being possible only in DTRT. The temperature log along the 

vertical axis can even be discrete, when plain temperature probes are positioned at given distances along the heating cable 

[54] or in a dedicated pipe inside the borehole [55]. 

Content and aim of the present paper. Although a depth-resolved TRT could allow in principle to determine local values 

of both thermal conductivity and Darcy velocity in water saturated layers, no research in this regard has been reported yet 

[49].  

Therefore, this paper presents an original approach combining for the first time a depth-resolved Enhanced Thermal 

Response Test with the Moving Line Source analysis. The main novelty of the paper lies in the fact that, contrary to 

previous applications of the MLS to TRT [43–46], the aquifer is treated as heterogeneous and, thanks to the ETRT 

procedure, it is possible to derive not only the average thermal conductivity and Darcy velocity, but specifically the 

vertical distribution for both. This approach would provide the necessary detailed inputs for an accurate design of BHE 
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operating in heterogeneous aquifers with a significant groundwater flow. For instance, it would couple naturally with the 

BHE design method developed by Hu [56], which can consider the effect of groundwater flow in multiple-layer 

hydrogeological structure. 

 

2. Methodology 

A depth-resolved TRT, specifically an Enhanced TRT (ETRT), was carried out in Lombardy Region (Italy), in a 

groundwater rich area at the Lodi Experimental Didactic Zootechnical Centre (EDZC). Through this procedure, vertical 

logs of the unperturbed and the perturbed temperature from the ground level to 60 m depth were achieved. The temperature 

variations with time along the BHE were then interpreted with analytical solutions, at first with the Infinite Line Source 

(ILS), taken as the standard TRT interpretation, and then with the Moving Line Source (MLS), which was applied to a 

depth-resolved TRT for the first time. The outcomes of the two approaches were compared and discussed. At last a 

validation of the MLS results was performed against a numerical model developed through MODFLOW and MT3DMS 

codes, featuring the ITYPE15 boundary condition for heat source simulation.  

 

2.1 Field case description 

The ETRT was carried at the EDZC, used by the Veterinary Faculty of the Università degli Studi di Milano to perform 

experiments and researches in the food and veterinary field. In this area a GSHP system was designed and realized in 

2014 to provide heating, cooling and ventilation to a post-weaning piglet room, located in one of the sheds of the EDZC 

[57]. The ground heat exchanger is composed of 5 BHEs (Figure 1) 60 m deep. The borefield encompasses also 7 

piezometers and, during the installation of the GSHP, several field tests (i.e. geognostic survey, hydraulic pumping test, 

hydraulic slug test and standard TRT) were performed to investigate the geology of the subsoil and the hydraulic and 

thermal parameters of the aquifer. 

 



11 
 

 

Figure 1 – Case study area in the EDZC: the post-weaning piglet room (pink and included in the shed, marked as green), 

the BHE (from BHE n.1 to n.5), the micro-piezometer (mp5), the piezometers (P1 and P2) and the groundwater flow 

direction at local scale. 

 

Based on literature [57–60], the hydrogeological characteristics of the subsoil are approximately known. A specific 

geognostic survey carried out in the proximity of BHE 1 (Figure 1) revealed the exact layering of lithologies along the 

depth (Figure 3 a): in the first 18 m a sequence of silty sand and sandy is followed by nearly 10 m of medium sand and 

gravel; between 30 and 33 m a layer of clayey silt (that locally separates the shallow aquifer from the deep one) is present 

and followed by coarse-medium sand with gravel until 45 m; from 45 to 60 m a layer of medium-fine sand is revealed.  

The hydraulic tests (namely the pumping test and the slug test) allowed to estimate the hydraulic conductivity values of 

the aquifer and the direction of groundwater flow was determined as from SSW to NNE [57].  

The standard TRT executed in the BHE 4 (Figure 1) was interpreted in [61] through analytical and numerical approaches, 

resulting in some inconsistencies in the evaluation of the thermal conductivity value related to the choice of the 

interpreting model. In specific the results of ILS and MLS solutions were not in accordance with the results of numerical 

modeling and experimental data: thermal conductivity ranged between 0.53 and 3.84 W/(mK). Therefore, these 

differences suggested to study in detail the stratigraphy of the subsoil, evaluating the behaviour of different non-uniform 

layers by means of a depth-resolved TRT. 
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2.2 ETRT apparatus and procedure 

In order to carry out the ETRT, some preliminary field operations were needed: the GSHP was turned off, an amount of 

soil was partially removed in the proximity of BHE 5 and the connections among the BHEs were interrupted in order to 

connect the new TRT apparatus. BHE 5 is a single HDPE U-pipe with a diameter equal to 40 mm and a thickness of 3.7 

mm; the perforation diameter is about 12.7 cm and the borehole was originally backfilled with thermally enhanced grout. 

To perform the ETRT, the GEOsniff instrumentation developed by enOware GmbH was used. Once the BHE was 

identified and the inlet/outlet pipes were open and free from constraints, a heating cable was inserted and connected to an 

electric control unit setting a specific heat rate q = 15.6 W/m. 

Subsequently, 5 GEOsniff Measurement Pig sensors (aluminium spherical sensors, 20 mm diameter and accuracy of 0.05 

°C according to the company) were inserted inside the inlet U-pipe at different times. They were not located at fixed 

depths along the vertical of the BHE, but were dropped by gravity from the top to bottom of the U-pipe into the BHE. 

Falling by gravity, each sensor measured temperature and pression values along the vertical profile from the ground level 

down to the bottom at 60 m (Figure 2 a). Measuring the pressure inside the water column allows to derive the depth of 

the sensor.  

 

 

Figure 2 – (a) GEOSniff Measurement Pig sensors and box for data download; (b) hydraulic submersible pump; (c) TRT 

apparatus linked to BHE n.5 in EZDC. 

 

Before turning on the heating cable, the first sensor was inserted in order to evaluate the unperturbed temperature vertical 

profile of the ground. After the cable switch on, the times for the insertion of the other 4 probes were automatically chosen 

by the GEOsniff tool. As Table 1 shows the measurement frequency is higher in the first 24 h when the temperature 

increase is expected to be larger. The descent in the U-pipe branch down to 60 m was about 5 minutes. Considering that 
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the sampling frequency was set to 1 Hz the vertical resolution of the measurements was approximately 20 cm, that can 

be considered as an indication of uncertainty along the depth; the accuracy of electrical power measurement was equal or 

less than 2 %. 

 

Heating cable status Time (h) GEOsniff Measurement Pig 

OFF 0 Sensor n.1 

ON 3 Sensor n.2 

ON 7 Sensor n.3 

ON 24 Sensor n.4 

ON 96 Sensor n.5 

Table 1  

Time instants of the 5 sensors insertion in the BHE-5. 

 

After 4 days the heating cable was turned off and the ETRT ended, therefore the 5 sensors were recovered from the BHE 

using a hydraulic submersible pump placed in the barrel (Figure 2 b and c), and placed on the validation box to download 

the recorded data of temperature and pression.  

 

2.3 ETRT results 

The temperature profiles along the depth measured at the different times are reported in Figure 3 b. In the first 5 meters 

from the ground level, the thermal profiles were strongly influenced by the external air temperature and the solar radiation, 

since the first 2 meters of BHE were directly exposed to the outdoor environment because of the excavation needed around 

U-pipes. Therefore, the data in the range 0-5 m were disregarded. 

The thermal response of each subsoil layer is expected to be related to the different thermal and hydraulic properties. 

Hence, comparing the vertical thermal profile of the aquifer with the lithologies revealed in the stratigraphic log (Figure 

3 a) allowed to achieve the thermal response of each subsoil in relation to a controlled thermal excitation.  
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Figure 3 –  (a) Stratigraphic log inferred by means of the preliminary geognostic survey in piezometer P1; (b) Thermal 

log recorded at different depths for the 5 sensors released at 5 different moments during the ETRT. 

 

The unperturbed aquifer temperature corresponds to the red curve in Figure 3 b, whereas the remaining 4 profiles, 

measured during the heat injection, are increasingly higher with temperatures and heat transfer influenced by each 

different lithology.  

As an example, in Figure 4 the temperature variation with time with respect to the initial value at the depths of 25 m 

(medium sand), 32 m (clayey silt)  and 37 m (coarse medium sand) is reported, together with the variation of the average 

temperature in the 5-60 m range. Clearly the temperature profiles are more simplified than in a standard TRT where the 

time resolution is almost continuous. It can be noticed that at 25 m the temperature rise at the beginning is steeper and the 

temperature increase at the end of the ETRT is lower and almost steady, possibly indicating both high conductivity and 

groundwater velocity. In turn at 32 m and 37 m a steady state regime is not reached after 96 h. At these depths the 
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derivative of the temperature with time is initially similar, but between 7 h and 24 h the temperature profile at 37 m gets 

smoother, probably due to advection. Moreover, the final temperature increase at 32 m is the highest, in agreement with 

the expectation of a negligible groundwater velocity in an almost impermeable layer.  

 

 

Figure 4 – ETRT results: temperature increase along the entire depth of the BHE (mean value in blue line), at 25 m depth 

(medium sand), at 32 m depth (clayey silt) and at 37 m depth (coarse medium sand line).  

 

 

2.4 ETRT interpretation 

The ETRT data were firstly interpreted with two analytical models, the Infinite Line Source (ILS) and the Moving Line 

Source (MLS) and then with a numerical model. The equations and the details of each model are outlined below. 

 

2.4.1 Analytical approach: Infinite Line Source 

The most used procedure to evaluate a TRT is based on the Infinite Line Source theory (ILS). According to this approach, 

the borehole heat exchanger is approximated as an infinite line source in a homogeneous, isotropic and infinite medium, 

injecting or extracting a constant heat rate per unit length (q), considering only the conductive component of heat 

transport. The temperature distribution around the infinite line source, as a function of the radial distance and the time, is 

the following [45]: 
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where T0 is the undisturbed medium temperature, λ and α are the thermal conductivity and thermal diffusivity of the 

medium respectively, and Ei is the exponential integral function. In a standard TRT, equation (1) is evaluated at the 

borehole radius and, by means of a simple thermal network, it is used to derive the mean fluid temperature. In turn, in this 

case it was evaluated at the distance between the heating cable and the temperature probe, namely the distance between 

the U-pipe legs. For every depth zi the root mean squared error between the analytical profile in equation (1) and the 

measured profile was evaluated: 

 

RMSEILS(z୧) =  ඨ
∑ [T୍ ୐ୗ(t୩) − T୫ୣୟୱ(𝑧௜ , t୩)]ଶ୑

୩ୀଵ

M
 

(2) 

Then, by means of the fminsearch algorithm in Matlab, the thermal conductivity value i minimizing the RMSEூ௅ௌ(𝑧௜) 

was identified. As already explained in subsection 2.2, the ETRT was executed on an existing BHE; therefore, the distance 

between the U-pipe legs was treated as an uncertain parameter, possibly varying along the BHE depth, between a 

minimum of 4 cm and a maximum of 8 cm. In addition, the thermal capacity of the medium, included in the thermal 

diffusivity in equation (1), was considered variable between 2.2 MJ/(m3∙K) and 3.4 MJ/(m3∙K), on the basis of the 

literature values for each lithography. Therefore, the fitting process included a sensitivity analysis to the thermal capacity 

and to the source-probe distance. At first, the source-probe distance was set to 6 cm and the fitting was performed by 

varying the thermal capacity in the mentioned range with a step equal to 0.1 MJ/(m3∙K). This allowed to set the thermal 

capacity of each layer to the one corresponding to the minimum RMSE(𝑧௜), namely to the best fit. Secondly, the source-

probe distance was varied in the given range with a step of 0.5 cm around 6 cm and a larger step of 1 cm near the ends of 

the range. This allowed to find the most likely source-probe distance and thermal conductivity of the layer as the ones 

associated to the best fit. 

 

 

2.4.2 Analytical approach: Moving Line Source 

According to the Moving Line Source model [41,42], an infinite line source moves with a certain velocity in the x direction 

or, equivalently, the porous medium moves with the same velocity with respect to the source. The temperature increase 

in the ground is calculated in polar coordinates by the following expression:  

T୑୐ୗ (r, Θ, t) −  T଴ =
୯

ସ஠஛
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రిಓ
଴

       (3) 
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where ρw and cw are the density and the specific heat of water respectively, vD is the Darcy velocity,  is the groundwater 

flow direction,  and C are the thermal conductivity and the volumetric heat capacity of the medium. In this study, 

equation (3) was used to evaluate the temperature increase at the source-probe distance. As for the ILS analysis, the root 

mean squared error between the MLS profile and the measured profile was calculated: 

 

RMSEMLS(z୧) =  ඨ
∑ [T୑୐ୗ(t௞) − T୫ୣୟୱ(𝑧௜ , t௞)]ଶெ

୩ୀଵ

N
 (4) 

and minimized assuming both the layer thermal conductivity i and the Darcy velocity vDi as fitting parameters. Similarly 

to the ILS case, a sensitivity analysis to the layers thermal capacity and to the source-probe distance was carried out. In 

addition, the angle  between the groundwater direction and the source-probe direction was considered an uncertain 

parameter. As already mentioned in subsection 2.1 the piezometric tests carried out during the design of the GSHP system 

in November 2013 allowed to estimate that the groundwater flow is from SSW to NNE. However, the orientation of the 

line joining the U-pipe legs is not known and, moreover, it may even change along the vertical. Starting from the value 

of 90°, the angle was varied between 0° and 180° with a step of 45°. 

 

2.4.3 Numerical approach: MODFLOW/MT3DMS 

In order to validate the MLS results and thanks to the analogy between solute transport and heat transport equations, a 

numerical model was implemented using the codes MODFLOW-2000 [62] and MT3DMS [63]. MODFLOW, developed 

by U. S. Geological Survey, is the most common code used to simulate groundwater flow in a three-dimensional porous 

medium. It solves numerical models, which suppose a horizontal and vertical discretization of the domain into 

homogeneous or unitary elements, i.e. cells, where the set of numerical equations are applied. MT3DMS is a modular 

three-dimensional multispecies transport model for the simulation of advection, dispersion and chemical reactions of 

contaminants in groundwater systems. It is a code used to simulate the concentrations changes of contaminants or the heat 

transport in a three-dimensional porous medium. Both the codes can solve the groundwater flow and transport equations 

using the finite differences method. 

The partial differential equation describing the fate and transport of contaminants of species k in three-dimensional, 

transient groundwater flow systems, disregarding chemical reactions, can be written as follows [13,63]: 

൬1 +
ρୠKୢ

θ
൰

∂൫θC୩൯

∂t
=

∂

∂x୧

ቆθD୧୨

∂C୩

∂x୨

ቇ −
∂

∂x୧

൫θv୧C
୩൯ + qୱCୱ (5) 

Even though MT3DMS was designed to simulate solutes transport, thanks to analogies between solute and heat transport 

processes, the governing equations for solute transport in the subsurface can be represented by similar differential 
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equations for heat transport. The partial differential equation for heat transport in transient groundwater flow systems 

solved by MT3DMS can be written as follows [63,64]: 

൤1 +
ρୠKୢ

θ
൨

∂(θT)

∂t
=

∂

∂x
ቆθൣD∗ + D୧୨൧

∂T

∂x୨

ቇ −
∂

∂x୧

(θv୧T) + qୱTୱ (6) 

For the aim of the work, the Sink & Source Mixing Package (SSM package), used to model the last right term of equation 

6, is the most important aspect. This term generally represents the contaminant mass entering or leaving the domain. 

Hence, for heat transport, it is needed to take into account the energy entering or leaving the domain. This term allows us 

to simulate the constant heat rate injected into the ground by the cable during the ETRT, that is 15.6 W/m along the 60 m 

depth. In specific, to be consistent with the dimensions relating the contaminant and heat transport, the quantity “mass 

per unit time and unit volume” (kg/(s∙m3)) is equivalent to the quantity “energy per unit time and unit volume” (J/(s∙m3)). 

Thus, energy input/extraction is stated similar as a mass load per unit volume of aquifer. 

The source and sink term for heat transport is implemented in MT3DMS in the SSM and the type of source must be set 

to a mass-loading source, assigning the ITYPE parameter equal to 15 [13,65]. In the SSM package an input value of 

temperature multiplied by volume flow rate qsTs (K∙m3/s) has to be assigned for each cell of the source, calculated as: 

qୗTୱ =
q ∙ L

ρ୵c୵

 (7) 

where q is the specific heat rate along the cell vertical thickness (W/m) and L is the cell thickness (m). 

A numerical model, described below, was implemented to simulate the ETRT. The model describes a layered porous 

medium domain (200 m x 60 m x 79 m) with a vertical finite line source 60 m long placed in the centre of the domain 

and equivalent to the heating cable (Figure 5). Concerning the horizontal discretization, the grid was divided into 54 rows 

and 79 columns of variable size and in specific, from cells with 10 meters side to a central cell with side equal to 0.44 

cm. MODFLOW reproduces elements with a square or rectangular grid, so it is not possible to implement circular 

elements, such as the heating cable. The diameter of the heat exchanger wire was 4.95 mm (section equal to 19.2 mm2) 

and has circular geometry, therefore it was implemented with an equivalent square cell of side 4.4 mm. Then, 63 layers 

of different thickness were defined to reproduce a total depth of 78.81 m; the layers from 1 to 61 are 1 m thick, while the 

layers 62 and 63 have a thickness of 5 m and 13 m respectively. The real stratigraphy (Figure 3) was reproduced, although 

simplified, with a local shallow aquifer (layers 1-31) separated by a clayey silty layer (layers 32-33) from a deep one 

(layers 34-63). The BHE was located in layers 1-60, so the last two layers represent the subsoil without the U-pipe to 

avoid the influence of the bottom no-flow boundary conditions. The model domain was rotated in order to parallelize the 

rows with the flow direction. Then at the left and right sides of the model, two boundary conditions of hydraulic constant 

heads were assigned, reproducing a gradient equal to 0.4% for the shallow aquifer and 0.25% for the deep one. At both 
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boundaries, the undisturbed temperature of the aquifer was assigned, differentiating as function of the depth and inferred 

form the descent of sensor n.1 (see “Initial_Temp” in Table 2).  

 

 

Figure 5 – Plan and section (above) views of the model domain and plan zoom on the source cell with in evidence the 

grid refinement at centre; left side (blue) and right side (orange) the constant head boundary conditions.  

 

At last, two different numerical models were created: the thermal and hydrogeological properties of model 1 (named M1) 

were derived from the interpretation of the standard TRT presented in Ly's thesis [61], whereas the properties of model 2 

(named M2) were derived from the interpretation of the ETRT by means of the MLS analysis. The comparison between 

the results of the two models is meant to assess the sensitivity of the numerical model to the layers properties and to 

validate the outcomes of the MLS analysis. The thermal and hydro-geological parameters assigned to both models are 

shown in Table 2. For the sake of simplicity, the values implemented layer by layer are not reported here, but an arithmetic 

mean relative to the main groups of interested lithology (deduced from the stratigraphic log in Figure 3 b) is shown. In 

addition, the thermal conductivity values and the Darcy velocity values for both models are plotted in Figure 6 and Figure 

7 respectively to ease the comparison. 

 

 Layer Model kx=ky (m/s)  (-) Kd (m3/kg) ρb (kg/m3) Initial_Temp (°C) D* (m2/s) 

Silty sand and 

sandy silt 
1-10 

M1 1.20E-04 0.05 1.05E-04 2517.5 15.07 9.67E-06 

M2 4.59E-04 0.05 2.10E-04 2517.5 15.07 5.76E-06 
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Fine sand 11-18 
M1 2.52E-04 0.07 9.79E-05 2464.5 15.87 6.81E-06 

M2 9.56E-05 0.07 1.96E-04 2464.5 15.87 6.12E-06 

Medium sand 

with gravel 
19-31 

M1 1.20E-03 0.35 1.79E-04 1722.5 15.40 1.07E-06 

M2 4.48E-04 0.35 1.79E-04 1722.5 15.40 1.33E-06 

Clayey silt 32-33 
M1 1.00E-08 0.02 1.08E-04 2597.0 15.15 2.47E-05 

M2 1.11E-05 0.02 2.15E-04 2597.0 15.15 1.83E-05 

Coarse-

medium sand 

with gravel 

34-46 

M1 1.20E-03 0.35 1.79E-04 1722.5 15.16 1.07E-06 

M2 5.57E-04 0.35 1.79E-04 1722.5 15.16 1.26E-06 

Medium-fine 

sand 
47-63 

M1 1.20E-03 0.15 9.56E-05 2252.5 15.02 2.98E-06 

M2 5.23E-04 0.15 1.91E-04 2252.5 15.02 2.44E-06 

Silt 56 M1 9.95E-08 0.10 1.00E-04 2385.0 15.01 4.66E-06 

Table 2  

Hydraulic conductivity, porosity, thermal distribution coefficient, bulk density, initial temperature) and thermal diffusion 

values implemented in the numerical models M1 and M2 

 

The hydraulic conductivity values along X and Y axis were imposed equals, but along the vertical direction (kz) the values 

were divided for 10; these values were derived dividing by the hydraulic gradient the Darcy velocities (Figure 7) achieved 

from the MLS analysis.  

The thermal dispersion process was considered negligible in both models, while the thermal distribution coefficient 

(depending on solid and water specific heat), the bulk density (depending on solid density and porosity) and the thermal 

diffusion coefficient (depending on thermal conductivity, porosity, water density and water specific heat) were evaluated 

according to the equations shown in [13]. 

Two parameters were used to verify the good fit between the model results and experimental data along the depth for a 

given time, namely the absolute residual mean error  𝑇෡𝑎𝑏𝑠_𝑟𝑒𝑠 and the root mean squared error RMSE, calculated as 

follows: 

T෡ୟୠୱ_୰ୣୱ(t୩) = ෍
|T୫ୣୟୱ(z୧, t୩) − T୑୓ୈ୊୐୓୛(z୧, t୩)|

N

୒

୧ୀଵ

 (8) 

RMSE(t୩) = ඩ෍
[T୫ୣୟୱ(z୧, t୩) − T୑୓ୈ୊୐୓୛(z୧, t୩)]ଶ

N

୒

୧ୀଵ

 (9) 
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where 𝑇𝑚𝑒𝑎𝑠 is the measured temperature and 𝑇𝑀𝑂𝐷𝐹𝐿𝑂𝑊 is the output temperature of the numerical simulation.  

A sensitivity analysis about both hydrogeological properties, by comparing models M1 and M2, and distance between 

source cell and observation points (U-pipe legs) was carried out and presented in paragraph 3.3.  

 

3. Results  

3.1 ILS results 

By means of the ILS interpretation the thermal conductivity as function of depth was achieved (Figure 6 in yellow). In 

specific, in the first 18 meters investigated the thermal conductivity ranges between 1.3 and 2.7 W/(m∙K). In this area, 

layers of silty sand (literature range [66] λ = 1.7 – 5.0 W/(m∙K)) and sandy silt (literature range [66] λ = 0.9 – 2.3 W/(m∙K)) 

alternate, therefore the presence of silt brings to a significant decrease of the thermo-physical parameter. The thermal 

conductivity increases in the following 10 meters, where there is coarse sand (literature range [66] λ = 1.7 – 5.0 W/(m∙K)) 

with gravel (literature value [66] λ = 1.8 W/(m∙K)) and it reaches a maximum equal to 3.3 W/(m∙K) at 24 m. From 30.5 

to 33 m the thermal conductivity decreases because there is a layer of clayey silt, which locally separates the shallow 

aquifer from the deep aquifer, and after it increases up to 46 m, where a layer of coarse sand is located. In the last 14 

meters there is medium-fine sand, except from 51 to 56 m where there is silty sand: the thermal conductivity assumes 

values similar to those of the first meters investigated.  

The values of the thermal conductivity estimated are included within the ranges defined in literature and they follow the 

lithology very well, i,e.  lower values are found in the areas where silty layers are present. Concluding the average heat 

transfer appears quite similar in the two investigated aquifers as in the local shallow aquifer the mean thermal conductivity 

value is equal to 2.13 W/(m∙K), whereas in the local deep aquifer is equal to 2.10 W/(m∙K) (Table 3). 
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Figure 6 – Thermal conductivity values (continuous lines) as function of depth and mean values (dashed lines) for 

analytical approaches ILS (yellow plot) and MLS (violet plot) and numerical approaches M1 (orange plot) and M2 (light 

blue plot). 

 

Parameter Model Min Max 
Mean  

(5-60 m) 

Mean - shallow aquifer  

(5-32.5 m) 

Mean – deep aquifer  

(33-60 m) 

 (W/mK) 

ILS 1.32 3.28 2.11 2.13 2.10 

MLS 0.97 2.43 1.72 1.77 1.67 

M1 1.57 2.07 1.77 1.81 1.73 

M2 1.00 2.40 1.72 1.78 1.67 

vD (m/s) 

MLS 1.28E-08 3.00E-06 1.30E-06 1.22E-06 1.37E-06 

M1 4.00E-11 4.80E-06 2.74E-06 2.60E-06 2.89E-06 

M2 1.28E-08 3.00E-06 1.28E-06 1.18E-06 1.39E-06 

Table 3  

Minimum, maximum and mean values of the thermal conductivity () and Darcy velocities (vD) for analytical solutions 

(ILS and MLS) and numerical models (M1 and M2). 
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The results of the parametric analysis are summarized in Table 4. The volumetric thermal capacity spans all the range of 

variation with an average value of 2.42 MJ/(m3∙K). The source-probe distance varies between 4 cm and 7.5 cm, with an 

average value of 5.3 cm, meaning that on average the two legs of the U-pipe are almost equally distant from each other 

and from the borehole border. The mean volumetric heat capacity and the mean source-probe distance values calculated 

for the shallow aquifer were similar to those found for deep aquifer, as a further proof of the similar lithologies typifying 

the aquifer. The quality of the fit, represented by the RMSE, varies significantly along the depth. The worst fit (RMSEILS 

= 0.39 °C) corresponds to z = 5 m, possibly due to the influence of the outdoor environment, while the best one (RMSEILS 

= 0.01 °C) corresponds to z = 29.5 m, the root mean squared error being in general very low in the clayey silt area where 

conduction is expected to prevail. 

 

Parameter Model Min Max 
Mean  

(5-60 m) 

Mean - shallow 

aquifer (5-32.5 m) 

Mean - deep aquifer  

(33-60 m) 

C (MJ/m3∙K) 
ILS 2.20 3.40 2.42 2.44 2.39 

MLS 2.20 3.40 2.46 2.43 2.53 

r (cm) 
ILS 4.0 7.5 5.3 5.0 5.5 

MLS 5.0 8.0 6.2 6.7 6.0 

 (°) MLS 0 180 80 65 92 

RMSE (°C) 
ILS 0.009 0.393 0.072 0.075 0.069 

MLS 0.002 0.021 0.011 0.021 0.017 

Table 4  

Minimum, maximum and mean values of volumetric heat capacity (C), source-probe distance (r), angle between Darcy 

velocity and source-probe distance ( and RMSE corresponding to the ILS/MLS fit. 

 

3.2 MLS results 

In the silty layers from 5 to 18 meters the thermal conductivity assumes low values and this is consistent with both the 

literature values and the ILS results (Figure 6). From 18 to 27 meters, the values increase reaching the maximum equal to 

2.43 W/(m∙K) at 22 m of depth, but in this zone of the shallow aquifer sharp decreases occur at 20 and 27 m. Considering 

that gravel has a thermal conductivity slightly lower than that of sand, these decreases probably indicate a greater presence 

of gravel material. The same situation seems to be present also at 36 and 40 m. 
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In the deep aquifer, until 46 meters of depth the thermal conductivity is similar to the shallow one showing variations due 

to the gravel abundance. Nevertheless, going down values decrease reaching a local minimum at 50 and 55 m, respectively 

equal to 1.51 and 1.25 W/(m∙K). As for the ILS results, this decrease is justified looking at the stratigraphy (Figure 3a), 

according to which medium fine sand is located in this zone, with silty layers around 50-56 meters. The thermal 

conductivity also clearly decreases in correspondence of the clayey silt layer that locally separates the two aquifers at 

30.50-33 m.  

In general the range of variation of the thermal conductivity obtained with the MLS solution is less wide than that of the 

ILS solution (Table 3) because the MLS model considers a second parameter, i.e. the Darcy velocity, to evaluate the heat 

transfer in the soil and to interpret the measured temperature variations. The Darcy velocity were evaluated as the product 

of the hydraulic gradient and the hydraulic conductivity for each layer concerning numerical models, whereas it was one 

of the fitting parameters concerning MLS model. Furthermore, it can be noticed that the ILS and the MLS results are 

similar at depths 5-18 m and 30-35 where the hydraulic conductivity is lower, whereas in all the others layers, where the 

hydraulic conductivity is higher, the ILS tends to overestimate the thermal conductivity with respect to the MLS. This is 

also shown by the mean values, being 1.72 W/(m∙K) and 2.11 W/(m∙K) according to the MLS and the ILS respectively 

(Table 3). 

As far as the Darcy velocity is concerned, Figure 7 shows that the range of values is very wide, from 10-8 to 3∙10-6 m/s, 

with a mean velocity equal to 1.3∙10-6 m/s. From 5 to 18 m the lithology changes rapidly, alternating silty sand and sandy 

silt, which has a Darcy velocity lower than the sand. For this reason, the velocity has a very variable trend, with values 

included between 9.5∙10-8 and 2.5∙10-6 m/s. Subsequently, from 18 to 29 m coarse sand with gravel is present and the 

velocity increases reaching the highest values at 20, 24.5 and 27 m (the maximum being 3∙10-6 m/s). At 29 m there is a 

decrease due to the presence of 1 m of weakly silty fine sand and from 30 to 33 m of clayey silt layer. In this area as 

expected, the velocity reaches the minimum value, equal to 1.3∙10-8 m/s at 31.5 m. Entering in the deep aquifer the velocity 

starts to increase, even if there are two minimum values at 36 and 39 m. In this area, there is coarse sand with gravel, so 

probably these two decreases are due to a minor presence of gravel. From 40 m the velocity starts to decrease due to the 

presence of medium-fine sand. The two maximum values at 48 and 50 m, in correspondence of medium sand, could be 

index of the presence of gravel. From 45.5 to 60 m a layer of medium-fine sand is located, weakly silty from 51 to 56 m, 

where the velocity decreases.  

Concluding, in the silty layers the values of velocity are always lower than those where there is sand with gravel and the 

abundance of the latter influence the highest values. But in general, the two aquifers show similar Darcy velocities as the 

shallow aquifer and the deep one have a mean Darcy velocity equal to 1.3∙10-6 m/s and 1.4∙10-6 m/s respectively (Table 

4). By looking at Figure 6 and Figure 7 together, it can be remarked that the regions where the ILS and the MLS predictions 
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of the thermal conductivity are more different are those where the Darcy velocity, according to the MLS and to the 

stratigraphy, is larger. This confirms the general idea that, whenever a groundwater flow is present, analysing the TRT 

with the ILS model somehow turns advection into conduction, leading in an increased effective thermal conductivity. 

 

 

Figure 7 – Darcy velocity values as function of depth (continuous lines) and mean values (dashed lines) for analytical 

approach MLS (violet plot) and numerical approaches M1 (orange plot) and M2 (light blue plot). 

 

The results of the parametric analysis are shown in Table 4. As far as volumetric thermal capacity and source-probe 

distance are concerned, the outcomes of the MLS analysis are similar to the ones of the ILS analysis. Regarding the angle 

between the groundwater velocity and the line joining the U-pipe legs, which is obviously relevant only for the MLS 

analysis, the mean groundwater flow direction was estimated equal to 80°. It has to be mentioned, however, that the 

sensitivity to the angle generally appeared small compared to the sensitivity to the thermal capacity and to the source-

probe distance. 

Considering the RMSE (Table 4), it can be noticed that the MLS solution generally better interprets the TRT data because 

it also considers the groundwater flow, present in the case study area. 

It can be interesting to look back at the ETRT experimental results reported in Figure 4, regarding the temperature increase 

with time at some depths in the ground, in the light of the outcomes of the MLS analysis. At z = 25 m the temperature 

response is the fastest and the final increase is the lowest. In turn, at z = 32 m the temperature response is the slowest and 

the final increase is the larger. The behaviour at z = 37 m is somehow in between. Indeed at z = 25 m the thermal 
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conductivity is found to be 1.94 W/(m∙K), namely similar to z = 37 m ( = 1.97 W/(m∙K)) and larger than at z = 32 m ( 

= 1.48 W/(m∙K)), and at the same time the groundwater velocity is the highest (vD = 2.4 ∙10-6 m/s compared to 1.16 ∙10-6 

m/s at z = 37 m and to 8.6 ∙10-8 m/s at z = 32 m). Therefore, the depth z = 25 m benefits from both effective conduction 

and advection, the depth z = 32 m is affected by relatively poor conduction and negligible advection and finally at z = 37 

m conduction heat transfer is similar to z = 25 m yet advection is less effective. 

 

3.3 MODFLOW/MT3DMS results 

A steady state simulation of the groundwater flow reproduced the groundwater flow direction evaluated on site and then 

the two numerical transport simulations M1 and M2 were run in a transient regime using a stress period 4 days long. For 

the heat transport simulations, the ITYPE 15 boundary condition allows the injection of energy without circulation of the 

fluid inside the BHE, such as the ETRT executed with the GEOsniff system. The injection energy qsTs assigned to the 

source cell reproducing the heat cable (cell side of 0.44 cm) was defined as in equation (7) being equal to 3.73∙10-6 K∙m3/s.  

The vertical thermal profiles evaluated at three different observation points, located at the distances from the source cell 

equal to 5, 6.5 and 8 cm, at time t = 96 h are shown in Figure 8 a (model M1) and Figure 8 b (model M2), together with 

the experimental profile. 

 

 

Figure 8 – Temperature distribution along depth for different observation points (blue line for observation point with r=8 

cm, green line for 6.5 cm and yellow line for 5 cm) and for (a) output of M1 after a simulation period of 96 h  

(corresponding to Sensor n.5 release), (b) output of M2 after simulation period of 96 h, (c) output of M2 after simulation 

period of 24 h (corresponding to Sensor n.4 release). 

 



27 
 

The simulation results for M1 model after 4 days fit moderately well the experimental data in the three different 

observation points. The relatively good performance of this model is due to the fact that, as already mentioned in 

subsection 2.4.3, the ground properties used as input (Table 2) were already optimised in a previous research [61] to 

reproduce the standard TRT executed on site in 2013. Yet, a residual mean error along the vertical is still present, varying 

from 0.42 to 0.58 °C depending on the distance, as seen in Table 5. Concerning the RMSE, the observation point located 

at 5 cm showed the best results, but a difference is still present (0.25 °C).  

The model M2 represents an improvement of M1, because is based on detailed hydrogeological and thermal properties 

resulting from MLS analysis (Table 2). The model M2 results better agree with the experimental data than M1, as 

demonstrated by the lower absolute residual mean error (varying between 0.2 °C and 0.23 °C) and RMSE (varying in the 

range 0.15 °C - 0.20 °C) found out along the BHE depth (Table 5). In this case the simulated temperature log at 5 cm 

from the source is the most distant from experimental data, and the most appropriate distance appears to be 8 cm.  

 

 r = 8 cm r = 6.5 cm r = 5 cm 

model M1   M2 M2 M1   M2 M2 M1   M2 M2 

t (h) 96 96 24 96 96 24 96 96 24 

𝑇෠௔௕௦_௥௘௦ (°C) 0.58 0.20 0.21 0.47 0.23 0.19 0.42 0.47 0.45 

RMSE (°C) 0.45 0.20 0.17 0.39 0.15 0.13 0.25 0.25 0.24 

Table 5  

Residual mean error and root mean squared error for the numerical simulations with models M1 and M2 at different times 

and distances from the source. 

 

As a further verification of the best performance of model M2 with respect to model M1, the temperature distribution in 

the aquifer after 24 hours from the turning on of the heating cable was extracted and compared with the experimental 

temperature measurements (Figure 8 c). Even in this case, the graphs and the statistics (Table 5) allow to state that the 

numerical heat transport model M2 fits well the experimental data, with an optimal distance from the source of 6.5 cm 

where the absolute residual mean error is equal to 0.19 °C and the RMSE is 0.13 °C. 

By considering the results at both 24 h and 96 h, it may be inferred that the source-probe distance lies between 6.5 cm 

and 8 cm, which is reasonably in accordance with the MLS results (Table 4), locating the distance between source cell 

and monitoring point at 6 cm.  

 

4. Discussion 
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In the given case study, where groundwater flow is present yet the velocity is likely to be moderate, it was found that 

applying the ILS model to an  ETRT apparently leads to acceptable results, in the sense that the local root mean squared 

error is within the typical temperature probe accuracy. Yet, observing the mean thermal conductivity along the 60 m depth 

(dashed vertical lines in Figure 6), clearly the ILS is overestimating this parameter if compared with MLS solution. 

Overall, the average thermal conductivity (5-60 m, see Table 3) obtained with the ILS is 23% larger than the one obtained 

by means of the MLS analysis.  

More in detail the RMSE variation with depth (Figure 9) shows that the best performance of the MLS fits with respect to 

the ILS is remarkable in most of the ground layers. The fit quality for the two analytical models is equivalent only between 

5 m and 18 m and then between 28 m and 37 m, namely in the aquifer regions with low permeable materials where 

conduction is expected to dominate. Coherently in those regions the thermal conductivity values estimated with the two 

analytical solutions are very similar (Figure 10 (a)) as the Darcy velocity estimated by the MLS application is very low, 

as shown in Figure 10 (b). However, these observations alone are not sufficient to state the correctness of the MLS results, 

therefore a further confirmation was sought by means of the numerical simulations. The comparison of the M1 and M2 

simulations shows that implementing the ground thermal and hydrogeological properties derived by the MLS 

interpretation of the ETRT in a layered numerical model, allows to reproduce very well the measured vertical profiles, 

providing thus a validation of the MLS approach.  

With respect to previous studies applying the MLS to the standard TRT, in this paper the heterogeneity of the subsoil is 

taken into account and quantified. As far as thermal conductivity is concerned, the variation along the vertical axis is 

relevant, since the ratio between the maximum (2.43 W/(m∙K)) and the minimum value (0.97 W/(m∙K)) is equal to 2.5 

(Table 3). The Darcy velocity variation along the vertical is even more important, since the ratio between maximum and 

minimum velocity is found to be 234 (Table 3). If we state that when the Darcy velocity is larger than 10-6 m/s the 

groundwater flow is relevant to heat transfer, following the results in [8], it can be remarked that in this case the BHE is 

affected by a relevant groundwater flow for about 2/3 of its length (Figure 10 (c)).  
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Figure 9 – Temperature root mean squared error for the ILS (yellow plot) and MLS (violet plot) analysis versus depth. 

 

This study also allowed to validate the use of the ITYPE 15 boundary condition in MT3DMS, showing the advantages. 

In specific, as long as the objective is to simulate a BHE operating at constant heat rate, such as typically during a TRT, 

there is no longer the need to describe in detail the U-pipe and the thermal carrier fluid by means of tiny cells as it was 

done in [8]. The pipe can be effectively simulated as a single thermal source cell having the heating cable dimension. This 

way it is possible to easily implement a numerical model in MT3DMS, saving time and computational burdens.  

Operationally, when an ETRT is carried out, if the hydrogeological conditions are known and the groundwater flow is 

expected to be negligible, the use of the ILS to infer the ground thermal properties can be applied; otherwise if a 

groundwater flow is present, the use of the MLS is the best choice. Compared to interpreting the ETRT with a layered 

numerical model, requiring to perform parameter estimation on many parameters for each layer, the MLS represents a 

simpler and faster approach. Clearly a numerical modelling is more accurate and is a good choice when itis necessary to 

assess the GSHP system environmental impact through different simulations able to verify the thermal perturbation in the 

aquifers and forecast possible dangerous temperature increase, thermal interferences between BHEs, or between different 

GSHP. In those cases, the implementation of an ETRT is strongly suggested. The great advantage of combining an ETRT 

with the MLS analysis is thus to infer the lithology layering and the corresponding properties, especially in a site where 

a detailed geognostic survey is not available. That information can be transferred in a groundwater model improving its 

capacity in simulating the temperature perturbation in the involved aquifers. 

At the same time, some limitations of the present research can be identified as follows: 
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 first of all, the MLS results regarding the groundwater flow direction can be considered only approximate. This 

depends on the fact that detecting the flow direction by measuring the temperature perturbation in only one point 

on the horizontal plane is probably insufficient. For research purposes, it could be interesting to apply the MLS 

approach to a depth-resolved TRT where a temperature distribution around the heat source is measured, such as 

[48]; 

 secondly, dealing with a previously realized BHE in this case led to the uncertainty on the distance between the 

two legs of the U-pipe and to the possibility that it varies along the depth. This problem was faced in this case 

by performing a parametric analysis on the source-probe distance. However, when planning in the future this 

kind of ETRT on a custom realized BHE, it might be useful to set a constant distance among the U-pipe branches 

by using proper spacers; 

 overall, the main limit of the kind of ETRT applied in this paper is the low time resolution, related to the relatively 

small number of temperature probes used.  In order to improve the results it would be suggested to use between 

8 and 10 temperature probes so as to improve the temperature profile in time (Figure 4) allowing a better fit of 

the MLS solution. Alternatively, the use of a fiber optic cable can also improve this aspect, but at the other side 

the use of this technology requires the cable calibration and to face the issue of signal attenuation.  

 

 

Figure 10 –  (a) stratigraphic log of the geognostic survey; (b) thermal conductivity achieved by means of analytical and 

numerical solutions (ILS yellow line, MLS violet line, Model M2 light blue line); (c) Darcy velocity achieved by means 

of analytical and numerical solutions (MLS violet line, Model M2 light blue line). 
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5. Conclusions 

In this paper for the first time a depth-resolved Thermal Response Test, specifically an ETRT, is analysed by means of 

the Moving Line Source model to identify the thermal conductivity and the Darcy velocity distribution along the vertical, 

in a site where a detailed stratigraphic log was available. According to this approach, it was found that the thermal 

conductivity ranges between 0.97 W/(m∙K) and 2.43 W/(m∙K) with an average value of 1.72 W/(m∙K), while Darcy 

velocity lies between 1.28∙10-8 m/s and 3.0∙10-6 m/s with an average value of 1.3∙10-6 m/s. A very good coherence was 

found between the distribution of the thermal properties and the stratigraphic log. 

To test this approach, a comparison was firstly carried out with the Infinite Line Source model, showing that in those 

regions of the subsoil where conduction is likely to prevail, the ILS and MLS fit equally well and estimate very similar 

values of the thermal conductivity. In turn, in those regions where groundwater flow is significant, the quality of the ILS 

interpolation is poorer and the effect of the advection are poured into a higher effective thermal conductivity, which is 

overestimated with respect to the pure thermal conductivity obtained by the MLS fit by 23%. The capability of the MLS 

to correctly identify both the thermal conductivity and the groundwater velocity in those regions was demonstrated by the 

numerical simulations performed in MODFLOW/MT3DMS on a layered model, featuring the thermal and 

hydrogeological properties of each lithography derived from the MLS analysis. Moreover, it was verified that the ITYPE 

15 boundary condition, that encompasses the modelling of the pipe as a heat source, is the best choice in 

MODFLOW/MT3DMS to effectively simulate a TRT, avoiding the detailed description of the U-pipe. 

This study allowed at the same time to identify the intrinsic low sensitivity of the procedure to the groundwater direction 

and the main limitations of the combined ETRT/MLS approach proposed, namely the low time resolution of the test and 

the uncertainty on the distance between the two legs in the test BHE. Suggestions about how to overcome these limitations 

were provided.  

The potential of the combined ETRT/MLS approach is the possibility to perform an accurate design of the GSHP system, 

taking into account the variability of the ground thermal properties along the BHE depth as well as the presence, the 

thickness and the velocity of the aquifer encountered along it. In the given case study, it was found that 2/3 of the BHE 

extension are invested by a significant groundwater flow and thus are likely to exhibit a larger heat exchange rate 

compared to the remaining portion. The outcomes of the combined ETRT/MLS approach could be implemented either in 

a layered numerical model or in a proper design methodology such as [56], able to take into account multiple ground 

layers and groundwater flow. The detailed knowledge of the heat transfer potential along the depth will avoid both 

oversizing of the BHE, which increases the capital cost of the GSHP largely influenced by the excavation cost and 

undersizing of the BHE, which compromises the sustainable operation of the GSHP in the long-term as well as the heat 
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pump energy efficiency. Furthermore, the improvement in the aquifers properties knowledge will enhance the assessment 

of GSHP system environmental impact, allowing the correct representation of different plumes and related thermal 

perturbation in different portions of the hydrogeological system. Consequently, an ETRT is strongly recommended when 

the aquifer is heterogenous and the size of the GSHP system requires the assessment of thermal perturbation through a 

numerical model. 
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