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ABSTRACT 8 

The Member States of the European Union pledged to reduce greenhouse gas emissions by 80-9 

95% by 2050. Shallow geothermal systems might substantially contribute by providing heating 10 

and cooling in a sustainable way through seasonally storing heat and cold in the shallow ground 11 

(<200m). When the minimum yield to install a cost-effective aquifer thermal energy storage 12 

(ATES) system cannot be met, borehole thermal energy storage (BTES), relying mostly on the 13 

thermal conductivity of the ground, is proposed. However, for large-scale applications, this 14 

requires the installation of hundreds of boreholes which entails a large cost and high disturbance 15 

of the underground. In such cases, ATES systems can nevertheless become interesting. In this 16 

contribution, we present a case study performed on a Ghent University campus, where the 17 

feasibility of ATES in an area with a low transmissivity was determined. The maximum yield 18 

of the aquifer was estimated  at 5 m³/h through pumping tests. Although this low yield was 19 

attributed to the fine grain size of the aquifer, membrane filtering index tests and long-term 20 

injection tests revealed that the clogging risk was limited. A groundwater model was used to 21 

optimize the well placement while limiting the risk of interactions between the wells resulting 22 

in a thermal breakthrough or flooding at the surface. It was shown that a well arrangement in a 23 



This is a non-peer reviewed preprint submitted to EarthArXiv. It is under review in 

Hydrogeology Journal. 

2 

 

checkerboard pattern was most effective to reach these objectives. Hence, for large-scale 24 

projects, a minimal CO2 output might be reached using a (more cost-effective) ATES system 25 

even in low permeable sediments.  26 

Keywords: geothermal systems – pumping/injection/well test – heat transport – low-27 

permeability media – groundwater modeling 28 

1 Introduction 29 

Shallow geothermal systems have proven to be locally available, green, and renewable 30 

alternatives to fossil fuels both for cooling in summer and heating in winter (Perego et al., 31 

2020). On average 0.5 kg of CO2 per m3 of pumped water can be saved (Fleuchaus et al., 2018). 32 

Implementing such systems in the building sector has the potential to significantly reduce global 33 

greenhouse gas emissions (European Commission, 2012, 2019; Ramos-Escudero et al., 2021). 34 

The currently rising energy costs favour the investment in sustainable energy sources. More 35 

specifically, geothermal energy is labelled the most attractive option according to Batac et al. 36 

(2022). Therefore, shallow geothermal systems might become even more cost-efficient in the 37 

near future (Batac et al., 2022). 38 

For buildings with a high energy demand, aquifer thermal energy storage (ATES) systems are 39 

generally favored over borehole thermal energy storage (BTES) systems as the costs of the 40 

drilling becomes more important compared to the other costs (pipework, controls…). A BTES 41 

system for that kind of application would require the installation of tens to hundreds of 42 

boreholes. Both BTES and ATES systems make use of a heat pump to extract the heat out of 43 

the subsurface reservoir. BTES systems are closed-loop systems which use ground heat 44 

exchangers in the subsurface i.e. long loops through which water, sometimes mixed with an 45 

antifreeze, circulates (Fig. 1). Their capacity is mostly dependent on the thermal conductivity 46 

of the ground and its capacity for thermal recharge (Bayer et al., 2012; Hecht-Méndez, 2013; 47 
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Glassley, 2015). In contrast, the efficiency of ATES systems is mostly dependent on the 48 

hydraulic conditions (hydraulic conductivity and hydraulic gradient) in the aquifer. These are 49 

open-loop systems which extract and inject groundwater from an aquifer through a well 50 

(Bloemendal et al., 2015). 51 

52 

 53 

Fig. 1. Graphical representation of an ATES and BTES system in winter and summer season (after Bloemendal, 2018). 54 

In Flanders, the potential of aquifer layers for installing ATES systems has been estimated 55 

based on their transmissivity (WTCB, 2017). When the transmissivity is below 50 m²/day, it is 56 

deemed unsuitable, while above 250 m²/d, the potential is recognized. In between those values 57 

further investigations are recommended. The threshold on the transmissivity implicitly accounts 58 

for the fact that a minimum yield of about 10 m³/h is required to justify the investment costs 59 

(Bloemendal et al., 2015; Hermans et al., 2018). Following these recommendations, the 60 

implementation of ATES systems was deemed unfeasible in many areas (Fig. 2). In these areas, 61 

BTES systems, which are less dependent on the variability of subsurface properties, are seen as 62 
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the only viable option, even to fulfil a high power demand and therefore requiring significant 63 

investment costs and occupying significant surface areas (excluding areas of tree growth).  64 

When such high investment costs are at play, it is nevertheless interesting to further explore the 65 

possibility of the development of an ATES system that would operate at limited 66 

pumping/injection rate per well (< 10 m³/h). Since they produce more energy per well, they 67 

result in fewer, less deep drillings and hence a lower drilling cost. However, because of its 68 

dependence on aquifer properties, an ATES system is more complex and more prone to failure. 69 

For example, a reduction in injection capacity resulting from well clogging or thermal 70 

interference between warm and cold wells could result in reduced energy efficiency.  71 

In this paper, we demonstrate the feasibility of an ATES system functioning at a low pumping 72 

rate (5 m³/h) on Campus Sterre, Ghent University. This was accomplished by first estimating 73 

the maximum yield of the aquifer through pumping tests. In addition to this, considering the 74 

fine grain size of the aquifer, membrane filtering index (MFI) tests and long-term injection tests 75 

were carried out to estimate the clogging risk. For the actual ATES system, interactions between 76 

the wells might result in thermal breakthrough or flooding at the surface. To limit this risk, a 77 

groundwater model calibrated with the pumping test data was used to optimize the well 78 

placement.  79 

2 Setting of the study area 80 

Ghent University aims to become CO2-neutral on the Faculty of Science campus (Campus 81 

Sterre) in Belgium by 2050. Reaching this scope is challenging and different sustainable, green, 82 

and innovative technologies should be studied and evaluated. Based on an energy audit, the 83 

most sustainable alternative to cover the heating and cooling demand on this campus was to 84 

combine the residual heat from cooling the servers with a shallow geothermal system. The 85 

geothermal system would store the residual heat of the servers during the summer period when 86 
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heating is not needed, so it can be released in winter in addition to the directly used residual 87 

heat from the servers. The power of the geothermal buffer was estimated at 0.63 MW.  88 

A quick evaluation of the study area showed that, because of the absence of a thick productive 89 

aquifer on campus, the transmissivity of the available aquifers might not be sufficient to reach 90 

a high enough pumping rate (Fig. 2). Alternatively, to cover the power demand in the study 91 

area, a BTES system of 175 boreholes of 100 m deep was proposed. As this would result in an 92 

investment cost of approximately € 3 500 000, and would result in large areas occupied by the 93 

borehole heat exchangers, it was decided to determine the potential for ATES.  94 

 95 

 Fig. 2. Localization of the study area Campus Sterre on the suitability map for ATES systems in Flanders (Belgium) (after 96 

WTCB, 2017). 97 
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A description of the hydrogeology of the study area was made by Lebbe et al. (1992). 98 

Quaternary deposits, consisting of clays, silt, sand and gravel with a thickness of 9.5 m and 99 

variable hydraulic conductivity can be found at the surface. Below, the Formation (Fm) of 100 

Gentbrugge is considered a confining layer. It has an irregular extension: it thickens towards 101 

the Northeast and disappears in the Southwest of the study area. It is composed of silty clay or 102 

clayey silty glauconiferous very fine sand. Sand lenses with organic material and small pyritic 103 

concretions as well as layers of clayey sandy coarse silt might occur. 104 

The main groundwater reservoir is situated below this formation. It has a uniform thickness of 105 

approximately 20 m and can be subdivided into 6 units according to Lebbe et al. (1992) (Fig. 106 

3), labelled Yd 6 to Yd 1 from top to bottom. Yd 6 consists of slightly clayey glauconitic fine 107 

sand which might contain small shell fragments. The lithology of Yd 4 and Yd 2 resembles the 108 

one of Yd 6, without shell fragments. These three units are considered aquifer units. They have 109 

a cumulative thickness of 18.5 m, an average hydraulic conductivity of 1.08 m/day, and hence 110 

an average transmissivity of about 20 m2/day. Yd 5, Yd 3 and Yd 1 contain more clay and are 111 

only semi-pervious: Yd 5 is very sandy clay, Yd 3 is sandy clay to clay, and Yd 1 is a sandy 112 

and silty clay with intercalations of thin clayey fine sand beds. This aquifer unit is bounded 113 

from -40 mTAW by the clayey Formation of Kortrijk, which is up to 95 m thick.   114 

Fig. 3. Hydrostratigraphy across Campus Sterre with indication of the filter placement of the wells used for the pumping tests 

(created after DOV and Lebbe et al., 1992). 

https://www.dov.vlaanderen.be/portaal/?module=verkenner
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3 Methodology 115 

3.1 Field tests 116 

3.1.1 Pumping and injection 117 

The efficiency of an ATES system relies on the hydraulic conductivity of the subsurface which 118 

governs the maximum pumping rate and the corresponding drawdown.  119 

Lebbe et al. (1992) conducted a triple pumping test on Campus Sterre to determine the hydraulic 120 

parameters of the different layers. Pumping wells were drilled in the pervious layers Yd 2, Yd 121 

4, and Yd 6 (named PP 2, PP 4 and PP 6 respectively). Each pumping well was accompanied 122 

by three observation wells located at fixed distances from the pumping well (Fig. 4).  123 

 124 

Fig. 4. Localization of the well area used for the pumping tests on Campus Sterre. 125 

Pumping tests were carried out in each pumping well separately. The pumping rate in PP 6, PP 126 

4, and PP 2 was respectively 0.75 m3/h, 3.09 m3/h, and 1.66 m3/h. The observation of the 127 

drawdown was done in all layers. Based on the results, the hydraulic conductivity and specific 128 

storage coefficient of the different layers were estimated through an inversion process (Lebbe 129 

et al., 1992).  130 
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For this study, additional field tests were carried out to: 131 

1. Estimate the maximum pumping rate in the entire aquifer system. In absence of a fully 132 

filtered pumping well, this was estimated in each pervious layer separately. The total 133 

maximum pumping rate can be estimated by summing the individual rates if all pervious 134 

layers can be considered fully confined and independent of each other.  135 

2. Estimate the maximum injection rate. For the injection test, a fully filtered well (PB JE) was 136 

used (Fig. 3). However, this well was constructed as a piezometer and has a limited inner 137 

diameter (63/57 mm). As such the well efficiency is not optimal limiting the injection 138 

capacity. Because the water level in the aquifer is shallow (~ 3 m below the surface), the 139 

injection might also cause water pressures above the ground level, potentially causing 140 

flooding and/or instability of the confining layer between Yd 6 and the top layer. 141 

3. Simulate the long-term stability of a well pair consisting of one injection and one pumping 142 

well mimicking the behaviour of an ATES system. 143 

4. Generate data sets for validation of the groundwater model. 144 

In practice, the pumping and reinjection tests took place in the same wells that were used by 145 

Lebbe et al. (1992). Unfortunately, the three observation wells that accompanied pumping well 146 

PP 4 (PB 4.1, 4.2 and 4.3) were not accessible anymore. In August 2021 the maximum pumping 147 

rate in each pumping well was estimated.  148 

To simulate the stability of a well pair, PP 4 was selected as the pumping well and PB JE as the 149 

injection well. Pressure transducers were installed in PP 2, PB 2.1, PP 4, PP 6, PB 6.1, PB 6.2 150 

and PB JE to record the hydraulic head and temperature. In the pumping well, a probe 151 

measuring the electrical conductivity was also installed. 152 

The actual pumping test started on October 25 2021, with a maximum estimated pumping and 153 

reinjection rate of 3.8 m3/h in PP 4, based on the limited capacity of the injection well. The 154 

injection in PB JE started half an hour later. From 11h45 to 13h00, October 28, the pumping 155 



This is a non-peer reviewed preprint submitted to EarthArXiv. It is under review in 

Hydrogeology Journal. 

9 

 

and injection were disturbed due to the execution of an MFI test (see section 3.1.2). The 156 

injection stopped on November 5 because of a failure in the pump and restarted at a slightly 157 

lower rate of 3.05 m3/h until December 20.   158 

3.1.2 Membrane Filtering Index 159 

Because the aquifer contains fine particles, the (injection) wells could clog relatively rapidly. 160 

As a result, the injection pressure can increase over time and therefore decrease the injection 161 

capacity. For ATES systems, the wells are alternately injection or pumping wells according to 162 

the season. As such, if the capacity of the wells would decrease over time due to clogging, this 163 

would be detrimental to the overall efficiency and capacity of the ATES system (Jenne et al., 164 

1992; De Zwart, 2007).  165 

Therefore, a Membrane Filtering Index (MFI) test was carried out on-site to determine the 166 

clogging risk. It is a measure of the rate at which a filter paper (0.45 µm) becomes clogged 167 

under constant water pressure (2 bar) (Schippers & Verdouw, 1979, 1980; Olsthoorn, 1982). 168 

The index can be derived by plotting the ratio of the filtration time and the filtered sample 169 

volume (t/V) as a function of the total filtered volume (V). When the slope of the curve is inferior 170 

to 10, the water purity is considered acceptable for reinjection purposes for ATES systems. 171 

When the slope of the graph is lower than 3, the water purity is considered excellent for 172 

reinjection (Schippers & Verdouw, 1980; Olsthoorn, 1982). The actual MFI test for this study 173 

was carried out twice from 11h45 to 13h00 on October 28, 2021, after the well was sufficiently 174 

developed and the sand content (> 70 µm) of the pumped water was visually analysed (Aalten 175 

& Witteveen, 2015). Next, a long-term pumping and reinjection test (October 25 - December 176 

20) served to verify whether there was a decrease in injection capacity with time. 177 

3.2 Groundwater model 178 
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Because of the limited maximum yield of the aquifer, an ATES system would operate close to 179 

the maximum yield to minimize investment costs and several well pairs are therefore needed to 180 

fulfil the energy demand. The system must therefore be carefully designed to avoid hydraulic 181 

and thermal interaction between the wells. Creating a numerical model is a viable and 182 

indispensable tool to assess the feasibility of the project. It not only helps in understanding and 183 

predicting the behaviour of complex systems but it also helps to optimize the desired project 184 

implementation (Yapparova et al., 2014). 185 

For this project, the freely available USGS MODFLOW 6 software was used (Langevin et al., 186 

2017a, 2017b) together with the software ModelMuse as a graphical user interface (Winston, 187 

2019). MODPATH was used to simulate advective transport (Pollock, 2012) and MT3D-USGS 188 

was used to model the full transport processes (Bedekar et al., 2016). MODFLOW 6 uses the 189 

control-volume finite-difference method to solve the mathematical equation numerically 190 

(Langevin et al., 2017a). 191 

Based on the hydrostratigraphic setting of the study area in Fig. 3 and the already calibrated 192 

model parameters by Lebbe et al. (1992), a 3D model of 5 x 5 km around Campus Sterre was 193 

made (Table 1). All layers, except for the Quaternary, were set to be confined in the model. A 194 

structural grid was used for the spatial discretization (DIS package) (Langevin et al., 2017a). 195 

To improve the solution but avoid an exaggerated computation time, the grid was only refined 196 

where a steep gradient is expected, i.e. around the pumping/injection wells. The largest grid 197 

size was 100 m and was decreased to 5 m,  0.5 m and finally approximating the drilling diameter 198 

of the wells (roughly 0.25 m). For heat transport the smallest grid size was set to 1 m around 199 

the well area to limit the computational time. The previously smaller cell size was needed for 200 

calibration, assess the wellbore effect on the accuracy of the numerical model, and to limit 201 

numerical dispersion for the advective transport simulation.  202 

Table 1. Hydraulic parameters used as input for the model (after Lebbe et al., 1992).  203 
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Layer 

Top and bottom 

(mTAW) Kx (m/s) Kz (m/s) Ss (1/m) Sy (m3/m3) Porosity 

8 (Quaternary) +10.4 to +2.4 (varying) 2,89E-06 4,73E-09 5,50E-05 9,84E-03 0,3 

7 (Gentbrugge Fm.) +2.4 (varying) to +1.4 2,89E-06 4,73E-09 5,50E-05 9,84E-03 0,3 

6 (Yd 6) +1.4 to -3.6 9,94E-06 5,79E-06 5,50E-05 9,84E-03 0,3 

5 (Yd 5) -3.6 to -5.1 2,31E-07 2,44E-07 5,50E-05 9,84E-03 0,3 

4 (Yd 4) -5.1 to -14.6 1,28E-05 1,13E-05 3,60E-05 9,84E-03 0,3 

3 (Yd 3) -14.6 to -20.6 2,31E-08 8,61E-09 3,60E-05 9,84E-03 0,3 

2 (Yd 2) -20.6 to -24.6 1,46E-05 1,14E-08 3,80E-05 9,84E-03 0,3 

1 (Yd 1) -24.6 to -40.6 4,63E-07 3,11E-07 1,20E-05 9,84E-03 0,3 

For the bottom of the model, a no-flow boundary was set, as below Yd 1 the aquitard 204 

corresponding to the Kortrijk Fm is present. The Northern, Eastern, Southern and Western 205 

boundaries were set as constant head boundaries with a hydraulic head of +10 mTAW for the 206 

calibration period. For the long-term simulations, a hydraulic gradient of 0.14%, deduced from 207 

monitoring wells located outside of the study area, was imposed. At the start of each simulation, 208 

an initial head of +6.97 mTAW was chosen. This is the hydraulic head that was measured in 209 

PP 4 before the installation of the diver in October 2021. Zero-dispersion/diffusion heat flux  210 

was imposed for the transport boundary conditions. Only transient simulations were used, 211 

because of the interest in the evolution of the groundwater level/ thermal storage with time. 212 

Heat transport can be translated into a mathematical problem using the following equation 213 

(Zheng, 2010): 214 

(1 +
1 − 𝜃𝑡

𝜃𝑡

𝜌𝑠

𝜌𝑤

𝑐𝑠

𝑐𝑤

)
𝜕(𝜃𝑡𝑇)

𝜕𝑡
= ∇ (𝜃𝑡 (

𝑘0

𝜃𝑡𝜌𝑤𝑐𝑤

+ 𝐷𝑚𝑒𝑐ℎ) × ∇𝑇) − ∇(𝑞𝑇) + 𝑞𝑠𝑇𝑠                  {1} 215 

 216 

𝑤𝑖𝑡ℎ         𝑘0 = 𝑘𝑤𝜃 + 𝑘𝑠(1 − 𝜃) 217 

      𝜌𝑏 = 𝜌𝑠(1 − 𝜃𝑡) 218 
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Table 2. Overview of the parameters used in the heat transport equation. 219 

θt total porosity [%] 35 

𝜌b bulk density [kg/m3] 1716 

t time [s] - 

q specific discharge vector [m/s] - 

qs 

volumetric flow rate per unit volume of the aquifer 

representing sources or sinks [m/s] - 

𝜌s density of the solid [kg/m3] 2640 

𝜌w density of the water [kg/m3] 1000 

cs specific heat capacity of the solid [J/(kg°C)] 710 

cw specific heat capacity of the water [J/(kg°C)] 4183 

T temperature [°C] - 

k0 bulk thermal conductivity [W/(m°C)] 2.153 

kw thermal conductivity of the water [W/(m°C)] 0.58 

ks thermal conductivity of the solid [W/(m°C)] 3 

Dmech mechanical dispersion coefficient tensor [m2/s] - 

Ts source temperature - 

 220 

The parameters of equation 1 and their values are defined in Table 2. The latter are the ones 221 

used by Vandenbohede et al. (2011) in a shallow heat injection and storage experiment 222 

performed in the Quaternary layer. They represent typical values of quartz sediment (Langevin 223 

et al., 2007). Since thermal parameters have a smaller range than hydraulic conductivity, they 224 

can be considered representative of the aquifer.   225 

Because of the similarity between solute and heat transport and because of the disregarding of 226 

density/viscosity effects, MT3D-USGS can be used to model heat transport processes (Zheng, 227 

2010; Hecht-Méndez et al., 2010; Sommer et al., 2013; Possemiers, 2014). The heat transport 228 

by conduction and thermal dispersion is analogous to molecular diffusion and mechanical 229 



This is a non-peer reviewed preprint submitted to EarthArXiv. It is under review in 

Hydrogeology Journal. 

13 

 

dispersion in the solute transport equation. Next, the transport of heat by groundwater flow is 230 

analogous to the advection term in the solute transport equation (Zheng, 2010).  To implement 231 

this in MT3D-USGS, the (thermal) distribution coefficient (Kd
t) and the molecular diffusion 232 

coefficient (Dm
t) must be defined as follows (Zheng, 2010): 233 

𝐾𝑑
𝑡 =

𝑐𝑠

𝑐𝑤𝜌𝑤

= 1.69 ∗ 10−4  𝑚3 𝑘𝑔⁄                    𝐷𝑚
𝑡 =

𝑘0

𝜃𝑡𝜌𝑤𝑐𝑤

= 1.47 ∗ 10−6  𝑚2 𝑠                    ⁄ {2 𝑎𝑛𝑑 3} 234 

To solve the heat transport equation, the third-order TVD (Total Variation Diminishing) method 235 

with a backward approximation was used (Zheng and Wang, 1999). We also tested the Method 236 

of Characteristics (MOC), which simulates more gradually thermal diffusion, however it did 237 

not change our conclusions. The Generalized Conjugate Gradient (GCG, convergence criterion 238 

of 10-10) Solver was used to implicitly solve the dispersion, sink/source and reaction terms with 239 

a finite-difference method. Finally, a linear sorption isotherm was selected in the RCT package. 240 

It accounts for the heat transfer process between the fluid and the solid (conduction). 241 

The heat transfer process between the fluid and the solid (conduction) results in a retardation 242 

of the movement of the warm/cold temperature plume in comparison to the average linear 243 

groundwater flow velocity (Zheng and Wang, 1999; Vandenbohede et al., 2011). 244 

𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑟𝑒𝑡𝑎𝑟𝑑𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 = 1 +
𝜌𝑏

𝜃
𝐾𝑑

𝑡 = 1.83                   {4}            245 

It is assumed that the transfer of heat from the mobile groundwater to the immobile pore water 246 

and the solid fraction is fast enough to be negligible compared to the flow velocity of the mobile 247 

groundwater. This assumption combined with a linear sorption model allows to combine the 248 

mobile and immobile water in one total porosity.  249 

Model calibration is needed to ensure that the model will approximate the reality as closely as 250 

possible. In practice, because Lebbe et al. (1992) gathered a lot of valuable data in the study 251 

area, the values of their already calibrated model were used to first simulate the triple pumping 252 
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test with the newly constructed model. In essence, the resulting drawdowns of these field tests 253 

were compared to the simulated ones aiming for a good agreement. Following this, the 254 

pumping/injection test was simulated to validate the model.  255 

3.3 Model scenario 256 

To design an ATES system, first the energy demand of the building, both for heating and 257 

cooling, that must be fulfilled by geothermal energy must be determined. With this knowledge, 258 

the total volume of water to be extracted can be estimated based on the heat capacity of water. 259 

This is illustrated by the following equations, ignoring the coefficient of performance of the 260 

heat pump (Glassley, 2015): 261 

𝐸 = 𝑉 × 𝑐 × ∆𝑇                  𝑄 =
𝑉

𝑡
 ↔ 𝑄 =

𝐸

𝑡𝑐∆𝑇
=  

𝑃

𝑐∆𝑇
                        {5} 262 

where E (J) is the thermal energy that can be stored/extracted from a given volume of water V 263 

(m3), c is the volumetric heat capacity of water (4.178·106 J/m3K), ∆T the temperature 264 

difference between the extracted and injected water (K), Q the total flowrate of the system 265 

(m3/s), t the time (s), and P the power (W). As such, knowing the maximum pumping/injection 266 

rate for a single well pair, the required number of well pairs can be calculated. 267 

Knowing the number of wells, optimal use of (sub)surface space and optimal storage efficiency 268 

should be realized. One of the parameters influencing this performance, besides the 269 

groundwater flow and pumping rate, is the well placement (Yapparova et al., 2014). Many 270 

studies have been carried out related to this topic. In short, it was shown that storage efficiency 271 

decreases with decreasing distance between the warm and cold well areas. The storage 272 

efficiency also decreases with increasing hydraulic conductivity (Kim et al., 2010; Yapparova 273 

et al., 2014). As such, the relatively low hydraulic conductivity in the study area might be an 274 

advantage in this project which can be used to choose a smaller distance between the wells. 275 

Hence, optimizing the usage of space without compromising on storage efficiency. The fact 276 
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that the storage efficiency decreases with increasing hydraulic conductivity can be explained 277 

by a short circuit between the cold and warm well areas. This is also often called a thermal 278 

breakthrough, resulting in a gradual attenuation of the ATES efficiency (Kim et al., 2010; Gao 279 

et al., 2013; Yapparova et al., 2014; Bloemendal et al., 2018). In theory, it is sufficient to ensure 280 

that the distance between the cold and warm wells in the design of the system is sufficient. This 281 

safe distance can be estimated from the thermal radius of influence (Rth) (Bloemendal et al., 282 

2018; Bloemendal and Olsthoorn, 2018). The distance between wells of the opposite and same 283 

type should be 2.5·Rth and 1·Rth respectively. To apply this formula in practice, first, the 284 

hydraulic radius of influence was estimated analytically using the Thiem-Dupuit method for a 285 

confined aquifer in steady-state (Dupuit, 1863, Thiem, 1906): 286 

𝑅 = 10
𝑠 × 2𝜋𝐾𝑒

𝑄 × 𝑥                        {6} 287 

where R is the hydraulic radius of influence (m), s the drawdown at a certain distance x (m) 288 

from the well due to pumping/injecting (m), K is the horizontal hydraulic conductivity of the 289 

medium (m/s), e the thickness of the groundwater reservoir (m), and Q the pumping/injection 290 

rate (m3/s). Finally, using the earlier defined thermal retardation factor, the thermal radius of 291 

influence (Rth = hydraulic radius / thermal retardation factor) can be estimated.  292 

While the clustered well placement (i.e. a group of wells of the same type) might be a better 293 

option considering the storage efficiency, the opposite (i.e. alternating injection and pumping 294 

wells) might be beneficial for the hydraulic head. The latter must also be taken into account as, 295 

on the one hand, it must be able to maintain a low enough pressure in the injection wells to 296 

avoid increasing the risk of flooding and damaging the confining clay layer. On the other hand, 297 

it must be able to sustain all pumping wells with a sufficiently high pumping rate as the pumping 298 

wells will operate close to their maximum capacity. This is related to the superposition principle 299 

in a confined aquifer implying that the resulting drawdown at a location is the algebraic sum of 300 



This is a non-peer reviewed preprint submitted to EarthArXiv. It is under review in 

Hydrogeology Journal. 

16 

 

the effect of multiple pumping/injection wells in the neighbourhood. In addition, since the 301 

available area is limited to the campus, different well arrangements were tested for a short 302 

period of time (6 months – 2 years) and evaluated to effectively store heat while using the 303 

available space efficiently.  304 

When a suitable arrangement was found, this scenario was evaluated for a period of 20 years 305 

(Fleuchaus et al., 2020). Within each year warm water injection is assumed to take place in 306 

summer (6 months) and cold water injection is assumed to take place in winter (6 months), both 307 

at the maximum rate. These long periods represent an extreme scenario. The temperature of the 308 

injected water was imposed in the model while the temperature of the extracted water varies 309 

according to heat transport processes. The injection temperature is normally approximately 310 

+5 °C for the warm well area and -5 °C for the cold well area (relative to the natural 311 

groundwater temperature of 13.8 °C). Furthermore, a yearly balance between heating and 312 

cooling demand from the underground was assumed.   313 
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4 Results 314 

4.1 Hydraulic conditions for the ATES system 315 

The maximum pumping rate in the currently available wells Yd 4 and Yd 6 was estimated to 316 

be respectively 4 and 1 m3/h. According to Lebbe et al. (1992), a pumping rate of 1.66 m3/h 317 

could be reached in PP 2, while we were limited to a rate of 1 m3/h by our equipment.  318 

During the pumping/injection test, the drop in water level due to pumping in Yd 4 could be 319 

observed in the pumping layer itself but also in Yd 6 (Fig. 5). In Yd 2, no drop in water level 320 

could be observed. This drop in water level illustrates that the semi-pervious layer Yd 5 does 321 

not prohibit the connection between Yd 6 and Yd 4 so the two layers cannot be considered as 322 

separate units. In contrast, the fact that no drop in water level could be observed illustrates the 323 

confining nature of Yd 3. This is confirmed by the observed influence of the injection. The 324 

injection in PB JE started shortly after the pumping was initiated. Despite the fact that PB JE is 325 

filtered from the top of Yd 6 to the bottom of Yd 1 (Fig. 3), the influence of the injection was 326 

only clearly visible in Yd 2 (Fig. 5). 327 

 328 

Fig. 5. Results of the pumping tests carried out on Campus Sterre (the peaks can be attributed to the disruption of the 329 

measurements to carry out the MFI tests). 330 

Considering the absence of a pumping well with filter screens in all three pervious layers, the 331 

maximum pumping rate in the layered aquifer had to be estimated by means of the principle of 332 
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superposition. This principle assumes that each pervious layer is fully confined (thus isolated 333 

from each other). On the one hand, this assumption seems acceptable for Yd 2 and Yd 4. On 334 

the other hand, it was shown that a strong connection between Yd 4 and Yd 6 exists indicating 335 

that Yd 5 is not a good confining layer. Hence, the maximum pumping rate in Yd 6 and Yd 4 336 

combined is most likely smaller than the sum of their individual rates. Assuming that PP 6 can 337 

only account for 10 % of its estimated maximum pumping rate (i.e. 0.1 m3/h), a total maximum 338 

pumping rate of 5.76 m3/h was estimated in a fully screened well in the layered aquifer. It is 339 

however not recommended to exploit a well at the maximum rate, especially for a long period 340 

of time such as in an ATES system. Therefore the rate will be limited to 5 m3/h for the rest of 341 

the study. 342 

The maximum injection rate in the fully penetrating well PB JE was estimated to be 3.8 m3/h. 343 

Using this constant injection rate for a continuous period of about two weeks no flooding of the 344 

surface was observed. The sudden decrease in injection capacity after these two weeks is most 345 

probably caused by trapped air which entered the well after problems with the pump, reducing 346 

the permeability. Injection of air is not expected to happen in the actual ATES system as the 347 

pressure in the system will always be maintained by a controlled valve at the injection. 348 

The injection well PB JE was the limiting factor during the field test as it was constructed as a 349 

piezometer with a small diameter, not as a pumping or injection well. The current maximum 350 

injection rate was estimated at 3.8 m3/h with a water level reaching the surface. A higher rate 351 

would probably be reached when using injection wells in a better state and with a larger 352 

diameter. So most likely the estimated maximum rate of 5 m³/h can also be used for reinjection.  353 

The injection capacity was also determined by the MFI tests. No sand could be visibly observed 354 

in the mesh netting. The slope for the two tests was 5.2 and 8.3 respectively. The filters of both 355 

MFI tests were visibly still relatively clean, which is a good indicator that the low MFI values 356 
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measured are reliable. During the long-term injection, no decrease of injection capacity with 357 

time was observed, confirming that the risk of clogging should be limited.   358 

4.2 Model validation 359 

As mentioned earlier, the already calibrated model parameters of Lebbe et al. (1992) were used 360 

for the model created for this project. A  good agreement with the triple pumping test data was 361 

observed indicating that the new numerical model is a good proxy for the model of Lebbe et al. 362 

(1992). 363 

Using the same model parameters, the simulated drawdowns were compared to the drawdowns 364 

observed during the pumping and injection tests that were carried out for this project (Fig. 6). 365 

In general, when the injection is implemented, it becomes more difficult to simulate the 366 

observations. There is a good agreement in Fig. 6 for the observation wells (PB x.y) but there 367 

remains a discrepancy for the pumping/injection wells (PP x and PB JE). When considering a 368 

logarithmic time scale, the observed and the simulated drawdowns are however relatively 369 

parallel, indicating they are characteristic of a reservoir with similar properties (Cooper and 370 

Jacob, 1953).  371 
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 372 

Fig. 6. Comparison of the simulated to the observed drawdown in PP 4, PB JE and PB 6.1. The drawdown is positive when the 373 

water level decreases and negative when the water level increases. On the right side, this is plotted using a logarithmic time. 374 

The simulated pressure at the bottom of the well is too high compared to the observed one. This 375 

deviation can likely be attributed to the imperfect sealing of the semi-pervious layers during 376 

completion (Lebbe et al., 1992).  The discrepancy at the injection well is larger, and we attribute 377 

it to the difficulty to model well behaviour.. 378 

Modeling a pumping/injection well is not straightforward as the detailed set-up of the well 379 

(bentonite seal, gravel pack, inner tube) is almost impossible to implement explicitly in 380 
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Modflow. The size of the discretization grid was reduced to a size close to the well diameter,  381 

approximating the dimensions of the well in the grid (Klepikova et al., 2016).  The presence of 382 

water in the well instead of sediment was simulated by setting a very high value of the hydraulic 383 

conductivity (vertical and horizontal), decreasing the water pressure at the well when simulating 384 

injection. Nevertheless, the positive skin factor, which is a reduction of the permeability in the 385 

immediate vicinity of the well due to drilling/well completion/production processes, was not 386 

implemented in the model (Van Everdingen, 1953). In general, by reducing the permeability, 387 

the drawdown in the well itself would be larger and the cone of depression would be steeper. 388 

As such, at the pumping well PP 4, a positive skin factor could be present, this causes the 389 

observed drawdown to be larger than the simulated one as observed in Error! Reference 390 

source not found. 6. At the injection well PB JE, a positive skin factor would cause the negative 391 

drawdown to be larger (in absolute values) than the simulated one. However, the opposite is 392 

observed (Fig. 6). Although a negative skin factor could be present, as a gravel pack is present 393 

over the whole thickness of the aquifer including around semi-pervious layers, we rather think 394 

the discrepancy is related to an inadequate representation of the injection well in the model, 395 

which is corroborated by the higher discrepancy compared to PP 4. Since the model was initially 396 

calibrated by the pumping test as a homogenous aquifer, heterogeneity could also explain the 397 

difference: a higher hydraulic conductivity in the vicinity of PB JE would reduce the simulated 398 

pressure increase. However, including lateral heterogeneity at this stage would be highly 399 

speculative as the test zone is not representative of the whole modelled area.  400 

Therefore, the model was considered valid for simulating the ATES scenarios, noting that the 401 

simulated pressure is likely overestimated in both the pumping and injection wells. The 402 

maximum pumping and injection rates were assumed to be 5 m³/h based on the field 403 

observations. 404 

4.3 ATES well arrangement 405 
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Considering the power requirement of 0.63 MW, ignoring in first instance the coefficient of 406 

performance, and a standard temperature difference between the extracted and the injected 407 

water of 5 °C, the required total pumping rate was estimated to be 108.62 m3/h (equation 5). 408 

Assuming a pumping rate of 5 m3/h per well pair, this results in the need for 22 well pairs and 409 

hence 44 wells. This exploitation flow rate is significantly below the usual pumping rate per 410 

well which is used in operating ATES systems (Table 3). 411 

Table 3.  Examples of operating ATES systems with their respective pumping rate per well (created after Abuasbeh and Acuña, 412 

2018 (1); Fleuchaus et al., 2018 (2); Hoes et al., n.d. (3)) 413 

Project type Location 

Number of 

well pairs 

Pumping rate per 

well (m3/h) 

Office buidlings (1)                           Stockholm - Sweden 2 26 

ETAP project (3) Malle - Belgium 1 90 

Project public hospital St-

DIMPNA (3)  Geel - Belgium 

 

1 100 

Ikea (2) Amersfoort - Netherlands 1 200 

University campus (2) Eindhoven - Netherlands 18 125 

District heating (2) Rostock - Germany 1 15 

hospital KLINA project (2,3) Brasschaat - Belgium 1 100 

expo buidling (2) Malmo - Sweden 5 24 

museums quarter (2) Greenwich - UK 1 45 

 414 

Next, the hydraulic and thermal radius of influence were estimated in unit Yd 4 as it is the most 415 

permeable. This was calculated analytically taking into account a drawdown of 1.56 m at a 416 

distance of 5 m from the well as was indicated by a simulation of 6 months, resulting in a radius 417 

of influence of 36 m. Accounting for the thermal retardation factor of 1.83 (equation 4), the 418 

https://shareok.org/bitstream/handle/11244/301547/oksd_ighspa_2018_abuasbeh.pdf?sequence=1&isAllowed=y
https://www.researchgate.net/profile/Johan-Desmedt/publication/237401555_EXPERIENCES_WITH_ATES_APPLICATIONS_IN_BELGIUM_Operational_results_and_energy_savings/links/0deec5257e97c036f6000000/EXPERIENCES-WITH-ATES-APPLICATIONS-IN-BELGIUM-Operational-results-and-energy-savings.pdf
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thermal radius of influence in Yd 4 is about 20 m. This estimation was also confirmed by the 419 

model.  420 

Considering the guidelines for well placement drawn up by Bloemendal et al. (2018), first, a 421 

well arrangement in two clusters (i.e. one group of cold wells and one group of warm wells) 422 

was simulated (Fig. 7), allowing to minimize the space occupied by the ATES system, using 423 

the existing buildings as a constraint. However, this configuration yields a total absolute 424 

increase in water level in the injection cluster of about 53 m, while the drawdown resulting 425 

from a cluster of pumping wells is 46 m. Those high values resulting from the interactions 426 

between the wells in the same cluster working at rates close to the maximum rate (superposition 427 

effect) are too large and not sustainable in practice. Other clustered well arrangements were 428 

tested, but the simulated (negative and positive) drawdown remained too high (Fig. 7), 429 

indicating that the hydraulic conditions, rather than the thermal conditions, constitute the main 430 

limiting factor in this case.  431 
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 432 

Fig. 7.  Hydraulic head distribution after 6 months for different well arrangements. The dotted line indicates Campus Sterre. 433 

Alternatively, a well configuration in lanes (alternating injection and pumping wells) was 434 

tested. This configuration should effectively limit the drawdown and hence also the injection 435 

pressure by the principle of superposition. Taking into account the thermal radius of influence 436 

of 20 m and the guidelines for placement drawn up by Bloemendal et al. (2018), the distance 437 

between the lanes should be at least 50 m. It was shown that a thermal breakthrough between 438 

the warm and cold well area was established within the first 6 months of operation which 439 

implies that the distance between the lanes was too small. Consequently, the distance between 440 

the lanes was incrementally adjusted up to 90 m to avoid a thermal breakthrough. This 441 

configuration reduced the drawdown and the injection pressure, but the maximum increase of 442 

15 m was still too high (Fig. 8).  443 
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 444 

Nevertheless, since from a thermal point of view, no breakthrough occurred after the initial 445 

cycle, this well configuration was tested for 20 years to determine the storage efficiency of the 446 

ATES system. 447 

The maximum temperature of the cold well area decreases with time to roughly 10.5 °C while 448 

the minimum temperature of the warm well area increases to roughly 17 °C (Fig. 9). The 449 

minimum temperature difference between the warm well area and the cold well area also 450 

increases with time, from approximately 8.5 to 9.5 °C, indicating that the storage is efficient 451 

and no thermal breakthrough occurs. For the latter, a difference between the seasons of roughly 452 

0.5 °C can be observed. There is also a limited difference in temperature between the 453 

observation locations in the NE and SW, related to the inhomogeneity of the layer thickness. 454 

Fig. 8. The resulting hydraulic head for the lane-type arrangement with a distance between the wells within the lanes of 20 m 

and a distance in between the lanes of 90 m. 
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 455 

Fig. 9. On top: observation locations. Below: the temperature at the warm well area (red), the cold well area (blue), and the 456 

temperature difference (grey) after 20 years at the observation locations in the NE of the well area (left) and the SW of the well 457 

area (right). 458 

Because of the relatively low hydraulic capacity of the aquifer, a high amount of well pairs is 459 

needed for the ATES system. These wells, placed in different clusters, interact with each other. 460 

This effect is most visible within the same cluster and leads to high pressures or drawdowns. 461 

The pressures might be too high for the confining clay layer to sustain, hence increasing the 462 

risk of soil outbursts (or flooding). To overcome this issue, an additional scenario was simulated 463 

using a well configuration in a checkerboard pattern. In this pattern, the injection and extraction 464 

wells are alternating, constituting the best option to limit the change in the hydraulic head in 465 

the aquifer, but it could reduce the thermal efficiency. The wells were placed as far as possible 466 

from each other, within the available space of Campus Sterre. This results in a well spacing of 467 

minimum 80 m. With this configuration, the maximum hydraulic head while injecting remained 468 

limited (15 mTAW, or 5 m above the ground surface) as was the case for a single pair (Fig. 10). 469 
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470 

Fig. 10. Hydraulic head distribution after a simulation period of 20 years in a checkerboard pattern. 471 

 Fig. 11 also shows that the minimum temperature of the warm well area increases while the 472 

maximum temperature of the cold well area decreases. The system is therefore thermally 473 

efficient, although the temperature difference is, as expected, slightly lower than in the previous 474 

scenario. As the maximum temperature difference is roughly twice as large as the initially 475 

estimated 5 °C, the maximum produced power was also estimated to be about twice the power 476 

requirement of this project (2 · 0.63 MW). Next, the extracted thermal energy per season 477 

(integration over 6 months for heating or cooling) was calculated based on the temperature 478 

difference in Fig. 11 and the extraction rate (Fig. 12). The initially estimated power demand for 479 

this project was based on cumulative energy demand of 1.5 GWh with a peak cooling demand 480 

in summer. Fig. 12 shows that the simulated energy output is 3 times as large. However, as long 481 

winter and summer seasons (6 months) are simulated in which the system operates at its 482 

maximum flowrate and thus power, it must be emphasized that the simulated scenario 483 

represents the maximum upper limit for energy production. 484 
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Fig. 12. Energy output per season (6 months) based on the simulation of an ATES system in a checkerboard pattern for 20 485 

years. 486 

5 Discussion 487 

The field tests and initial modeling results have validated that the low transmissivity aquifer 488 

located on Campus Sterre could only sustain a maximum pumping and injection rate of about 489 

5 m³/h. This limiting extraction rate results in new constraints for the arrangement of the ATES 490 

wells.  491 

Fig. 11. On top: observation locations. Below: the temperature at the warm well area (red), the cold well area (blue), and the 

temperature difference (grey) after 20 years at the observation locations in the NE of the well area (left) and the SW of the 

well area (right). 
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Arranging the wells in 2 large clusters as was first done in Fig. 7 is not a feasible option for the 492 

future ATES project considering the excessive drawdowns. This results from the principle of 493 

superposition which implies that the resulting hydraulic head at a certain location is the 494 

combination of all influences (resulting from different pumping/injection wells) at that same 495 

location. When many wells are grouped into one cluster with an inter-well distance which is 496 

less than the hydraulic radius of influence, this will result in an excessive drawdown (positive 497 

or negative), especially in a configuration where the extraction rate is close to the maximum 498 

yield. Even though the model tends to overestimate the injection pressure, an increase in water 499 

level of minimum 31 m relative to the natural groundwater level is not acceptable. Using such 500 

a configuration, flooding will likely occur around the injection wells and the relatively thin 501 

confining clay layer might not be able to withstand such high pressures. Also, the minimum 502 

drawdown of about 28 m at the pumping wells is not feasible. This would probably cause the 503 

aquifer to become partly unsaturated and consequently the necessary pumping rate of 5 m3/h 504 

per well could not be reached anymore. 505 

Next, the arrangement of wells in several lanes showed that a distance of 90 m between the 506 

lanes was necessary to avoid a thermal breakthrough. This is significantly larger than the 507 

guidelines Bloemendal et al. (2018) proposed. Because of the superposition effect of multiple 508 

wells, the radii of influence which were deduced for a single well pair are not valid anymore 509 

for clusters or lanes. These configurations result in an increased gradient between warm and 510 

cold wells which speeds up groundwater flow. The lane arrangement showed an overall 511 

improvement in the calculated drawdown at the location of the injection wells due to the 512 

closeness of the pumping wells. However, it also showed that the hydraulic head in the SW of 513 

the well area is significantly higher than in the NE. It might be the result of the fact that the 514 

warm lanes in the SW are not located in between two cold lanes which counterbalances the 515 

increase in hydraulic head. 516 
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From a thermal point of view, no thermal breakthrough occurred if the distance between the 517 

wells was large enough. In this case, the safe distance was 4.5 times larger than the thermal 518 

radius calculated for one well pair. As expected, the thermal efficiency increases with time as 519 

illustrated by the minimum temperature difference between warm and cold wells. A seasonal 520 

variation of about 0.5 °C remains within realistic limits. The small difference between the 521 

temperature at the observation locations in the NE and SW might be explained by the fact that 522 

in the NE the lanes consist of more wells close to each other, slightly decreasing the storage 523 

efficiency.  524 

Our investigations demonstrate that the injection pressure is the main limiting factor in the 525 

design of this particular ATES system. It is not surprising as the pumping/injection rate (5 m3/h) 526 

is close (86%) to the estimated maximum rate for this aquifer (about 5.8 m3/h). Consequently, 527 

a well arrangement in a checkerboard pattern is the best approach to limit the increase in 528 

hydraulic head in injection wells. However, this pattern is less optimal as it utilizes all the 529 

available space and hence less cost-efficient when considering the piping and installation costs. 530 

The total costs of installation for such an ATES system would nevertheless remain much 531 

smaller than the foreseen BTES system (about 50% of the BTES costs).  532 

In terms of thermal efficiency, it might also increase the risk of a thermal breakthrough as cold 533 

and warm wells are alternating. However, as the injection pressure is more limited, it reduces 534 

the effective thermal radius. The diagonals in the checkerboard pattern actually resemble the 535 

lane-type well arrangement but with a larger distance between wells of the same cluster (lane), 536 

confirming that the hydraulic interaction is the main limiting factor for low transmissivity 537 

ATES systems. Such a configuration can easily be adapted to accommodate the buildings and 538 

optimize the usage of the available space. Because of the limited hydraulic interaction, the 539 

distance between the wells might be decreased to about 60 m without significantly increasing 540 

the risk of thermal breakthrough.  541 
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The average low permeability of the study area limits the thermal radius for one well pair. 542 

However, when placing several wells at a relatively short distance from each other in a lane, 543 

the injection pressure, and hence also the thermal radius, increased. As such, this shows that the 544 

low permeability in the study area is neither an advantage nor a disadvantage for the ATES 545 

system. Furthermore, it was proven that the hydraulic radius of influence is more limiting than 546 

the thermal radius of influence. As such, it is suggested to use the former to apply the guidelines 547 

for the well placement drawn up by Bloemendal et al. (2018) when looking to further optimize 548 

the well configuration. 549 

Although we demonstrated an ATES system should be sustainable on campus Sterre, there are 550 

still some challenges and uncertainties which need to be further investigated: 551 

1. As the pumping rate of 5 m3/h was an estimate based on field experiments using the 552 

available wells and analytical approximations using the principle of superposition, this flow 553 

rate still needs to be confirmed in the field using a newly constructed well pair with 554 

optimally placed filters in the three pervious layers. These wells would have a large 555 

diameter and should be thoroughly developed to reduce well losses. 556 

2. To improve the model and optimize the efficiency of the system, heat losses at the surface 557 

should be introduced in the model by adapting the boundary conditions for heat transport.   558 

3. The hydraulic conductivity and storage coefficient for all layers were already accurately 559 

estimated by Lebbe et al. (1992) who also carried out a thorough analysis of the results. 560 

However, a detailed sensitivity analysis should be carried out for the porosity and thermal 561 

parameters. Heat tracer experiments could also be carried out to validate the porosity and 562 

thermal parameters (e.g. Wildemeersch et al., 2014). Next to this, a thermal response test 563 

can be carried out to validate the thermal conductivity of the subsurface. 564 

4. Because of the limited size of the zone investigated by the field tests, homogeneous 565 

parameters within each layer were used for the groundwater models. This is likely an 566 
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oversimplification and should be investigated. Heterogeneity is known to influence the 567 

efficiency of ATES systems (Possemiers et al., 2015; Sommer et al., 2013; Hermans et al., 568 

2018, 2019). Similarly, the thickness and continuity of the confining layer throughout the 569 

campus should be confirmed. If it were partly absent, the studied aquifer layer would 570 

constitute an unconfined aquifer together with the quaternary layer, which would likely 571 

modify the hydraulic behaviour and the conclusion of the study.   572 
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6 Conclusion 573 

A medium permeability aquifer with limited thickness located on Campus Sterre (Ghent, 574 

Belgium) was investigated as a possible candidate for aquifer thermal energy storage even 575 

though it is conventionally disregarded because of its limited transmissivity. Based on field 576 

experiments, it was shown that the maximum pumping and injection rate within this aquifer is 577 

only 5 m3/h, which is much smaller than most operating ATES systems. Nevertheless, the 578 

aquifer seems suitable as the injection rate could be sustained for a long period of time, and no 579 

clogging of the injection well could be detected, which is one of the main concerns in a medium 580 

permeability aquifer.  581 

For low transmissivity aquifers, the energy demand must be covered by increasing the number 582 

of well pairs, which results in new challenges for well placement. Based on the energy demand 583 

on the campus, an ATES system using 22 well pairs should be operated. Simulation with 584 

calibrated groundwater models showed that well arrangements in clusters or in lanes, based on 585 

estimation of the hydraulic and thermal radii from a single well pair, were not adequate because 586 

they were resulting in an excessive water pressure and drawdown in the injection and pumping 587 

zones respectively. This is a direct consequence of the superposition principle, as neighbouring 588 

wells interact with each other. Instead, the wells should be arranged in a checkerboard pattern 589 

of alternately warm and cold wells with each a pumping/injection rate of 5m3/h. This 590 

configuration minimizes the hydraulic interaction while avoiding any thermal breakthrough. 591 

Although such an ATES system would operate in sub-optimal conditions, ATES is certainly an 592 

option to consider in comparison with BTES in a detailed design and cost analysis. 593 

Our study shows that so far the potential of low transmissivity aquifer for ATES systems has 594 

likely been underestimated. With the increase in energy prices and the long-term objectives to 595 

reduce greenhouse gas emissions, the interest in ATES systems will likely increase in the future. 596 

In absence of accessible productive aquifers, either because of their absence or because they 597 
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are used for drinking water production, low transmissivity aquifers can constitute suitable 598 

alternatives, although suboptimal. Their potential should be confirmed by more field studies 599 

targeting specifically ATES systems (long-term injection, clogging, heterogeneity).   600 
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