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Abstract: Being a heat source or sink, aquifers have been used to store large quantities of 
thermal energy to match cooling and heating supply and demand on both a short-term and 
long-term basis. The current technical, economic, and environmental status of aquifer 
thermal energy storage (ATES) is promising. General information on the basic operation 
principles, design, and construction of ATES systems is discussed in this paper. Numerous 
projects in operation around the world are summarized to illustrate the present status of 
ATES. Hydrogeological-thermal simulation has become an integral part of predicting 
ATES system performance. Numerical models which are available to simulate an ATES 
system by modeling mass and heat transport in the aquifer have been summarized. This 
paper also presents an example of numerical simulation and thermohydraulic evaluation of 
a two-well, ATES system operating under a continuous flow regime. 

Keywords: aquifer; thermal energy storage; hydrogeological-thermal simulation; 
groundwater flow 

 

1. Introduction 

As the demand for energy increases, effective or enhanced energy conservation is crucial. Around 
the world, thermal energy storage (TES) system applications have been shown to provide economical 
and environmentally friendly solutions to energy problems and increasing attention has been paid to 
their utilization [1,2]. The basic purpose behind thermal storage is to provide a buffer to balance 
fluctuations in supply and demand of low temperature thermal energy. TES makes it possible to more 
effectively utilize new renewable energy sources (solar, geothermal, ambient, etc.) and waste heat/cold 
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recovery for space heating and cooling. With a storage medium of various types and sizes, TES 
systems therefore contribute to improving energy efficiency. 

Underground thermal energy storage (UTES) has been used for seasonal storage of large quantities 
of thermal energy to supply process cooling, space cooling, space heating, and ventilation air 
preheating [3]. UTES systems are usually divided into two groups. In borehole thermal energy storage 
(BTES) systems, also called “closed” systems, a fluid (water in most cases) is pumped through heat 
exchangers in the ground. In aquifer thermal energy storage (ATES) or “open” systems, groundwater is 
pumped out of the ground and injected into the ground by using wells to carry the thermal energy into 
and out of an aquifer [4]. 

Aquifer thermal energy storage systems utilize low-temperature geothermal aquifer resources [5,6]. 
Being necessary for the implementation of ATES, aquifers are underground, water-yielding geological 
formations, either unconsolidated or consolidated. Two hydraulically-coupled wells are normally used 
to separate water supply from storage. Aquifers can be discharged effectively through production wells 
to meet large cooling and heating demands.  

An advantage of open systems is the generally higher heat transfer capacity of a well compared to a 
borehole. This makes ATES usually the cheapest alternative if the subsurface is hydrogeologically and 
hydrochemically suited for the system. Such aquifers have potential to offer an economical way of 
storing thermal energy for long periods of time. ATES systems have been successfully used around the 
world for the seasonal storage of heat and cold energy for the purpose of heating and/or cooling 
residential and industrial buildings and greenhouses [7–11]. 

The present work reviews basic concepts and operation regime of ATES systems. This paper 
attempts to summarize developments during the last four decades and current statistics on aquifer 
thermal energy storage around world. The review also covers a general procedure for design and 
construction of ATES systems. Mathematical theory on the thermo-hydrogeological modeling of ATES 
systems is discussed. The features of a variety of simulation codes are summarized. Finally, an 
example of modeling and simulation of hypothetical ATES systems for long-term heat storage 
operations is presented. 

2. Basic Concepts and Applications 

Being similar to direct use of a groundwater-geothermal system, aquifer thermal energy storage 
involves drilling a few wells into an aquifer for circulation of water between the storage region and the 
energy system. Then it can store energy whilst providing heating and cooling on a seasonal basis. The 
wells are separated by a critical distance to ensure that the warm and cold storage remain separate and 
that thermal breakthrough does not occur within one season. This critical distance is primarily a 
function of operational and thermohydraulic parameters involving the well production rates, the aquifer 
thickness, and the hydraulic and thermal properties that control the storage volume. A plant can also be 
made with groups of wells instead of just two wells. Multiple-well configurations have been employed 
where large volumes of water are required and in systems where individual well yields are low.  
Single-well applications have also been employed using vertical separation of hot and cold 
groundwater where multiple aquifers exist. 
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2.1. Operational Principles 

Usually, a pair of wells are pumped constantly in one direction or alternatively, from one well to the 
other, especially when both heating and cooling being provided. As presented in Figure 1, these two 
operation principles are called continuous regime and cyclic regime, respectively. The continuous 
regime only is feasible for plants where the load can be met with temperatures close to natural ground 
temperatures, and the storage part is more an enhanced recovery of natural ground temperatures. With a 
continuous flow, design and control of the system are much simpler and easier. Only one well or group 
of well needs to be equipped with pumps. A disadvantage is the limited temperature range. Cyclic flow 
will create a definite cold and heat reservoir around each well or group of wells. It is possible to 
maintain a ground volume above or below the natural ground temperature all the time. One 
disadvantage is a more complicated well design and control system with each well being able to both 
produce and inject groundwater. 

Figure 1. Basic operational regimes for aquifer thermal energy storage (a) continuous 
regime. (b) cyclic regime. (after Nielsen [3].) 

          
(a) 

         
(b) 

2.2. History and Current Status 

The deliberate storage of cold water in an aquifer for later use or ATES has a history of more than 
forty years. Applications of ATES in large-scale projects started in the 1960s, mostly in China. In 
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1965, ATES was originated in Shanghai, China where excessive groundwater extraction related to 
industrial cooling had resulted in significant land subsidence [12]. To rectify the subsidence problem, 
cold water (from surface waters) was injected into the aquifers. Subsequently, it was observed that the 
injected and “stored” water had maintained its cool temperature for a long period of time and was 
suitable for industrial cooling. By 1984, some 492 cold storage wells, supplying cold thermal energy to 
the industries to cool down the machinery were in use [13]. 

The development of ATES in North America and Europe focused on the independent storage of 
cold and heat energy [13]. Environmental impacts related to aquifer warming, as well as the need for 
both heating and cooling, called for a technology advancement that would allow the effective storage 
of both warm and cold energy at different times of the year. The first application in Canada of a 
combined heating and cooling ATES for a new building was at the Scarborough Centre building of the 
Government of Canada. In many areas, the natural groundwater temperature is suitable for direct 
cooling. For example, in Winnipeg, Manitoba, the natural groundwater temperature is 6 °C. However, 
the reinjection of warm waste energy may result in a gradual warming of the aquifer, ultimately leading 
to aquifer degradation and lower system efficiency for cooling. ATES can avoid the gradual warming 
of the aquifer by using the waste heat for ventilation air preheating in winter. 

Numerous ATES facilities are in operation in Sweden, Germany, The Netherlands, Belgium, and 
some other European countries. Among the various countries applying ATES systems already, there 
are significant differences in the number of applications [14]. In Sweden, the number of ATES plants is 
over 50 and they are used for commercial and institutional buildings from small scale applications to 
large scale utilization in district heating and cooling [15]. 

Without being a booming market, more than ten ATES systems are in operation in Belgium at the 
end of 2005. All large scale (>500 kW) and most of them are located in the Campine due to the 
hydrogeological conditions [16]. Recently, there is a growing interest in the application of ATES for 
the heating and cooling of buildings in Denmark [14]. The first project of this kind was operational by 
the end of 2007. Only a few ATES projects have been installed in Germany [14]. 

The Netherlands are probably the technological leaders in the field. Given the good experience with 
aquifer storage in later projects and the fact that in the Netherlands aquifers can be found almost 
everywhere, in particular the application of ATES has been further developed in the Netherlands. In 
2005, the number of registered ATES projects was 537. About 80% of the applications are in the 
commercial building sector (office blocks, hospitals and shopping centers) and the rest is for industrial 
and agricultural cooling. The potential contribution of cold storage to energy production in the 
Netherlands by 2020 is estimated to be 15 PJ. This corresponds to 500 million m3 of natural gas [17]. 

There is only one known ATES system installed to date in the UK [14]. Installed in 2006, the 
system is for a residential development in West London and has a storage capacity of 250 kW. By the 
end of 2007, there were a number of larger scale ATES and BTES systems under development, and the 
level of interest in UTES application is increasing. 

More recently, the increasing use of groundwater source heat pumps for heating and cooling has 
stimulated ATES applications with heat pump. A groundwater source heat pump connected to a cold 
well and a warm well is rudimentary ATES system. 
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Experiences have revealed that a significant number of ATES plants have had or have operational 
and maintenance problems or failures [12]. The dominating reasons behind these problems are 
chemical changes in groundwater caused by the temperature and pressure variations associated with 
ATES. Examples are clogging of aquifer, mineral precipitation in well screens, and corrosion, etc. The 
major part of these has been solved by fairly simple measures such as proper design, materials 
selection and operation. 

3. Design and Construction 

Any ATES realization is a quite complex procedure and has to follow a certain pattern to be 
properly developed. Andersson [18] provided a general procedure for design and construction of  
ATES system. 

3.1. Design Procedure 

Typical design steps are as follows: 

(1) pre feasibility studies to describe the principal issues, 
(2) feasibility study to tell the technical and economical feasibility and environmental impact 

compared to more than one reference systems, 
(3) the first permit applications to local authorities, 
(4) definition of hydrogeological conditions by site investigations and measurements of loads and 

temperatures, etc on the user side, 
(5) evaluation of results and modeling for technical, legal, and environmental purposes, 
(6) final design for tender documents, 
(7) final permit application for court procedures. 

Though the technical issues are general, the permitting procedure may vary from country to country. 
However, in most countries the use of ground water for energy purposes will be restricted and will be 
an issue for application according to different kind of actions. 

3.2. Field Investigation 

One essential part in developing an ATES project is to perform site investigations. The more 
knowledge that is obtained of the aquifer properties, the better basis for design is achieved. Some 
important parameters for an ATES installation are high ground porosity, medium to high hydraulic 
transmission rate around the boreholes, but a minimum of ground water flow through the reservoir. 
Ground water chemistry represents another set of parameters that must be given proper attention in order 
to prevent scale formation. The site investigations most commonly cover the following procedures [17]: 

(1) geological mapping 
(2) geophysical investigations 
(3) test drillings 
(4) pumping tests 
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The test drillings will define the stratigraphic units in the area while the geophysical investigation 
and geological mapping are used for extrapolation of the layers and for definition of geometry. Test 
drillings may be a part of the final system and can be considered as an early investment in the system. 
More commonly they do not fit into the final system after design because they are drilled with small 
dimensions. In these cases, they can still be used as observation wells. For shallow aquifers in the 
overburden it is common to drive slim steel pipes that are perforated in the lower meter or so.  
This method has proven to be an excellent way of taking samples for the design of screened  
production wells. 

Based on the results of field investigation, a conceptual model is created and the hydraulic 
properties of the aquifer and its surrounding layers are derived. The final outcome will be a geological 
model that is more or less accurate and that can be used for the final design using simulation models. 
To be able to make model simulations, the loading conditions of heat and cold should be known. It is 
common to perform measurements on how the loads are varied at different outdoor temperatures. Such 
investigations that also covers supply and return temperatures in the distribution systems are often done 
prior to or in parallel with the underground site investigations. The results are key factors as basis for 
design in order to calculate flow rates and size of the ATES storage. 

4. Numerical Simulations 

An understanding of the thermohydraulic processes in the aquifer is essential for the proper design 
of an aquifer heat storage system under given conditions. The main design consideration includes the 
location of wells, the loading conditions (injection rate and temperature), heat losses, and thermal 
breakthrough time. It is also necessary to assess the consequences of uncertainties associated with the 
storage in underground regions without detailed investigation [19]. 

At present, the use of computer modeling constitutes an integral part of the prediction and 
evaluation of system performance in the geothermal setting [20,21]. To optimize ATES design and 
development, a numerical modeling based on coupled mass and energy transport theory has to be 
conducted to evaluate the behavior of the local subsurface geothermal system. 

A number of researchers have highlighted the role of numerical modeling in the analysis of ATES 
systems. Molson et al. [22] used a three-dimensional finite element model to simulate groundwater 
flow and energy transport in an unconfined aquifer. Probert et al. [7] presented a thermodynamic 
evaluation of ATES projects, and listed key aquifer properties and design parameters. Based on an 
elementary ATES model, Rosen [23] applied second-law analysis to assess the performance of thermal 
energy storage systems. Chavalier and Banton [24] used the random walk resolution method to a single 
injection well to study the energy transfer phenomena in ATES. Tenma et al. [25] and Lee and Jeong 
[26] conducted two-well studies to model the underground design of TES systems. Recent simulation 
studies for ATES systems consider the effects of regional groundwater flow on heat transfer [27,28]. 

4.1. Mathematical Theory 

To calculate aquifer temperatures at different locations, theoretical principles of water flow and heat 
transfer phenomena were applied. The coupled groundwater and heat flow are governed by the partial 
differential equations describing mass and energy balance in the aquifer. 
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The continuity of mass for water in association with Darcy’s law is expressed as: 

( ) ( ) www Rn
t

=⋅∇+
∂
∂ uρρ  (1) 

where n is porosity [dimensionless], wρ  is density of water [ML−3], u is Darcy flux [Lt−1], t is time [t], 
and wR  is source term [ML−3t−1]. 

The water flux is related to the gradient of pressure and gravity force through Darcy’s law: 

( )zp w
w

∇−∇−= γ
µ
ku  (2) 

where k is the permeability tensor; wµ  the dynamic viscosity [ML−1t−1]; p the pressure [ML−1t−2]; z the 
vertical depth [L], and wγ  the specific gravity (= gwρ ) [ML−2t−2]. 

The energy balance equation is derived by assuming energy is only a function of temperature, and 
energy flux in the aquifer occurs only by convection and conduction. Consequently, the resulting 
general heat balance equation describing non-isothermal groundwater flow in a saturated porous 
medium can be formulated as follows: 

( )[ ] ( ) LHTvwwvwwvrr QqTTCCnCn
t
T

−=∇−⋅∇++−
∂
∂ λρρρ u1  (3) 

where T is aquifer temperature [T], vrC  and vwC  are rock and water heat capacity at constant volume 
[ML−1t−2T−1], Tλ  is thermal conductivity of the aquifer [MLt−3T−1], Hq  is enthalpy source per unit bulk 
volume [ML−2t−2], and LQ  is heat exchange for overburden and underburden formations [ML−2t−2]. 
The thermal dependence of density, viscosity, thermal conductivity, and heat capacity is not taken  
into consideration, as these parameters do not greatly vary in the temperature range considered in an 
ATES study. 

The heat transfer through over- and underlying low-permeability layers is assumed to be due solely 
due to thermal diffusion. The heat equation is simplified to: 

( )TQ TeL ∇⋅∇= λ  (4) 

where Teλ  is the thermal conductivity of overburden or underburden rock [MLt−3T−1]. The heat transfer 

equation (3), which results from the principle of energy conservation, is coupled with the flow equation 
from Darcy’s law (2) and the continuity equation (1). 

4.2. Simulation Models 

Groundwater flow and thermal energy transport in the porous media have been studied in detail in 
the discipline of hydrogeology. Numerical research into groundwater and heat transport has been 
continuing for more than a decade in North American and Europe. Numerous commercially available 
and public domain numerical software codes exist. Of these, focus is given to the simulation modeling 
both mass and heat transport in groundwater. 
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Table 1. Numerical models for groundwater and flow applicable to ATES simulations. 

Model Creator 
Numerical 

Scheme 
Description 

AQUA3D 
Vatnaskil Consulting 
Engineers, Reykjavik, 
Iceland 

finite-element 
method 

developed mainly for simulation of mass 
transport problems, but can be adapted to model 
heat transport without density-dependent 
groundwater flow 

HST3D 
United States Geological 
Survey (USGS) 

finite-difference 
method 

capable of simulating mass and heat transport in 
variable-density groundwater flow system 

FEFLOW 
DHI-WASY GmbH, 
Berlin, Germany 

finite-element 
method 

capable of simulating both mass and heat 
transport in density-dependent groundwater 
flow systems 

SUTRA-
MS 

United States Geological 
Survey (USGS) 

hybrid finite-
element and 
finite-difference 
method 

simulated fluid movement and the transport of 
either energy or dissolved substances in the 
subsurface environment 

THETA 
3.0 

Nuclear Engineering 
Laboratory, Helsinki 
University of 
Technology, Finland 

finite-difference 
method 

coupled transport of fluid and energy in porous 
media 

TOUGH2 
Earth Sciences Division, 
Lawrence Berkeley 
National Laboratory 

integral finite 
difference 
method 

simulating the coupled transport of water, vapor, 
non-condensable gas, and heat in porous and 
fractured media 

SHEMAT 

Applied Geophysics and 
Geothermal Energy 
E.ON Energy Research 
Center, RWTH Aachen 
University 

finite difference 
method 

simulating coupled flow, heat transfer, transport 
and chemical water-rock interaction in hydro-
geothermal reservoirs in two and three 
dimensions 

UTCHEM 

Center for Petroleum 
and Geosystems 
Engineering, Austin, 
Texas, U.S.A. 

finite difference 
method 

developed mainly for modeling multiphase, 
multicomponent, compositional simulation of 
chemical flooding processes, but can be used to 
model heat transport 

 
Many simulation codes available to simulate ATES systems have their own merit. Table 1 gives a 

summary of available numerical models for groundwater flow and energy or solute transport in 
groundwater [29,30]. These models can all be used to simulate an ATES system. Reviewing numerical 
software codes, which can be used to model mass and/or heat transport in groundwater, Chiasson [31] 
suggested the following selection criterion for the model. 

(1) the type of boundary conditions handled by the code 
(2) the solution scheme employed by the code 
(3) verification of the code 
(4) cost 

http://www-esd.lbl.gov/�
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4.3. Simulation Example 

Amongst the more sophisticated simulators, a general simulator named UTCHEM has proved to be 
particularly useful for modeling multiphase transport processes under non-isothermal conditions [32]. 
UTCHEM has been verified by comparing its ability to predict the flow of fluids through the aquifer to 
analytical solutions and experimental measurements. 

In order to estimate the parameters of an underground system, a general ATES was considered using 
a two-well open system (Figure 2). Two wells are situated at the center of a 2 × 1 rectangular field. In 
the simulation, water was pumped into the injection well at a constant flow rate Q and temperature 
with the same flow rate of water recovered from the neighboring production well. In a large reservoir 
with repeated patterns, the flow is symmetrical around each pair of injection-injection wells. Constant 
pressure was applied to the left and right boundaries to induce regional groundwater flow in response 
to hydraulic gradient, whilst other boundaries are closed to flow. Outer boundaries are represented as 
adiabatic in order to simulate symmetry in an array. Heat transfer in the ATES was coupled with heat 
conduction and advection by the combined flow of injection water and regional groundwater. The 
geometry of the model is similar to that of a two-well model proposed by Tenma et al. [25]. 

Figure 2. Schematic representation of simulation domain. 

 
 
To assess the character of the system, the two-well model was run for continuous flow regime. Heat 

transfer within the aquifer was simulated by specifying constant temperature injT  at the injection well, 
with the aquifer temperature initialized at iT . The initial temperature of the aquifer was assumed to be 
constant 17.5 °C through the entire aquifer and confining layers. The pressure difference between left 
( Lp ) and right ( Rp ) boundaries ranged from −40 kPa to 40 kPa, with a derived regional ground flow 
from left to right for 0>∆p  or right to left for 0<∆p . The model was run for 10 years to provide an 
adequate long-term assessment of thermal storage in the system. 

The ATES was operated under a continuous flow regime, where water was pumped from one well 
(equipped with a pump) and injected via a second well. A complete energy storage cycle was 
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composed of four periods per year to simulate the seasonal conditions. Each cycle is symmetrical for 
identical injection (Q > 0) and production (Q < 0) rates and duration. The thermal field and the 
temperature of produced water were calculated from the numerical solutions of Equation (3), at 
constant time interval. 

Based on inferred seasonal changes in surface temperatures, injected water temperatures of 5 °C,  
15 °C, 25 °C, and 15 °C were assigned for three-month periods through the model simulation. The size 
of the modeled two-well system is 100 m × 50 m × 30 m. The rates of injection (or production) of  
100 m3/day correspond to 0.2688 pore volume of the aquifer, for three months. 

Figures 3(a–c) shows temperature distributions for numerical calculations under boundary 
conditions of p∆  = 0 (no regional groundwater flow), −40 (regional groundwater flow from right to 
left), and 40 kPa (regional groundwater flow from right to left), after 90 days of cold water injection. 
From the figures, there is clear evidence for groundwater flow, and influence on the thermal regime. 
When the direction of regional groundwater flow is same with that of the injected water, increased 
thermal convection moves the thermal front closer to the producing well. 

Simulation studies on heat transfer in ATES have been carried out in the absence and presence of a 
regional groundwater flow. The calculated temperatures of the produced water are shown in Figure 4. 
A small variation is most desirable, as it points to sustainable use of the aquifer in the TES system. As 
shown in the figure, temperature decreases in all scenarios. Whilst the temperature of the circulated 
fluid changes by 25–5 °C, the average temperature of the produced water eventually trends to ~15 °C, 
which approximates the temperature of the injected water. Due to the energy imbalance between the 
initial aquifer temperature (17.5 °C) and average injection temperature (15 °C), the aquifer will 
gradually cool. If the pressure difference is large, then the cooling process is more rapid. 

Figure 3. Temperature distribution [°C] obtained with different groundwater flow after 
cold water injection. (a) no groundwater flow. (b) groundwater flow from right to left 
( p∆ = −40 kPa). (c) groundwater flow from left to right ( p∆ = 40 kPa). 
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Figure 3. Cont. 
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The temperature of recovered water fluctuates with a quarterly year period, reflecting the change in 
temperature of the injected water. The temperature of water at the producing well occurs within the 
range of 0.94 °C to 2.60 °C for the case of 0>∆p  (left to right groundwater flow) and 0.16 °C  
to 0.94 °C for the case of 0<∆p  (right to left groundwater flow) through the ten-year period. 
Temperature variation can be significant, depending on the pressure difference in the aquifer, as shown 
in Figure 3. The range of variation for 40=∆p kPa is 16 times greater than that for 40−=∆p kPa. As 
the net change of thermal energy is small, the groundwater flow conditions are more promising under 
large pressure gradient in an opposite flow direction to the injected water. 
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Figure 4. Temperature of produced water obtained from simulations with different 
groundwater flow condition. (a) groundwater flow from right to left. (b) groundwater flow 
from left to right. 
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Results of this study clearly reveal that the thermal behavior of the storage system depends on the 

direction and velocity of the groundwater flow, which is determined by the regional pressure gradient. A 
flow system opposite to the direction of regional groundwater flow has positive attributes for an effective 
ATES, because of the small loss and little fluctuation in the extracted thermal energy. Numerical 
simulations have shown that the thermal front will more closely approach the producing well when the 
direction of regional groundwater flow is same as that of the injected water, due to increased thermal 
convection, and will result in a large variation in the temperature of the recovered water. Variations in 
temperature of the recovered water are inferred to depend on pressure differences in the ATES  
aquifer-groundwater system. 
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5. Conclusions 

Aquifer thermal energy storage (ATES) systems use natural water in a saturated and permeable 
underground layer as the storage medium. The transfer of thermal energy is carried out by extracting 
groundwater from the aquifer and by reinjecting it at a modified temperature into a separate  
well nearby. In the present work, a brief review is presented on the concepts and applications of  
ATES systems. 

Storage in aquifers has a quite long history and has achieved broad acceptance for heating and 
cooling in the energy market in many countries, though the application of ATES is quite different 
among the various countries. High efficiency and the environmental benefits from large savings of 
fossil fuel and electricity, combined with substantial profit expectations are in favor for a further 
growth on the market, especially for large-scale applications. Any ATES project involves a quite 
complex procedure and has to follow a general procedure for design and construction of ATES system 

Numerical calculations were carried out to estimate the long-time thermal behavior of a two well, 
ATES system with under continuous operation methods. The simulated effect of various geometrical 
and operational parameters on aquifer thermal behavior and final producing temperature, under 
regional groundwater flow conditions, were studied for a 10-year, continuous injection and withdrawal 
system. The thermal behavior of the storage system depends on the direction and velocity of the 
groundwater flow, which is determined by regional pressure gradient. The hypothetical scenarios tested 
for the two-well ATES system in this study show hydrogeological-thermal simulation to be a valuable 
tool in assessing the sensitivity of various hydrological parameters in ATES, and an integral part of 
predicting system performance. 
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