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ABSTRACT 
The implementation of Aquifer Thermal Energy 
Storage (ATES) systems in the Netherlands is 
popular. However, in most cases not as successful as 
designed. A wide diversity of causes is responsible 
for the bad performance of these systems.  
In this research the possibilities of actively 
monitoring and managing the ATES is evaluated in a 
case study. First a modular simulation tool is 
developed using MATLAB and around 650.000 data 
points from the Building Energy management System 
to make more accurate predictions on the system 
behavior. When the simulation outcome matches the 
actual data, the tool can be used for optimizing.  
 

INTRODUCTION 

Due to sharpened building regulations and the need to 
design more energy efficient buildings, the office 
buildings constructed during the last decade have 
high standards of air-tightness and insulation. Modern 
office buildings have reached the balance point that 
the amount of cooling needed during the summer 
roughly equals the amount of heat needed during the 
winter. When averaged out over a year, one could 
conclude (short-sighted) that an office building can 
be operated without the need of external heating and 
cooling. This can of course only made possible when 
the surplus of energy can be stored for several 
months.  

To store and reuse thermal energy (both heat and 
cold) efficiently, the differences between output, 
storage and reuse temperatures should be as low as 
possible. For reusing this so-called ‘low quality’ heat 
and cold there are already a lot of technologies 
available. These low temperature heating or high 
temperature cooling systems are for example floor 
heating/cooling, thermal activation of the concrete 
core and pre-heating/cooling of ventilation air. 
Because the surplus of energy is also of low quality, 
it makes sense to search for a storage technology that 
can store large amounts of low quality thermal 
energy. In large parts of the Netherlands the ideal 
storage technique is Aquifer Thermal Energy Storage 
(ATES), which stores the heat and cold in the ground 

water layers below the building (Snijders 2000, Bakr 
et al. 2013, Bloemendal et al. 2014). As a result the 
use of ATES systems has become increasingly 
popular in the Netherlands and there are over 2000 
installations in use and this number is expected to 
grow to 15000 in the year 2020 (Godschalk and 
Bakema 2009, de Vries and Hoekstra 2012). 
Although ATES systems are increasingly popular in 
the Netherlands, the majority of the systems performs 
not as well as designed. The performance of 70% of 
the ATES systems in the Netherlands is not 
performing as expected. Almost 30% of the 
installations is performing even worst than 
conventional heating / cooling (van Wijck 2012). The 
performance problems of ATES systems are not so 
much found in the hardware design, but mainly in the 
understanding and prediction of the charging and 
discharging of the aquifer. In this research an attempt 
is made to develop a simulation model to reconstruct, 
monitor and predict the behavior of the installation 
used at the Kropman building. Which is with gross 
floor area of roughly 5000 m2 a typical size of a 
Dutch office building. Offices of this seize usually 
have a mono-wll ATAS, as is the case for the 
Kropman Utracht office. The building has a building 
management software system which tracked most 
flows, temperatures, pressures and energy uses of the 
systems since its construction in 2004. A more 
extensive prediction method is needed to accurately 
predict the heating and cooling demand and related 
soil energy balance of buildings with ATES systems 
(Claessen 2013). Because the building is owned and 
managed by the company itself, the installation can 
also be used to verify the model by measuring the 
effects when system settings are changed.  The goal 
of the research project is to use the simulation model 
to design a smart-grid based method to let the 
building management software automatically decide 
and optimize the storage strategy. To calculate and 
predict the mono-well used the ATES simulation 
model will be stripped down to the bare essentials to 
ensure a balance between speed and accuracy. 

METHODOLOGY 

A theoretical study was done to analyze to be able to 
simulate the mono-well behavior using a MATLAB 
model. The historical flow data from the building 
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management system was applied to the MATLAB 
model to determine the specific characteristics. In a 
mono-well the heat exchanger is built into the well 
and the complete system of pumps, valves and heat 
exchanger is constructed below the natural water 
level. This way of constructing an ATES system has 
two advantages. Technically the groundwater is never 
‘pumped up’, because the whole process is below 
groundwater level. This simplifies a lot of permit 
application procedures and also avoids problems with 
groundwater protection regulations. Secondly this 
does have the advantage that the whole ground water 
system is kept under pressure which prevents 
depressurization. Because the water pumped from a 
depth of 50 meters is stored under high pressure, it 
will release gas when it is depressurized. To construct 
this mono-well first a soil analysis (Fig.1) is done 
using test drillings. The data of these test drillings is 
available on the website of the geological office of 
the Dutch government (Geologische Dienst 
Nederland). This drilling gives insight in the soil 
structure and can reveal if there is an impermeable 
clay layer between the aquifers to make the soil 
suitable for a mono-well. As visible in the ground 
profile, the first aquifer (used for the warm well) is 
located from -5 to -35 meters below the surface, the 
separating clay layer is located from -35 to 37.5 
meters and the second aquifer (used for the cold well) 
is located from 37.5 to 58.5 meters below the surface, 
see Fig. 1. 

 

Figure 1. Soil structure and mono-well model 

The behavior of the mono-well is controlled by the 
building management system with a module to 
control the mono-well pumps. The software reads the 
measurements of three sensors in the pipes 

connecting the building with the mono-well: the 
outgoing temperature, the return temperature and the 
water flow. The temperatures and flows of the 
groundwater are unknown. The only information 
available on the groundwater flow is the current 
drawn by the pumps and the percentage at which the 
frequency controller is operating, see Fig. 2.   

 

Figure 2. Screenshot of the mono-well in InsiteView 

The BEMS  has recorded the values of the 
temperatures and flows every 8 minutes since 2004, 
which resulted in roughly 650.000 data points per 
temperature.  

Aquifer simulation structure 

The most obvious method to simulate the thermal 
distribution in an aquifer is to use a finite element 
simulation. Crucial in the design of such a simulation 
model is the selection of a grid and the corresponding 
number of elements. The lowest number of elements 
will give the fastest model, but can also reduce 
accuracy. Using symmetry or reducing dimensions 
can make the model made faster while sustaining the 
same accuracy. A selection of commonly used grids 
is evaluated on their ability to model.  Axisymmetric 
models have the advantage of low element numbers, 
by reducing one dimension using symmetry and can 
also simulate radial flow and interference quite 
simple. The downside is the lacking possibility to 
simulate the natural flow. The alternatives (the 
Cartesian grids) perform better at this field, but are 
performing worse at element numbers (speed). 
Because the simulation of natural flow is not 
expected to have significant influence, the 2-D 
axisymmetric grid seems to be the best choice.  

 

Table 1. Assessment of different simulation grids 
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A large advantage in the use of an axisymmetric grid 
(and the neglecting of the horizontal groundwater 
flow) is found in the fact that the flow pattern can be 
simplified to a 2D model. A two dimensional water 
flow problem can be solved by calculating the 
streamlines. Although the water is not flowing freely 
(in for example a water tank) but through a porous 
sand structure, makes the method still usable. The 
sand will increase the pressure drop uniformly in all 
flow directions, so it won’t affect the flow direction. 
If the mono-well fully penetrates the aquifer and 
evenly injects or extracts the water over the whole 
aquifer thickness, the laws of mass conservations will 
prove that the flow will be uniform in radial direction 
with no vertical component. However, in reality the 
aquifer is not always fully penetrated and the flow 
distribution is also not uniform. To simulate the 
resulting vertical flow a simulation method should be 
derived.  

A large advantage in the use of an axisymmetric grid 
(and the neglecting of the horizontal groundwater 
flow) is found in the fact that the flow pattern can be 
simplified to a 2D model. A two dimensional water 
flow problem can be solved by calculating the 
streamlines. Although the water is not flowing freely 
(in for example a water tank) but through a porous 
sand structure, makes the method still usable. The 
sand will increase the pressure drop uniformly in all 
flow directions, so it won’t affect the flow direction. 
The streamline method is based on the intuitive fact 
that water flow will always try to evenly spread out 
its flow velocity pattern. When this pattern wouldn’t 
be averaged out, the velocity differences will create 
pressure differences. Because water flows always 
from a higher pressure to a lower pressure, these 
differences would be directly averaged out. The 
method is illustrated by Fig. 3 from Fluid Mechanics 
(Pijush et al 2012). 

      

 

Figure 3 a & b. Streamline calculation method 

In Fig.3a the boundary conditions are set. Streamline 
0 and 5 follow the impermeable lower and upper 
boundary, the others are evenly spread between the 
other grid points on the open left and right end. By 
iteratively calculating the average of the four 
neighbors for the other (non boundary) grid points, 
the streamline distribution can be derived (Fig. 3b). 

When the streamline distribution ψ(r,z) is known, the 
velocity distribution can easily be calculated using 
the folowing equations: 

 
 

Aquifer water mixing 

When water flows from a grid element to another grid 
element, energy is transported between the elements 
based on the water temperature difference. The 
amount of transported energy will cause an increase 
or decrease in the elements temperature. The new 
temperature can be calculated using an energy 
balance. A schematic representation of this energy 
balance is shown in Fig. 4.  

 
Figure 4. Water flows between elements 

To calculate the new temperature equation will be 
used. The equation calculates the original energy 
content of the element, sums the energy content of all 
ingoing (Qin) and outgoing (Qout) water flows and 
calculates the new temperature based on the new 
element energy content.  The variables used in this 
equation are explained in table 2. 

 

 

Table 2 Variables of equation Tnew 

Aquifer heat conduction 

For the heat conduction between the elements, a 
similar method can be applied. The thermal resistance 
between two elements can be calculated. By summing 
the energy flowing in and out the element, the new 
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temperature can be calculated using the following 
eqauations; 

  

The used variables are introduced in table 3, except 
the ones that were already been used. 

 

Table 3. Variables of equations 

Heat exchanger physics 

Predicting the exact behavior of a heat exchanger is a 
very specialized research field cannot be done using a 
direct calculation method. To find a right balance 
between the flows, temperatures, conductivities and 
pressure drops is a time consuming iterative 
calculation process. Because making these iterative 
calculations will make the process needlessly 
complex and slow, a method must be derived to 
calculate the behavior directly.  

The heat exchanger used in the mono-well is a plate 
heat exchanger and is used in counterflow 
configuration. The first step in calculating the 
behavior of the heat exchanger is the definition of the 
logarithmic mean temperature difference (LMTD). 
The LMTD is the average (effective) temperature 
difference between the two sides of the heat 
exchanger  and is calculated using the following 
equation: 

  

Using the LMTD [°C], the thermal resistance U 
[W/m2K] and the exchange surface A [m2], the 
exchanged heat Pth [W] can be calculated: 

   

Using these equations the injection flow and 
temperature can be reconstructed. On the building 
site the temperatures and flows are known, on the 
aquifer side only the aquifer temperature (from the 
simulation). The transferred energy (Pth) can be 
calculated from the building side data. The LMTD 
can be calculated and the injection temperature 
reconstructed. When the temperature difference on 
the aquifer side is know, the flow can be calculated.  

The aquifer model 

The simulation grid is based on a grid size of 2.5 
meters. This value is empirical chosen based on 
simulations with different values. A smaller grid size 
slows the calculation time for 10 years of data down 
to more than 10 minutes, a larger grid size smoothens 
the short-term storage effects (during spring and 
autumn) too much because of the large volume of the 
first elements. The ground structure is based on the 
test drilling data, the filter lengths and positions are 
assumptions and the simulation length is based on 
empirical data. The schematic representation of the 
grid is shown in Fig. 5 and the used values can be 
found in table 4. All values are rounded to the nearest 
multiple of the grid size. 

 

Figure 5. Schematic representation of simulation grid 

 

Table 4. Grid dimensions 

Simulation of the waterflow pattern 

Using the defined grid, the flow pattern can be 
calculated. The pattern is calculated for a flow of 1 
[m3/h] injected in the warm aquifer, assuming 
uniform flow through the filters. Multiplying the 
calculated values by the actual flow will give the 
values for larger flows. Injection in the cold aquifer 
can be derived by inversing the values. In Fig. 6 the 
streamlines are plotted and in Fig 7 the vector field is 
shown. Attentions should be paid on the y-axis, 
because depth is plotted as positive value and so the 
upper part of the plot is the deepest (cold) aquifer. 
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As expected, the flow gradually spreads out over the 
whole thickness of the aquifer and flows uniformly 
after a distance of 50 meters from the well.  

 

Figure 6. Mono-well streamlines 

 

Figure 7.Mono-well vector field of aquifer flow 

Simulation of water infiltration 

The simulation of the water infiltration or extraction 
is a multi step process. First the data must be filtered 
in heating, cooling and rest states. Next this data must 
be used to calculate the outgoing temperature at the 
aquifer side of the heat exchanger. Using this flow the 
distribution through the aquifer can be calculated. To 
check if the calculations are consistent, the stored 
energy in the aquifer will be compared to the data in 
the BEMS.  

To calculate the injection temperature and flow a 
four-step calculation sequence is executed. First the 
transferred heat is calculated using equation: 

 

Next the LMTD is calculated using equation:  

 

Using this LMTD the injection temperature can be 
calculated using: 

 

From the temperature difference between the 
extraction and injection temperature and the 
transferred heat, the aquifer flow (qaqui) can be 
calculated using equation: 

 

The equations shown are for the cooling state. 
Heating state equations are similar, only because it is 
the reverse process all temperature differences must 
be inversed. 

In the MATLAB script the calculation method has a 
few additions to filter false input values and tackle 
some calculation difficulties. 

Knowing the injection/extraction flows and 
temperatures, the method can be applied to calculate 
the change in temperature profile as function of the 
aquifer. To do so, first the flows and temperatures in 
all four neighboring directions are calculated and by 
summing these energy flows the new temperature is 
calculated. For this calculation the values of table 5 
are used.  

 

Table 5. Grid dimensions 

Comparison between BEMS values and calculated 
energy storage 

As intermediate check, the conservation of energy in 
the aquifer is evaluated by comparing the energy in 
the injected flows with the integral over the storage 
wells. Because there is no conduction, the total 
amount of energy in the ground matches the 
imbalance perfectly (table 6).  

 

Table 6 Cumulative values stored and injected energy 

To check if the simulated stored energy matches the 
measurements of InsiteView, both the yearly (table 7a 
) as cumulative (table 7b) cooling and heating 
demand were evaluated. The simulated values deviate 
quite significant from the BEMS calculations. In the 
first years this seems to be caused by some startup 
problems, like missing data or software problems. In 
the following years the cooling demand seems to 
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match quite good, but the heating demand shows 
larger deviations. This could be explained by the 
continuous character of the cooling demand 
compared to the periodic demand of the heating. 
Because BEMS calculates the energy flows 
continuously this data will be more accurate than the 
8-minute samples used in the simulation. On the other 
hand, the BEMS calculation does not take into 
account if the well pumps are actually operational. It 
only compares the temperature difference over the 
pipes to the mono-well.  

 

Table 7a. Cumulative values BEMS and simulation 

 

Table 7b. Yearly values InsiteView and simulation 

Simulation of conduction 

Having derived the temperature profile as effect of 
the injection water mixing, the final step in this 
simulation is the calculation of the energy transported 
by conduction with the values defined in table 8.  

 

Table 8.Variables conduction simulation  

The results of simulating the effects of conduction are 
shown in Fig. 8 and 9. 

 

Figure 8. Simulation without conduction  

 

Figure 9. Simulation with conduction  

The simulation assumes a fixed temperature for both 
the first row (ground surface) as the last row of 
elements (lower clay layer). This fixed temperature is 
the natural temperature of the ground. When 
conduction is taken into account, the integral over the 
aquifer shows that a significant part of the imbalance 
has disappeared by conduction to the surface, 
between the warm and cold storage and towards the 
deeper layers. Another interesting effect is amount of 
energy stored in the cold aquifer, which seems to 
store more heat than cold. Because the warm water 
bubble spreads much further (in radial direction) than 
the cold bubble, the separating clay layer has 
conducted enough heat to heat up the cold aquifer. 
The amount of thermal energy stored in elements 15 
to 30 seems to be larger than the cold water energy in 
the first elements.  
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Table 9. Cumulative values stored and injected 
energy 

SIMULATION RESULTS 

Cooling state 

To get a quick estimation of the accuracy of the 
results within the cooling state, the average deviation 

per week is analyzed and plotted in Fig. 10. It shows 
that the deviation is the largest at the start of the 
season (+/- 0.5 degrees) and is decreasing towards 
0.2 degrees at the end of the season.  To give an 
impression of the results of the whole cooling season, 
Fig. 11 shows the calculations from April to October 
2013. It is clearly visible that due to aquifer 
temperature differences, the return temperature 
deviates below the setpoint in the spring and above 
the setpoint in the autumn. The calculated and 
measured frequencies seem also to match quite good, 
except during high cooling demand in peak summer.  

Heating state 

An overview of the heating season November 2012 to 
April 2013 is given in Fig. 11. There seems to be a 
mismatch in the aquifer temperature profile at the end 
of the heating season of roughly 1 degree. The pump 
frequency seems to match, but after timesample 
80000 there is an error in the historical data (the 
value is kept constant at 30%).  

 

Figure 10 Cooling state 2013 overview 
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Figure 11. Heating state 2012-2013 overview 

DISCUSSION AND CONCLUSIONS 
In general the results of the developed simulation 
method are relatively good. All conditions concerning 
speed and simplicity of the model are fulfilled. The 
full dataset of 650.000 simulation points (10 years of 
data with a sample every 8 minutes) are simulated in 
the aquifer model in roughly 6 minutes. The 
calculation of the return temperature for all data is 
done in less than a minute.  
The results of the cooling state seem to be within the 
range of accuracy needed (0.5 degrees). The 
calculated aquifer temperature match the return 
temperature profile.  
The results of the heating state are less accurate than 
the cooling state. This might be caused by the 
switching behavior of the heat pump (variable load), 
the mismatch in the AU-function fit or in the 
simulation of the aquifer temperature.  
In both scripts there is still some room for 
improvement. The calculation method is fully based 
on linear relations applied to values or arrays, which 
should be implementable in every programming 
language. It is difficult to estimate how much 
influence the deviations between simulated and 
measured values have. When this simulation model is 
coupled to the installation model, a deviating return 
temperature will result in a change in the flow or 
input temperature for the next simulation step (to 
fulfill the demand). It could be possible that the 
combination with the installation model makes the 
mono-well model significantly more accurate.      

Many of the publications on ATES deal with the 
numerical modeling of aquifers in order to improve 
the prediction of the aquifer behavior and the design 

and placement of the wells ( Lee and Jeong 2010, Lee 
et al. 2010, Lee 2011, Kranz and Frick 2013). 
Optimizing the operational conditions of the aquifer 
and including the simulation of the demand side to 
the system and including the simulations of the  
demand side to the system analysis, which is a known 
approach from other thermal energy storage systems 
(Arteconi et al. 2012, Kranz and Frick 2013). 
Although engineers are aware of the importance of 
monitoring an ATES-coupled installation, normally 
the only data available are mostly raw measurements 
of temperatures, pressures, flows and energy usage. 
Using the simulation tool, this data can be analyzed 
and interpreted to calculate understandable graphs 
and values of the systems functioning. For instance 
values like buffered energy and energy balance status 
can be displayed quickly. This helps to manage the 
functioning of ATES and makes it possible to take 
corrective measures when needed. 
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