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Preface 

This Msc Thesis report is a result of a study about Aquifer Thermal Energy Storage (ATES). This 

study is performed for the Master Study ‘Earth, Surface and Water’.In this Master I follow the 

“Hydrology-Track’. I conducted this study at consultancy firm Tauw b.v.  

 

The subject of this thesis concerns improving the energy efficiency of the specific ATES system at 

Achmea Apeldoorn through application of smart infiltration and extraction strategies. In order to 

come up with improvements considering the infiltration and extraction rates, an analytical model is 

built in a worksheet of Excel. The understanding of the physical processes, local subsurface 

characteristics and system characteristics was essential to create this model. Building the model 

with the assembled knowledge made this project very educational. The greatest challenge was 

determining which aspects of the problem needed to be assessed and which not.  I considered 

this to be rather difficult because the amount of paths that may be taken to come up with proper 

solutions seemed infinite.  

 

I really enjoyed applying all the aspects of geo-hydrology to come up with an analytical solution to 

this actual problem and I hope you enjoy reading this report as much as I enjoyed working on this 

problem and finishing this resulting Msc thesis. 

 

  

Joris Groot 

Utrecht, 2013 
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Summary 

At Achmea Apeldoorn the groundwater velocity is high due to impelled geological features within 

the subsurface. For the ATES system of Achmea this is a problem, because potential stored 

thermal energy in the subsurface can be lost from the systems range. Current system 

management is based on a ’50-50 control strategy’ where the same volume is infiltrated in both 

the upstream and downstream stream well. In order to reduce energy loss it is investigated if 

through smartly changing the infiltration and extraction rates, energy loss can be reduced and the 

system performance of the system can be increased.  

 

A detailed study about the physical processes concerning ATES established that time dependent 

energy demand and groundwater flow velocity are the parameters which are of most influence on 

infiltration or extraction rates and on the thermal influence radius of the wells. Understanding of 

these processes led to the realization of an analytical model that quantifies temperatures of 

groundwater within the subsurface. In this model the water volume that is infiltrated or extracted is 

considered to have the shape of a cuboid instead of a cylinder. The model is made one-

dimension dependent because the length and the depth are fixed. Groundwater flow is 

considered to be only lateral. The infiltration and extraction rates that are needed to meet the 

monthly energy demand can be divided over the 2 wells in every possible ratio, making 

optimization for infiltration and extraction rates possible. 

 

The analytical model is numerically validated with a numerical groundwater modeling program. 

The infiltration and extraction rates were then optimized with an iterative solver which focuses on 

equaling a target cell to a value or minimizing a target cell. Three optimization strategies were 

applied, which focused on minimizing the energy loss from the system, minimizing the total net 

pumped volume and compensating for the volume of water that is lost from the system due to 

groundwater flow.  

 

The results of these optimizations which lead to three different control strategies are assessed 

with use of assessment criteria. Optimization for the compensation of volume loss for the system, 

lead to an ‘improved control strategy’ that reduced thermal energy loss from the system and 

reduced total net volume pumped and thus pumping costs, which increased the Seasonal 

Performance Factor for the hot and the cold wells. The control strategy was qualitatively 

accounted for in that the ratios that determine infiltration and extraction volumes per well, 

confirmed the expectancy that season dependent increased infiltration in upstream wells and 

increased extraction in the downstream wells would result in greater energy efficiency.  

 

The ‘improved control strategy’ was then tested on its robustness.  It was applied on 18 differing 

energy scenarios which mimicked years of extreme temperatures (i.e. hot summers or cold 

winters). The ‘improved control strategy’ resulted in financial savings, and total net volume 

decreasing for everyone of the 18 energy demand scenarios, compared to when the accustomed 



 

 

’50-50 control strategy’. In an additional robustness test the energy demand scenarios were 

optimized individually. The ‘improved control strategy’ was compared to optimizations of the 

individual energy demand scenarios. The result was that not a single percentage for all the 

optimizations differed for more than 1% with the percentages of the ‘improved control strategy’. 

This increases the robustness of the ‘improved control strategy’.  

 

The analytical Excel model and the resulting ‘improved control strategy’ provide insight in how 

ATES system energy efficiency, of systems installed in the subsurface where groundwater flow 

velocity is high, can be improved compared to accustomed system management. It is expected 

that the ‘improved control strategy’ is well applicable on other ATES systems. It must however be 

stressed that individual ratios which determine dividing of volumes of wells, may vary for other 

systems compared to the ATES system of Achmea, due to local differences in system 

characteristics and subsurface characteristics. 
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List of symbols 
 Annotation Unit 

Temperature T  °C 

Difference between infiltration and extraction temperature T  °C 

Effective porosity en  - 

Volume of interconnected pore space in a porous medium vV  m
3
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Volumetric flow rate in s-direction sQ  m
3
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Hydraulic conductivity of porous medium in s-direction sK  m/day 
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h
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2 
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Linear velocity in s-direction sv  m/h 

Transmissivity  bT  m
2
/d 
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Longitudinal hydrodynamic dispersion in direction of the 

groundwater flow in the x-direction 

LD  m
2
s

-1
 

Transversal dispersivity in the y,z-direction 
zyTD

,
 m

2
s

-1
 

Longitudinal dispersivity in the x-direction L  m 

Transversal dispersivity in the y,z-direction 
zyT ,

 m 

Molecular diffusion coefficient diffD  m
2
s
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Radius of the cylindrical volume of water rvolumewater  m 

Influence radius of water distributed over the aquifer rvolumewater  m 

Infiltrated or extracted volume of water V  m
3
 

Length of filter screen H  M 

Volumetric heat capacity of a medium mC  J*m
-3

°C
 -1

 

Volumetric heat capacity of aquifer, water, soil grains rwaC ,,  J*kg
-3

°C
 -1

 

Specific heat capacity of a medium mc  J*kg
-3

°C
 -1

 

Density of a medium m  kg/m
3
 

Distance between hot well1 & 2, distance between cold 

well 1 & 2 

L  m 

Length of time step in analytical model t  months 

Dimensions of infiltrated/extracted cuboid (x,y,z) cubzyx ,,  m 



 

 

Dimensions of analytical model grid (x,y,z) gridzyx ,,  m 

Width of grid cells left of well 1, between the 2 wells, and 

right of well 2 

rightmiddleleftgridx ,,_
 m 

Infiltration/extraction rate extQinf,
 m

3
/h 

Thermal energy demand P  W 

Thermal energy demand E  J 

Cylindrical/cuboid volume of infiltrated or extracted water cubcylV ,
 m

3
 

Total volume lost from the system due to groundwater flow lostV  m
3
 

Volume of infiltrated/extracted water in/from cold well1/cold 

well 2 

2,1inf, CextCV  m
3
 

Membrane filter index memMFI  sec/liter
2 

Design injection Darcy velocity on the walls of the bore 

hole 

injectv  m/h 

Specific clogging speed clv  m/year 

The number of equivalent full load hours the well pumps 

per year 

equ  - 

Radius of the bore-hole 0r  m 

Distance from the well r  m 

Head difference between the initial head 0h  and head 

rh after injection or extraction at position r  

0hhr  m 

Width of infiltrated/extracted within each grid cell in the 

analytical model 

extWinf,  m 

Temperature of infiltrated/extracted volume of water extTinf,  °C 

Volumetric flux per unit volume representing sources 

and/or sinks of water where negative values 

are extractions, and positive values are injections 

W  day
-1 

Time t  days or months 

Specific storage of the porous medium sS  m
-1 

Distribution coefficient for advective heat transport Kd  m
3
/kg 

Energy supplied by wells or used by pumps pumpwellsE , E kWh 

Power of pumping system pumpP  J/s 

Maximum hourly discharge rate maxQ  m
3
/h 

Gravitational acceleration g  m/s
2
 

Efficiency of underwater pump  - 

Elevation head pumpH  m 
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1 Introduction 

1.1 Aquifer thermal energy storage to save energy 
With the decreasing availability of fossil fuels, the increase of global warming and rising energy 

prices there is a strong need for sustainable energy. One upcoming form of effective sustainable 

energy is aquifer thermal energy storage (ATES) (Vail and Jenne 1994; IF Technology 1995., 

Morofsky 1994). In an aquifer thermal energy storage system, heat and cold is stored in and 

recovered from the ground where the subsurface acts as a storage medium. 

 

ATES systems are installed globally for the past 25 years and the number of ATES systems in the 

Netherlands currently exceeds 2000 (www.deltares.nl). With the governmental aim to create a 

green and sustainable energy supply in 2020, the number of ATES systems is increasing in 

application as well as its popularity. To achieve the governmental requirements of 2% annual 

energy saving and the increase in share of sustainable energy of 20%, there would have to be 

20.000 working ATES systems in 2020 (IF Technology, 2009, www.agentschap.nl). The current 

expected increase in application of ATES systems however, is much lower (Figure 1.1). 

 

 

Figure 1.1  ATES systems in the Netherlands until 2020 (IF Technology, 2009). 

 

 

1.2 ATES technique 

During (hot) summer periods, groundwater that is used to cool buildings increases in temperature 

after which it is stored in the subsurface into the hot well. During (cold) winter periods this hot 

water is pumped out of the subsurface and is used to supply the building with heat. This releases 

cold water, under influence of outside temperature, and that is again re-injected in the aquifer 

into the cold well. This water will serve for cooling purposes during summer (Figure 1.2 ). This 

http://www.deltares.nl/
http://www.agentschap.nl/


 

 

reversible process leads to a zero net-loss of water from the aquifer and can lead to significant 

energy savings. 

 

 

 

Figure 1.2 ATES system  (www.geo-elements.nl). 

 
Water temperatures in the cold well typically lie in the range of 6-10 °C and this is sufficient to 

effectively cool a building. The water temperatures in the hot well typically lie in the range of 14-

18 °C. Preferentially this temperature is increased to temperatures of 35 – 40 °C to meet heating 

purposes. To increase the water temperature a heat pump is used. The extraction and injection of 

ATES can place at depths ranging from 10 – 150 meters (Courtois et al., 2007), depending on the 

depth of the suitable aquifer. 

Groundwater flow influences the locality of the stored hot and cold energy in the subsurface. The 

groundwater flow velocity and direction must be taken into account when an ATES system is 

installed (Figure 1.3). 



 

 

 

 

Figure 1.3 Influence of groundwater flow velocity and direction on stored energy in ATES. 

 

 

1.2.1 Energy efficiency in ATES 
The hotter the water that flows into the heat pump the electricity has to be used by the heat pump 

to increase the waters temperature to the preferred 35 - 40 °C for heating purposes. This results 

in a lower energy use for the system when peak temperatures (i.e. lowest for the cold well and 

highest for the hot well, or a high temperature difference ( T [°C]) is retrieved from the wells. 

A measure for the operating performance of the ATES over the season is called the seasonal 

performance factor (SPF). The SPF is the ratio of the hot and cold thermal energy delivered 

through the wells over the electrical energy needed for pumping. The energy efficiency of the 

ATES system will increases with a higher SPF. This is established if the wells are managed in 

such a way that the peak temperatures are available when extraction is required, because this 

results in lower pumping rates (www.sepemo.eu) and less energy used by the heat pump. 

 

 

1.3 ATES for Achmea 

“Consultancy firm Tauw” was given the assignment to design an ATES system for insurance 

company Achmea in Apeldoorn. Since the campus of Achmea is expanding, their increased need 

in sustainable energy to provide for new facilities lead to the realization of an ATES system in the 

subsurface. 

http://www.sepemo.eu/


 

 

 

The most commonly applied ATES systems are doublets, as is the case at Achmea. For a 

doublet a pair of tube wells is drilled in the same aquifer with significant lateral distance. One is 

the hot well and the other the cold well. In the system each well can be used to inject or extract 

water and the flow direction is therefore reversible. The ATES system of Achmea uses 2 

doublets.  The hot wells and cold wells are positioned in line with the groundwater flow direction 

(Figure 1.4). 

 

 

Figure 1.4 Well locations and groundwater flow direction of ATES system Achmea. 

 

Realizing optimal efficiency in energy usage in the ATES system of Achmea is a challenge 

because Apeldoorn lies in the Veluwe area where natural groundwater flow velocities are high. 

Due to this high groundwater flow velocity, energy that is stored in the subsurface can be lost 

from the systems range when this is not taken into consideration during operation. With a thermal 

influence area with a radius of 60 meters, and groundwater velocity of approximately 37 meters 

per year (Tauw, 2008) potentially 20% of the infiltrated thermal energy can be lost from the 

system with an accustomed or straightforward control strategy. 

 

There is limited information present in literature concerning improvement of ATES system 

management of systems that are installed in the subsurface where groundwater flow velocity is 

high. System management here relates to infiltration and extraction rates of groundwater during a 

certain period of time. Additional research may contribute to understanding of this phenomenon 

and improvement of ATES system efficiency by changing infiltration and extraction rates. 

 



 

 

 

2 Research proposal ATES system Achmea 

2.1 Goals 
 

The goal of this research is to conduct a study that will give control options on how thermal 

energy can best be covered for an ATES system with multiple wells in a high groundwater 

velocity aquifer. The research must contribute to the control strategy of the wells, optimizing the 

energy storage and recovery of the ATES system. The research is carried out focusing on the 

case of Achmea. 

 

2.2 Research Questions 

Because of the high groundwater velocities in the subsurface at the site of Campus Achmea 

Apeldoorn, the loss of thermal energy is apparent. In order to achieve improvement of ATES 

system management, the following Research Questions with sub-questions/actions are posed: 

 

 
1: What are the dominating physical processes that occur in the subsurface and in the 

ATES system, which influence the performance of the ATES system and how can these 

processes be described? 

 

2: What are the characteristics of the ATES system of Achmea Apeldoorn, i.e. 

geohydrological subsurface, groundwater flow and system characteristics and energy 

demands? 

 

3: How can insight in interaction between the 2 hot and the 2 cold wells, with seasonal 

storage and recovering of thermal energy be obtained? 

 

4: Are there control strategies that can improve the performance of the ATES system of 

Achmea? And is this control strategy applicable on other systems? 



 

 

 

2.3 Methods and approach 

 
1: What are the dominating physical processes that occur in the subsurface and in the 

building which influence the performance of the ATES system and how can these 

processes be described? 

Understanding of and the ability to mathematically describe the physical processes concerning 

ATES are of great importance to acquire a thorough understanding in how ATES can best be 

applied and what parameters need to be considered in search for an improved control strategy. 

 

This question will be answered with a literature and desk study. The mathematical description of 

the dominating processes will be presented.  The most important parameters will be discussed. 

Where responsible and possible, simplifications will be made by neglecting terms or approaching 

typical parameters as a constant. The results of this study are presented in Chapter 3; Physical 

processes. 

 

 

 

 

 



 

 

 

2: What are the characteristics of the ATES system of Achmea Apeldoorn, i.e. 

geohydrological subsurface, groundwater flow and system characteristics and energy 

demands? 

In order to answer this question the following sub questions are defined. 

 

What is the composition and what are the properties of the subsurface? 

Understanding the geological subsurface features at Achmea Apeldoorn is important because 

they influence groundwater transport as well as energy transport and storage potential. 

 

This question will be answered with a literature study and using data from a geohydrological 

survey carried out by Consultancy firm Tauw b.v. (This survey was a requirement for the granting 

of the permit for applying the ATES system at Achmea). The results of this study are presented in 

Section 4.1; Subsurface characteristics. 

 

What are the groundwater flow characteristics? 

Understanding the behavior of groundwater flow directions and velocities is highly important in 

relation to the efficiency of the ATES system. Due to high groundwater velocities potential 

recoverable energy can be lost permanently from the ATES system. 

 

This question will be answered with using the data from a geohydrological survey carried out by 

Consultancy firm Tauw, and studying data provided by geo-scientific institutes. The results of this 

study are presented in the Section Groundwater flow characteristics. 

 

What are the system characteristics of ATES Achmea? 

Due to direction of groundwater flow the wells are positioned in such a way that infiltrated hot and 

cold water cannot interfere with each other. The specific depth of the filter screens is adapted to 

the location of the applicable aquifers is dependent on geological subsurface features. In 

understanding how to improve system performance, general knowledge about the specific system 

used at Achmea Apeldoorn is essential. 

 

This question will be answered with (static) data about the ATES system, provided by Achmea 

Apeldoorn and the system developing contractor. The results of this study are presented in 4.3; 

System characteristics. 



 

 

 

What is the energy demand of ATES of Achmea and how is this demand met through system 

management? 

The buildings at the site of Achmea Apeldoorn are demanding a certain amount of hot and cold 

energy throughout the year. Understanding what this demand is and how the energy demand is 

currently met by the ATES system is essential in establishing an optimization strategy. 

 

This question is answered with using data about the energy demand provided by Achmea 

Apeldoorn. The results of this study are presented in Section 4.3.2 



 

 

 

3: How can insight in interaction between the 2 hot and the 2 cold wells, with seasonal 

storage and recovering of thermal energy be obtained? 

 

In order to understand interaction between the wells, current system management must be 

understood. The accustomed control strategy must be compared to a future optimized control 

strategy for the ATES system which can lead to increased energy recovery. 

 

To be able to compare different control strategies, assessment criteria must be set. For that it is 

needed that the energy loss downstream of the wells, pumping rates and the temperature in the 

wells is quantified. 

 

The quantification of the temperatures in the wells and energy loss in the subsurface can be 

established with analytical operations/calculations that describe occurring processes in the ATES 

system. The different time spans that concern the subsurface, groundwater flow, and system 

characteristics as well as the energy demand must be accounted for in a governing time scale. 

Using an analytical model that incorporates this quantification will establish insight in the result of 

an optimized control strategy compared to the accustomed control strategy the ATES system at 

Achmea. 

 

Approach 

To answer research question 3 an analytical model is built in an Excel spreadsheet. This Excel 

model quantifies the temperatures in the subsurface in the vicinity of the wells. By calculating the 

flows and energy transport, thermal energy loss in the subsurface is quantified and can be 

expressed in financial loss. The description of the Excel model is presented in Chapter 5. 

 

To establish an accurate representation of the reality, the analytical Excel model will be validated 

qualitatively and by using the results from a simulation in a numerical groundwater modeling 

program. 

 

The approach in creating the analytical Excel model is visualized in Figure 2.1 and described in 

Chapter 5. 



 

 

 

Figure 2.1 Analytical approach in creating analytical Excel model. 

 

 

 

 

 



 

 

 
4: Are there control strategies that can improve the performance of the ATES system of 

Achmea? And is this control strategy applicable of other systems? 

The accustomed control strategy applied at ATES Achmea can now be visualized. To find a 

control strategy that can improve the performance of the ATES system, the accustomed control 

strategy must be optimized. 

 

Optimization 

The question is answered by using an iterative solving function on the current control strategy in 

Excel. For the same energy demand this solver changes the infiltration and extraction rates. The 

solving method that Excel uses is described and discussed to validate its outcome. 

The optimization is performed for several optimization strategies. In these strategies for different 

‘targets’ is optimized (i.e. lowest energy loss, lowest total pumped volume) which will yield 

different control strategies. 

 

Assessment criteria 

In order to judge if the resulting control strategies are in fact improved control strategies, they are 

assessed based on several criteria. The control strategy that matches the assessment criteria the 

best will be chosen as the ‘improved control strategy’.  

 

Robustness check 

A key aspect is to investigate if the ‘improved control strategy’ optimizes the performance of the 

ATES system for varying energy demands. This means: If outside temperatures change in such a 

way that the energy demand within the building is going to change, will the useful ‘optimized 

control strategy’ yield improved results compared to the current control strategy. In order to test 

the robustness of the ‘optimized control strategy’ a series of energy demand scenarios is 

established. These energy demand scenarios mimic variations in annual outside temperature 

distribution. It is tested if the ATES systems requirements are met and energy loss is reduced is 

the ‘improved control strategy’ is applied on these varying energy demand scenarios. 

 

In an additional check is the ‘improved control strategy’ compared to the optimization control 

strategy for the different energy scenarios. This means that an energy demand is predicted and 

optimization is performed for this prediction. The intensity with which the ‘improved control 

strategy’ differs from the optimized control strategy for a varying energy demand is a measure for 

the robustness of the ‘improved control strategy’. 

 

The results, of the comparison between the improved control strategy and the accustomed control 

strategy and the difference between optimization for energy scenarios, is then qualified.  

The approach in finding the improved control strategy and determining its quality is visualized in 

Figure 2.2 and described in Chapter 5. 

 

 



 

 

 

Figure 2.2 Approach for obtaining useful control strategy. 

 

 

 



 

 

3 Physical processes 

In the following Sections the physical processes concerning ATES are described. The Sections 

focus on mathematically describing water flow and energy transport in porous media. 

 

3.1 Water flow in porous media 

An ATES system can only be realized if the there is an appropriate aquifer in the subsurface. 

Preferentially this permeable region or layer in the saturated zone is not to deeper than 200 

meters, has a high hydraulic conductivity (i.e. coarse sand) and is sealed with an impermeable 

layer. 

 

Grain size 
The distribution of grain sizes in an aquifer determines whether or not water is easily transmitted 

through the porous medium. Sand with larger a larger grain size has greater pore spaces and 

therefore transmits water better than sand with smaller grains. ATES is applied in aquifers with 

grain sizes of 200 – 250 μm or larger.  The designation of sand according to differing grain size is 

listed in Table 3.1 (N.V.O.E., 2006). 

Table 3.1  Grain sizes of sand 

 

Grain size diameter ( μm ) Designation 

50 – 150 Very fine – Fine sand 

150- 300 Middle fine – Middle coarse 

300 – 2000 Middle coarse – Very coarse 

 

 

Effective porosity 

The effective porosity in a porous medium is defined by Equation [1]. 

 

t

v
e

V

V
n        [1] 

Where en is the effective porosity of the porous medium [-]; vV is the volume of interconnected 

voids that is interconnected and is transmitting flow, within the porous medium [m
3
]; tV is the total 

volume of the porous medium [m
3
]. The effective porosity can differ significantly from the total 

porosity, if the amount of pores that are not interconnected (i.e. single pore) is high. 

 

The volumetric water content ( ) is a measure for the amount of pore space in a porous medium 

that is occupied by water in a given total volume tV , and is defined by Equation [2]. 
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t

V
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Where  is the volumetric water content [-]; wV is the volume of water [m
3
]. 

When a porous medium is fully saturated: en  

When a porous medium is not fully saturated and there is also air inside the pore spaces: en  

(Fitts, 2002). 

 

A visualization of the difference between a fully and not fully saturated porous medium is 

presented in Figure 3.1. 

 

 

Figure 3.1 Fully saturated porous medium (1) and a not fully saturated porous medium (2) 

(http://biosystems.okstate.edu/darcy/index.htm). 



 

 

 

 
3.1.1 Darcy’s law 

One dimensional groundwater flow can be quantified using Darcy’s law. Henry Darcy conducted 

an experiment in which water is forced through a tilted sand filled column. Two small piezometers 

measured the hydraulic head difference ( h ) within the saturated column Figure 3.2. 

 

 

 

Figure 3.2  Schematic illustration of Darcy’s experiment. 

 

The distance between the piezometers is s . A steady flow of water is forced through the 

column at a volumetric flow rate ( sQ ). The observations of the conducted experiment showed 

that the volumetric flow rate is dependent on hydraulic conductivity ( sK ), a property which is a 

measure for the ease that a fluid passes through the porous medium and the cross-sectional area 

of the column ( A ). This lead to formation of Darcy’s law (Equation [3] ) (Fitts, 2002). 

 

A
s

h
KQ ss       [3] 

Where sQ is the volumetric flow rate in the s direction [m
3
/h]; sK is hydraulic conductivity of the 

porous medium [m/d]; 
s

h
is the hydraulic gradient [-]; A is cross-sectional area [m

2
]. 

 

The minus sign is in Equation [4] because head decreases in the flow direction. The hydraulic 

gradient states the rate that the head changes in the s-direction. 

 



 

 

Darcy’s Law can be rewritten in terms of flux (Equation [4]) when the volumetric flow rate is 

divided by the cross-sectional area: 
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Where sq is the specific discharge in the s-direction [m/h]. The specific discharge is sometimes 

referred to as the Darcy velocity of the groundwater. 

 

Because only a fraction of the cross section is available for water through in a porous medium, 

due to the presence of grains, the specific discharge is lower than the average linear velocity 

( sv ). By dividing the specific discharge by the effective porosity, the average linear velocity is 

shown by Equation [5]; 
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Where sv is the average linear of the water flowing through the porous medium [m/d]. 

A visualization of specific discharge and average linear velocity is presented in Figure 3.3. 

 

Figure 3.3 Average linear velocity compared with specific discharge. 

 

Heterogeneity and anisotropy 

Commonly the hydraulic conductivity is irregularly distributed over the subsurface. Within a 

heterogeneous material the value of K varies spatially, whereas in a homogeneous material K  

is consistent over different localities. 

Anisotropy implies that the value of K  is depending on direction. If a Cartesian coordinate 

system is used with z being the vertical axis, then from a fixed point of view, the medium is 

anisotropic if hydraulic conductivity for either of the directions is not equal (i.e. yx KK ). Due to 

strong horizontal layering in the subsurface, zK  is often smaller than xK and yK . 

 

Transmissivity 

Hydraulic conductivity can also be measured as an integrated parameter over the thickness of a 

distinct geological facies or layer. The hydraulic conductivity over an entire layer is called the 

transmissivity. If the hydraulic conductivity tangential to the layer can be assumed constant over a 

thickness of a layer, the transmissivity T is given in Equation [6]: 

 



 

 

bKT sb      [6] 

 

Where bT is the transmissivity of the layer [m
2
/d]; b is the thickness of the specific layer [m]; 

sK is the hydraulic conductivity of the specific layer [m/d]. 

 

Advection 

Advection is the movement of mass due groundwater flow velocity. In solute advection, dissolved 

substances in the water are transported by moving water particles. 

 

Hydrodynamic dispersion in porous media 

The principle of hydrodynamic dispersion is visualized in Figure 3.4. 

 

Figure 3.4 Principle of hydrodynamic dispersion (Neri, 2009). 

 

 

Water with a tracer added if forced through a homogeneous porous medium. The tracer particles 

spread faster in the direction of the groundwater flow, than perpendicular to it. This is caused by 

molecular diffusion and mechanical mixing due to mechanical dispersion. 

 

Mechanical dispersion is caused by local velocity differences of the groundwater (Figure 3.5). 

Velocity of water particles within a porous medium is influenced at pore scale by the soil particles. 

Due to heterogeneities in soil particle size and pores, the flow velocity of water particles is 

influenced: Water particles that flows through fine grained soil have limited room to flow through, 

compared to soil with large grains. Water particles near the soil particles tend to slow down due to 

friction compared to water particles in the middle of a pore.  

 

 



 

 

 

 

Figure 3.5 Groundwater velocity differences due to pore irregularites (Neri, 2009). 

 

 

 

Usually mechanical dispersion is divided in a longitudinal and a transversal component. 

Quantifying hydrodynamic dispersion is done in combining the mechanical dispersion coefficient 

and molecular diffusion coefficient through the following Equations [7]. 
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If a Cartesian coordinate system is assumed then: LD is the longitudinal hydrodynamic dispersion 

in direction of the groundwater flow in the x direction [m
2
s

-1
]; L is the longitudinal dispersivity in 

the x-direction [m]; 
yTD is the transversal hydrodynamic dispersion in the y-direction [m

2
s

-1
]; 

y
T is the transversal dispersivity in the y-direction [m]; 

zTD is the transversal dispersivity in the 

z-direction [m
2
s

-1
];; 

zT is the transversal dispersivity in the z-direction [m] ; diffD is the molecular 

diffusion coefficient [m
2
s

-1
]. 

 

 

3.2 Thermal energy transport in porous media 

For thermal energy transport through porous media, infiltration of hot water is considered. Initially 

the water and the soil grains have the temperature of the ambient groundwater. When hot water 

infiltrates the aquifer, the soil grains are surrounded by this hot water. The thermal energy of the 

water is transferred to the soil grains through conduction and the soil grains take over the 

temperature of the infiltrated water. Because the water surrounds the grains quickly and the 

grains have a negligible volume, this heat transfer process is considered instantaneously. An 

infiltrated volume of water through a filter screen has a cylindrical shape. The influence radius of 

an infiltrated volume of water can be determined through Equation [8]: 

 



 

 

H

V
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Where rvolumewater is the radius of the cylindrical volume of water [m]; V is the infiltrated volume of 

water [m
3
]; H is the length of the filter screen of the well [m] 

  

This considers however only the volume of water. In order to achieve the influence radius of the 

water that is distributed over the aquifer, the effective porosity is used in Equation [9]: 
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Where iferwaterinaqur is the influence radius of water distributed over the aquifer [m] 

 

This radius considers the volume with both water and soil grains. 

It is necessary to establish how the thermal energy spreads over the soil grains and the water (i.e. 

what is the thermal influence radius of the affected soil grains ?). In order to do so, the volumetric 

heat capacity is used. The volumetric heat capacity is the specific heat capacity multiplied by the 

density of the medium through Equation [10]: 
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Where mC is the volumetric heat capacity of a medium [J*m
-3

C
-1

]; mc is the specific heat capacity 

of a medium [Jkg
-3

C
-1

]; m is the density of a medium [kg*m
-3

]. 

The volumetric heat capacity is a measure of how well a volume of a certain medium can store 

thermal energy. 

 

The volumetric heat capacity for of the affected volume is determined with using effective porosity 

and the volumetric heat capacity of the soil grains and water through Equation [11]:: 
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Where aC is the volumetric heat capacity of the aquifer [2,5*10
6
   J*m

-3
*K

-1
]; wC is the volumetric 

heat capacity of the water[ 4,2*10
6
   J*m

-
3*C

-1
]; rC  is volumetric heat capacity of the soil grains 

[1,77*10
6
 J*m

-3
*C

-1
] (Tauw, 2009). 

 

 The ratio between the volumetric heat capacity of water and volumetric heat capacity of the 

aquifer yields the thermal influence radius of influence through Equation [12]:: 
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3.3 Conclusions theoretical background 

 

In getting grip on how infiltrated and extracted water volumes alter the temperature distribution 

within the subsurface, a correct representation of the thermal influence radius is crucial. The time 

dependent volume that is pumped in a time step is the predominant parameter that affects the 

thermal influence radius. This volume is determined through the energy demand (Section 5.2). 

These volumes can be of an order of magnitude 100-1000 times greater those of the filter length 

and the ratio between the volumetric heat capacities. Due to heterogeneities and isotropy in the 

subsurface, the effective porosity, linear groundwater flow velocity and the volumetric heat 

capacities differ locally in the aquifer where the ATES system is installed. Local differences or 

inaccuracies in these chosen parameters thus have a significant smaller influence on the thermal 

influence radius than the time/energy dependent volume based on the energy demand. 



 

 

 

4 Site description Achmea 

In building the analytical Excel model, information about the local conditions, soil properties and 

energy demand is essential. The next Section focuses on the description of the site at Achmea. 

The features described in the following Sections are: Subsurface characteristics, groundwater 

flow characteristics, system characteristics and the energy demand for ATES at Achmea. 

 

 

4.1 Subsurface characteristics 

The following Section incorporates a detailed description of the subsurface characteristics of the 

subsurface at the location of Achmea Apeldoorn. 

 
4.1.1 Geological features 

 

Veluwe 

The Veluwe is a nature reserve, dominated by glacially uplifted hills, called moraines. These 

moraines emerged during the pre-last ice age, during the Pleistocene, where unstratified glacial 

sediment was pushed by the glaciers front into piles and ridges. The deformation caused by 

glacial activity causes the local subsurface to be strongly impelled (De Vries, 2007).  The different 

formations within the subsurface of the Veluwe therefore are highly tilted, causing an increased 

hydraulic gradient, which results in high groundwater flow velocity.  

 

The different formations in the subsurface below Apeldoorn are visualized in the REGISS II profile 

(Figure 4.1). This cross section is composed via interpolation of different well logs over a larger 

area. 

 

 



 

 

 

Figure 4.1 Formations below the city of Apeldoorn provided by REGIS (TNO, 2008). 

 

 

 



 

 

 

 

Figure 4.2 Formations in the subsurface of Achmea Apeldoorn provided by REGIS (TNO, 2012). 

 

 

 



 

 

 

Combining the REGIS II cross section with several well-logs by (www.dinoloket.nl), and the 

research regarding the different lithologies, lead to the schematization of the subsurface below 

the ATES which forms the basis for specific filter locations (Table 4.1). 

 

Table 4.1 Subsurface characteristics 

    

Depth [meters 

below ground 

level] 

Composition Geohydrological 

unit 

 

0-3 Sand Cover layer  

3-25 Sand Aquifer 1A  

25-45 Sand Aquifer 1B  

45-120 Sand Aquifer 2  

120-140 Clay Impermeable 

Layer 2 

 

140-155 Sand Aquifer 3A  

155-160 Clay Impermeable 

layer 3A 

 

160-200 Sand Aquifer 3B  

> ca 200 Clay Hydrological 

Basis 

 

 

The ground level at Achmea Apeldoorn is 19 meters above N.A.P. (Dutch reference datum). 

 

The ATES system of Achmea is installed in Aquifer 2 which for the most part consists of the 

impelled formation of Drenthe (TNO, 2009). 

 

The impelled formation of Drenthe 

The geological formation consists of glacial and periglacial deposits from the Saalian period within 

the Pleistocene. The deposits are mainly related fluvioglacial events where they were deposited 

by melt water rivers, or from glacio-lacustrine deposits where they were deposited by glacial 

lakes. Due to glacial movement, the depositions of the Drenthe formation are heavily impelled. 

The dominant lithologies are: 

 

- Sand, average to very coarse grain size (210 – 2000 μm), weak to strong gravel contents. 

- Clay and loam layers, average to strong silt content, of grey-blue to brown-grey color. 

- Silty sand layers, fine to average grain size (150-210 μm), of grey-blue to brown-grey color, with 

locally gravel, rocks and boulders. 

- Clay, limited to average silt content, very fine layered (cm-mm), of grey to brown color. 

 

A detailed description of all the geological formations in the subsurface below the ATES system of 

Achmea is described in Appendix 1



 

 

 

4.2 Groundwater flow characteristics 

The next Section gives a detailed description of the groundwater flow characteristics within the 

subsurface at the location of Achmea Apeldoorn. 

 

Horizontal flow 

The natural groundwater temperature at Achmea is approximately 10 °C (Achmea, 2008). 

Based on the Digital groundwater maps of the Netherlands (hydraulic head and transmissivity, 

and thickness) (Appendix 2), and drilling core descriptions of the subsurface at Achmea (Bam, 

2011) (Appendix 3) the hydraulic conductivities ( xK ) and hydraulic gradients )(
s

h
 for 

geohydrological units are determined (Tauw, 2009). The total porosity of sand (middle to coarse) 

is 0,4 (Vereniging voor Landinrichting & Elsevier, 2000). Because no porosity data of the 

subsurface at Achmea is available, the effective porosity is assumed to be 0,3. The groundwater 

flow calculations in the following Sections are based on the effective porosity. The horizontal 

groundwater flow velocity is calculated using Darcy’s law. The linear groundwater flow velocity 

differs for the geohydrological units is shown in  

Table 4.2. 

 

Table 4.2 Parameters of hydrogeological units 

Hydrogeological Unit Hydraulic head 

[meter below 

ground level] 

Direction of flow Hydraulic 

conductivity 

[m/d] 

Hydraulic gradient 

[-] 

Groundwater flow velocity 

[m/y] 

  

Aquifer 1A 2 E-NE 25 3*10
-3

 91,3   

Aquifer 1B 5 E-NE 25 3*10
-3

 91,3   

Aquifer 2 5 E-NE 30 1*10
-3

 36,5   

Aquifer 3A 6 E-NE 60 8*10
-4

 58,4   

Aquifer 3B - E-NE 10 - 

 

-   

 

The average linear groundwater flow velocity concerning the aquifer in which the ATES system of 

Achmea is installed, is 36,5 meters per year. 

 

 

Vertical flow 

The head difference 

Table 4.2) between Aquifer 2 and Aquifer 3A is 1 meter. The resistance of impermeable layer 2 

(Table 4.1), however is circa 3000 days (Appendix 3). This yields a minimal influence of infiltration 

from Aquifer 2 to Aquifer 3A. This is the only head difference that could result in interference of 

the groundwater flow in the aquifer in which the ATES system is positioned (Aquifer 2). 



 

 

 

4.3 System characteristics and energy demand 

 

The next Section gives a detailed description of the ATES system features at Achmea Apeldoorn 

and the energy demand. 

 

 
4.3.1 Location of wells 

The wells of the 2 doublets are positioned as shown in (Figure 4.3). 

 

 

Figure 4.3 The Campus Achmea with the well locations of the ATES system (TAUW, 2009). 

 

The distance between the 2 hot wells is 205 meters and the distance between the cold wells is 

165 meters. In a doublet the hot and the cold well are positioned in the same aquifer. Mixing of 

the injected cold and hot water must be avoided considering potential energy waste. The method 

to determine the minimum distance between the hot and the cold well is described in Appendix 4.



 

 

 

 

 

  

 

 

 

Locations of wells in the subsurface 

 

The filter screens of the 4 wells are located in the subsurface as presented in Table 4.3 and 

Appendix 3. 

Table 4.3 Well locations in the subsurface. 

 

Well Depth (meters below ground level) Lateral distance between wells (m) 

Hot well 1 71-91 

100-120 

205 

Hot well 2 94-134  

Cold well 1 77-117 165 

Cold well 2 77-92 

97-121 

 

 

The second cold well and the first hot well both consist of 2 pieces. This is done because of the 

occurrence of clay layers which disable infiltration or extraction. The top of the second hot well 

filter is positioned approximately 25 meters deeper that the top of the first hot well. This is done 

because the drilling core descriptions (Appendix 3) showed that the redox-boundary at location 

for hot well 2 lies significantly lower than the boundary for hot well 1. The redox-boundary is the 

boundary that marks the transition from oxygen rich to oxygen poor water. When an ATES 

system is installed so that it intersects this transition, both oxygen rich and oxygen poor water is 

extracted through the wells and get mixed. This mixing will cause precipitation of iron in the wells 

and increases the clogging risk. Therefore the ATES system must be installed either completely 

above or completely below this boundary.  



 

 

 

 

Buildings 

A schematic overview of the expanded campus of Achmea is presented in Figure 4.4. 

 

 

Figure 4.4 Campus of Achmea. 

 

 

 



 

 

 

 

 

  

 

 

 
4.3.2 Energetic requirements and discharge 

The two doublets of the ATES system must meet the energy demands of the buildings on the 

Achmea campus. The energetic requirements and corresponding discharge rates are listed in  

Table 4.4. 

The condition that the ATES system has an overall neutral thermal energy balance is met for 

Achmea Apeldoorn. The permit is requested for an annual total water demand of 1.000.000 m
3
.  

 

Table 4.4  Energetic requirements and discharges 

 

  

Winter period – Hot energy demand  

Power 1664 KWth 

Yearly heat demand 2933 MWhth 

T Design temperature supply 13 °C 

T Design temperature retour 7 °C 

Maximum groundwater discharge 236 m
3
/h 

Total water demand (averaged over a half year) 422.000 m
3
 

  

Summer period – Cold energy demand  

Power 2438 KWth 

Yearly heat demand 2933 MWhth 

T Design temperature supply 11 °C 

T Design temperature retour 17 °C 

Maximum groundwater discharge 236 m
3
/h 

Total discharge (averaged over a half year) 422.000 m
3
 

  

Difference in thermal balance  

Difference in hot and cold energy demand 0 MWhth 

Difference in water demand in summer and winter 0 m
3
 

(Tauw, 2009) 

 

Initially all the buildings on the Achmea Campus would be connected to the system. In the final 

stage of the ATES development process it is decided that 2 buildings (Hof buildings and the 

Bridge buildings) were not going to be built so their energy demand need not to be taken into 

account. Therefore the total yearly energy demand, which is used in calculations in following 



 

 

Sections, is multiplied by factor
3

2
, resulting in an energy demand of 1966 MWh both for heating 

and cooling. The monthly energy demand is more comprehensively explained in Chapter 5. 

 

Hot infiltration temperatures of 17 °C are often not established after cooling within ATES systems. 

In the calculations in following Sections the infiltration temperature in the hot well is therefore set 

at 13 °C and the temperatures that will supply the cold energy demand are taken to be the retour 

temperature from the hot energy demand (7 °C). 

 

 
4.3.3 Well properties 

The well properties for each of the 4 wells in the ATES system are described in Table 4.5. These 

properties are important because the depth from where the filter screen of a well is installed 

defines the specific location where the hot or cold water enters in the subsurface. The shape of 

the infiltrated water body depends on the length of the filter screen and the amount of water that 

is infiltrated or extracted. 

 

Table 4.5 Well properties 

 

Property  

Maximum designed Darcy speed on borehole 0,96 m/h 

Maximum extraction or infiltration rate per well 175 m
3
/h 

Doublet 2 

Wells 4 (2 hot, 2 cold) 

Designed filter length per well 50 m 

Diameter borehole 1,16 m 

Borehole radius 0,58 m 

Diameter filter 0,6 m 
 

(Achmea, 2008). 

The formulas that are used to determine the maximum designed Darcy speed on the borehole, 

the filter length and diameter of the borehole are explained in Appendix 4 

 

The drilling state (Appendix 3) showed that the majority of the sand in the aquifer at well locations 

has favorable conditions (i.e. grain size diameter > 250 μm). Therefore it is decided in the 

realization phase of the system, that instead of 50 meters filter screen per well, 40 meters filter 

screen per well is installed, which still enables the maximum infiltration and extraction rates, but  

which reduced the drilling costs. 

 

 
4.3.4 Additional devices in the ATES system 

To increase the temperature of the water that is extracted from the hot well a heat pump is used. 

The groundwater is chemically different than the water that runs through the heating and cooling 



 

 

 

 

 

  

 

 

circuits of the buildings. This water therefore should not enter these circuits. To establish this, a 

countercurrent heat exchange device is used. A detailed description of the heat pump and the 

countercurrent heat exchange device is given in Appendix 5.





 

 

4.3.5 System Management of ATES 

The temperature outside the building influences the temperature inside. The temperature inside 

the building is measured and determines if the ATES system needs to heat or cool. Accordingly 

hot or cold energy is extracted from the wells to the buildings. The system works most efficient if 

from the hot well the highest possible temperature, and from the cold well the lowest possible 

temperature can be extracted (i.e. when T is high). This results in reducing the electrical 

energy that has to be used by the heat pump. It is important however that the energy stock within 

the wells is managed. If all the high valuable thermal energy (i.e. highest and lowest 

temperatures) is extracted in a short period, this can cause problems for efficiently meeting the 

energy demand in the future. Therefore the energy stock (i.e. the temperatures in the wells) is 

monitored (Figure 4.5). 

 

Figure 4.5 System management for an ATES system. 

 

 

The respectable hot and cold wells are positioned in line with each other, as well as in line with 

the groundwater flow direction (Figure 4.1). Accordingly, water that is infiltrated in well 1 can be 

extracted by well 1 but can also be extracted by well 2, when it is transported due to groundwater 

flow. The wells are positioned in this manner to reduce potential energy loss from the ATES 

system. The system is able to vary the percentages of infiltration and extraction. This means that 



 

 

it is for example possible to infiltrate 30% of the cold water in cold well 1 and 70% of the cold 

water in cold well 2. 

 

 

Current control strategy of ATES Achmea 

The current control strategy, with multiple doublets which are positioned in line with each other is 

to infiltrate and extract, however, with a 50-50 control strategy. This means that the infiltration or 

extraction rate, desired to fulfill the energy demand, is divided equally over the hot or cold wells. 

The possibility to change the percentages of infiltration in the different wells is not exploited. 

 

If during peak temperatures (for example: a very cold winter), the energy demand may not be met 

by the temperatures retrieved from the wells alone (i.e. the heat pumps maximal capacity is 

exceeded) the system then depends on the conventional boiler for heat supply. This has a 

negative effect on the efficiency of the ATES system: the SPF decreases. 

 

It is expected that the (50-50) control strategy does not result in the most energy efficient way to 

operate an ATES system with multiple doublets where groundwater flow velocity is high. In order 

to limit the use of conventional heating but also preserve energy supply within the wells 

throughout the year under the influence of peak temperatures outside, smart system 

management is necessary. The control strategy can be varied by changing the infiltration and 

extraction rates for the wells for a fixed time step. 

 



 

 

 

5 Temperature transport in the subsurface due to 
infiltraton and extraction 

The groundwater flow differential Equation is simplified to analytical solutions in order to describe 

the physical processes occurring in the subsurface and concerning ATES. These analytical 

solutions can be solved in an Excel worksheet. In Excel a boxed-model is created which 

quantifies the temperatures of groundwater in the subsurface after infiltration or extraction of 

groundwater. Quantifying the temperature in the subsurface gives insight in if and how much 

energy is permanently lost from the system. The analytical model is validated with the numerical 

groundwater modeling program PMWIN. 

 



 

 

 

 

5.1 Conceptual model 

 

Water infiltrates into the subsurface through the filters screens. The filter screens are of length 

H [m]. The distance between the wells is length L [m]. The water is distributed in the subsurface 

in the shape of a cylinder, surrounding the filter (Figure 5.1). The radius r [m] of the cylinder 

depends on the infiltrated or extracted volume ( 21,VV [m
3
]) that the system requires to meet the 

time-dependent energy demand. The groundwater flow causes the infiltrated water from well 1 to 

flow into the direction of well 2, or when infiltrated in well 2, away from well 2. When the system 

requires extraction, water within the radius corresponding to extraction volume, is extracted from 

the aquifer into the filters. In order to create an Excel model which gives a mathematically 

quantified as well as a visual representation of the ATES system of Achmea, the following 

simplifications and assumptions are imposed: 

 

 

Figure 5.1  Conceptual model. 

 

 



 

 

 

 

 

 Shape of the body of water in the subsurface after infiltration or extraction is not a cylinder, 

but a cuboid. 

Water with a certain temperature that differs from the groundwater temperature enters the 

subsurface (at x=0). If water is not extracted within a certain time, the water body with 

temperature differing from the groundwater temperature is transported in the direction of the 

groundwater flow after passing of t (Figure 5.2, situation 1). Observed from top-view, if 

water is extracted within a radius that covers a part of the transported body of water after t , 

the overlapping part of the 2 circles is of infiltration temperature, and the rest of the circle is of 

groundwater temperature (situation 2). The approach to determine the overall temperatures of 

cylindrical bodies of infiltrated and extracted water is too comprehensive to model accurately 

in Excel. For this reason the shape of the water body is assured to be a cuboid (Figure 5.1). 

 

 

Figure 5.2 Visualisation of proplem for overlapping cylindrical volumes of water. 

 

 

 

 

 

 

 



 

 

 The water body in the model is considered 1-dimensional because 2 dimensions (depth and 

length) of the cuboid are fixed. 

The cuboid has dimensions x, y and z, where Δxcub is considered the width, Δycub is 

considered the length and Δzcub is considered the height of the cuboid. The volume of the 

cuboid is equal to the volume of the cylinder. The 4 filters in the 4 different wells are 

considered to be all of one piece and are positioned at the same depths. This enables water 

to flow entirely from well 1 into well 2, and thus fixes the Δzcub dimension of the cuboid. The 

length of the cube (Δycub) is also fixed, this means that the shape of the water body is now 

only dependent on the width of the cuboid, and therefore 1-dimensional (this is more 

comprehensively explained in the Section ‘boxed model’). This results in the neglecting of 

dispersion effects. 

 

 Anisotropy 

Because in the previous assumption the spatial dimensions of the problem are reduced to 1 

dimension, the horizontal plane, the water volumes are assumed to flow only laterally. This 

simplification is known as the Dupuit-Forchheimer approximation (Fitts, 2002). This is 

considered reasonable because even though the large scale geological features within the 

subsurface at Achmea are impelled, the horizontal layering on the small scale is still strongly 

evident, limiting flow in the z dimension. Since the water is equally distributed over the cuboid, 

kx is considered equal to ky.    

 

 Water volumes are infiltrated in, or extracted  from subsurface instantaneously per time step. 

Transport of water due to groundwater flow is also instantaneous. 

Within a certain time period, a certain volume of water is infiltrated or extracted. This is not 

modeled as a gradual process, but as an instantaneous process, to contribute to 

simplification of the problem. Because in 1 time step cooling and heating is possible, both 

effects are modeled in the same time step. Within the same time step the displacement of a 

volume of water, due to groundwater flow velocity is transported in the boxed model. The size 

of the time step influences the amount of volume water that is extracted or infiltrated. 

Therefore this influences the size of Δxcub. A scaling study is done and in Figure 5.3 is 

visualized which time dependent processes concern ATES. The appropriate time step size for 

the Excel model is determined ‘months’. 



 

 

 

 

Minutes Hours Days Weeks Seasons Years Decades Centuries Millenia

Control/operation of system

Comfort / use

Weather

Seasonal energy storage

Building function

Climate

Building properties

Groundwater (flow) propterties

Aquifer properties  

Figure 5.3 Overview of time-dependent processes in ATES. 

 

Any other assumptions that are required for the model to work properly are elaborated in the 

models Section. 

 

 

 



 

 

 

5.2 Analytical boxed-model 

 

The analytical boxed model quantifies the temperatures in the subsurface after injection or 

extraction and transportation due to groundwater flow through grid cells that contain a certain 

volume of water with a corresponding temperature. The first action in the model to relate the 

energy demand  of the system in a certain time step  with the corresponding  extraction and/or 

infiltration. Once volume of infiltrated or extracted water for a time step is determined its influence 

on groundwater temperature is quantified in the following three Sections of the model: 

 

 Infiltration 

 Extraction 

 Transport 

 

The cells that quantify the groundwater temperature are mathematically changed upstream and 

downstream of the wells after infiltration or extraction, regarding the volume of water that is 

infiltrated in, or extracted from the subsurface. 

 

 

Each cell in the box model forms the basis for another cell in the next time step. 

 
5.2.1 Extraction and infiltration rates 

The ATES system is designed to provide for a certain yearly energy demand. This energy 

demand consists of an amount high (for heating purposes) and low (for cooling purposes) thermal 

energy. This amount of energy is distributed over the amount of time steps that is chosen for the 

model. The energy amount relates to the extraction or infiltration rate, the specific heat of the 

groundwater and the temperature difference of the groundwater. This is presented in Equations 

[13, 14]. 

 

Tc

P
Q

ww

ext

3600*
inf,      [13] 

Tc

E
V

ww

 `     [14] 

Where extQinf, is the infiltration or extraction rate [m
3
/h]; P is the thermal energy demand [W]; 

wc is the specific heat of water [J*kg
-1

 * K
-1

]; V is the injected or infiltrated volume of water per a 

given time step [m
3
]; E is the thermal energy demand [J]; T is the temperature difference 

between the water that is extracted and the temperature with which it enters the aquifer again 

when it returns from the building circuits and is infiltrated [°C]. 

 

Because the system consists of 2 doublets, hot or cold energy can be stored in or be extracted 

from 2 wells, respectively.  



 

 

 

Considering for example only infiltration in the cold well for a given month, the total volume of cold 

water that is infiltrated can be divided over the 2 cold wells with any ratio possible. Within the 

Excel model, the infiltration rates can be adjusted by varying this ratio, enabling system 

management. The implementation of dividing total infiltration volumes over the 2 cold wells with 

any possible ratio is necessary to see the effect of smart system management, opposed to simply 

splitting the total infiltrating volume so that half of it infiltrates cold well 1, and half of it infiltrates 

cold well 2 during the same time step, which is the accustomed approach. 

 

Varying this ratio is possible for infiltration and extraction rates, for all 4 wells. 

 

Heating and cooling 

If heating and cooling occur within the same time step, this can results in infiltration and extraction 

for the same well within the same time step. Therefore the net volume that is pumped to meet 

both high and low thermal energy demands during the same time step is the resulting infiltration 

or extraction rate which is used in the model; the quantification of temperatures within the 

subsurface in the Excel model is based on this net infiltration or extraction rate. 

When during spring or autumn high and low thermal energy is required within the same month, 

water is thus being pumped back and forth between the hot and cold wells. Because infiltrated 

water is extracted within a time span of days/weeks, due to the fluctuating outside temperature, 

the influence of groundwater flow velocity on the water bodies in the subsurface is assumed 

negligible.  

Whether heating and cooling occurs within the same time step or not, the net infiltration rate must 

always equal the net extraction rate. 

 
5.2.2 Thermal influence radius 

The thermal influence radius of the infiltrated or extracted volume is defined through Equation [12]  

 

This thermal influence radius relates however to the cylindrical volume. The volume of infiltration 

or extraction of the cylinder is set equal to the volume of a cuboid as shown in the set of  

Equations [15]. 

 

cubcyl

cubcubcubcub

thcyl

VV

zyxV

HRV
2

     [15] 

Where cylV is the cylindrical volume of water [m3]; cubV is the cuboid volume of water [m3]; 

cubzyx ,, are the dimensions of the cuboid volume of water [m] 

 

In Section 5.1 is determined that the dimensions cubcub zy , are fixed, to assure a 1-

dimension dependent model. This means that with a changing energy demand, infiltrating of 



 

 

extracted volume will change, and this is only visible through a change in cubx . This ‘ cubx ’ is 

called the width of cuboid volume of infiltrating or extracted water 

 
5.2.3 Boundary conditions and discretization 

The cells in the boxed model are cuboid cells which have a fixed volume with a certain 

temperature. The grid dimensions of the cells ( gridgridgrid zyx ,,  [m]) can be increased or 

decreased which changes the accuracy of the model and corresponding quantification of the 

thermal distribution in the subsurface. 

To ensure that the infiltrated or extracted volumes of water ‘fit’ nicely in the grid of the Excel 

model the following rule applies in the model through Equation [16]: 

 

cubgrid

cubgrid

zz

yy
      [16] 

 

Which means that any influence of infiltration or extraction is still only dependent on cubx . 

 

Well locations, boundaries and width of grid cells with respect to the x-dimension 

From a spatial point of view there can be considered three regions within the excel model: 

 

 The grid cells upstream of hot/cold well 1 

 The grid cells between hot/cold wells 1 and 2 

 The grid cells downstream of hot/cold well 2 

 

The width of the grid cells upstream of the wells is called leftgridx _  

The width of the grid cells between wells is called middlegridx _  

The width of the grid cells downstream of the wells is called rightgridx _  

 

In the excel model, there are 8 grid cells between the wells. Therefore the width of  middlegridx _  

is given by Equation [17]: 

 

8
_

L
x middlegrid      [17] 

 

Where L  is the lateral distance between hot/cold well 1 and hot/cold well 2. 

 

leftgridx _  and rightgridx _  are set in the same order of magnitude [25 m] 

 

 

 



 

 

 

Boundaries 

For the system of ATES Achmea it is not reasonable to expect  cubx  to exceed 100 meters for a 

given time step. This will cause exceeding of the maximum hourly pumping capacity of the 

system (Table 4.3). Therefore boundaries are set at 100 meters (4 grid cells) upstream of well 1 

and 100 meters downstream of well 2. If infiltration or extraction, however, does cause cubx to 

exceed this length, the calculations within the Excel model considering adjacent cells will become 

very complex. A simplification of the math concerning exceeding of these boundaries will be more 

comprehensively explained in the detailed model description. 

 

5.3 Principle of temperature quantification within the grid cells 

The temperature quantification within the grid cells that combine establish the temperature 

distribution in the subsurface, is divided in the Sections ‘Infiltration’, “Extraction’ and “Transport’. 

 

In the infiltration Section, the volume of infiltrated water enters the grid at the location of the wells, 

and pushes the water that was initially located in the grid to the left and right. 

 

In the extraction Section, the volume of extracted water exits the grid at the locations of the wells, 

and the water that was initially located in the grid adjacent to this water volume, shifts in the 

direction of the wells.  

 

In the transport Section, the water distribution after infiltration or extraction is shifted to the right, 

due to groundwater flow velocity.  

 

Determination of the temperature within a single grid cell is based on the weighted average of 

water volumes with a different temperature, which may have entered other grid cells due to 

infiltration, extraction or transport. 

 

The quantification of temperature for the three different Sections is extensively described in 

Appendix 6. 

 

Qualitative check 

Within the model, after implementation of the yearly energy demand, the temperature of the grid 

cells all are within the range of 7°C – 13 °C, the volumes that are infiltrated and extracted are of 

the same order of magnitude as monthly rates would be according to Table 4.4, and the 

temperature distribution is properly visualized, so the model extent is of sufficient size. 

 
 
 

 

 



 

 

 
5.4 Analytical model validated with numerical solution 

 

In order and validate the analytical Excel model, the subsurface characteristics, groundwater flow 

characteristics, well locations and time dependent infiltration or extraction rates are simulated in 

the modeling code Processing Modflow for Windows (PMWIN). This is a simulation system for 

modeling groundwater flow and transport processes with modular three-dimensional finite-

difference groundwater model. Two modules are used in PMWIN: Modflow, and MT3D. Modflow 

models the groundwater flow, and head distribution after injection and infiltration of water, and 

MT3D models the temperature distribution after injection or extraction of water with different 

temperatures. There are 7 layers in the PMWIN model. They represent the top 5 layers from 

Table 4.1. The layers below the 5
th
 layer from Table 4.1 are not relevant due to impermeable 

character of layer 5 and are thus neglected.  The layer that represents aquifer 2 however is 

divided in 3 parts, because in the a distinct layer is needed positioning of the wells. The middle 

part (layer 5) therefore is exactly 40 meters deep. The chosen parameters in for Modflow and 

MT3D are described and justified in Appendix 7. 

  

The analytical model is considered a valid model if its temperature quantification and distribution 

corresponds to the results presented by the numerical model when the same input is used.  

 

The excel model is validated through comparing the results of two scenarios in Excel with the 

results from PMWIN. 

 

In the first scenario it is validated how well the Excel model simulates the temperature transport 

under influence of groundwater flow, and in the second scenario is validated how well the excel 

model simulates the temperatures within wells when a variety of infiltration and extraction is 

simulated.  

 

 

Scenario 1 

The scenario that is used in Excel and PMWIN considers only hot well 1 and simulates 10 years. 

For the first 12 months, it infiltrates water of 13°C constantly with 1000 m
3
/day. After the 

infiltration period of 1 year, the system is shut down, and the temperature in the subsurface is 

monitored for the next 9 years. It is chosen to simulate for 10 years, because the influence of 

groundwater flow is more apparent after 10 years than after, for example after 1 year. The 

numerical visualization of how the high temperature water body travels through the subsurface is 

presented in Figure 5.4. The distance traveled by the plume is taken as: The distance from hot 

well 1, to the left boundary of the traveled high temperature water body. 

 

This boundary is taken where the water has the infiltration temperature minus 0,5 °C (i.e. 12,5 

°C). This is considered the transition boundary from high temperature infiltrated (13°C) water to 

ambient groundwater temperature (10 °C). This transition takes place at x = 277 meters right of 



 

 

hot well 1. The cell left of the target cell has temperature of 12°C so at x = 277 meter the 

temperature is approximately 12,5°C. 



 

 

 

 

Figure 5.4 High temperature body displacement in PMWIN. 

 

 

The temperatures in the subsurface at are quantified in the Excel model. The temperatures at 

x=280 meters from the hot well is presented in Figure 5.5. The shape of the curve represents the 

movement of the high temperature water body through the subsurface due to groundwater flow.  

At t=120 (10 years) the temperature is approximately 12,5 °C.  

 

 

 

Figure 5.5 Temperature in the subsurface at x=280 meters, for the analytical Excel model. 

 



 

 

  

Scenario 2 

The second scenario simulates use of all 4 wells with varying infiltration and extraction rates 

throughout a period of 10 years. The infiltration and extraction rates result from the annual energy 

demand which is described in Section 4.1, and visualized in Section 6.1. The difference between 

the temperatures in the wells for the Excel model and PMWIN is visualized in Figure 5.6.  

 

 

Figure 5.6 Temperatures within wells compared for Excel and PMWIN Modflow.  

 

The temperatures for Excel and PMWIN show the same pattern throughout the 10 years. The 

average temperature difference between Excel and PMWIN is 0,38 °C per month for their 

corresponding measuring points. In excel the grid cells are order of magnitude 1000 smaller 

( gridzyx ,,  in Modflow is 2,5 * 2,5 * 2,5 meters ). Therefore temperature changes are less 

gradual in the Modflow model, which increases the difference between measured temperatures. 

The value of 0,38 °C temperature difference therefore is considered acceptable. 

 

Combining that for groundwater transport with a not complex scenario (1) the temperatures at a 

certain measuring point (x=280) coincide, and that for implementation of a relative complex 

scenario (2), the average temperature difference within wells per month is only 0,38 °C, it is 

concluded that the Excel model thus quantifies the temperature distribution within the subsurface 

quite accurately.  



 

 

 

6 Defining control strategies through optimization 

In this Chapter is explained how optimization of the infiltration and extraction rates has led to the 

an ‘improved control strategy’. 

 

6.1 Control Strategies 

Through Equation [20, 21] the infiltration and extraction rates are determined by the analytical 

Excel model. The energy demand for one year is expected to be equal annually. This implies that 

the yearly average outside temperature distribution throughout the year is expected to be the 

same. The way the energy demand of 1955 MWh (Section 4.3.2) for both heating and cooling per 

year, is distributed over the months, is presented in Figure 6.1. 

 

 
Hot Cold 

 
KWh KWh 

January 325889 333 

February 325889 333 

March 195533 130689 

April 97767 228456 

May 32589 293633 

June 333 325889 

July 333 325889 

August 333 325889 

September 130689 195533 

October 228456 97767 

November 293633 32589 

December 325889 333 

 

Figure 6.1 Annual energy demand distribution.  

 
6.1.1 Accustomed approach 

The control strategy that is implemented in the ATES system of Achmea is that the infiltration and 

extraction rates are divided over the 2 hot and the 2 cold wells equally. This is called the ’50-50 

control strategy’ (Section 4.3.5). 

 

The ratio (depicted as a percentage below) that defines what amount of the volume is infiltrated or 

extracted enters which well, is 0,5 for the ’50-50 control strategy’. This occurs for every month of 

the year and is presented in the following manner: 

 



 

 

 

 

 

 

H1 ex C1 Inf H1 Inf C1 ex 

January 50,0% 50,0% 50,0% 50,0% 

February 50,0% 50,0% 50,0% 50,0% 

 

Experience tells that this control strategy is operated in most other multiple doublet ATES 

systems. It is expected that optimization of these ratios results in a higher energy efficiency for 

the system. Therefore the ’50-50 control strategy’ is the reference control strategy against which 

the results of the optimized control strategies will be compared to. 

 

Energy loss 

The temperature of the cells 100 meters laterally right of the second hot and cold well is used to 

determine the thermal energy loss from the system. Water that has passed that point is stated to 

be irretrievable by the wells. Therefore the energy that is within these cells is considered to be 

lost from the system. Through Equation [20, 21] the energy loss per time step is quantified. This 

energy loss is expressed in Euro’s through: 

 

Price of gas:  0,6711 Euro/m
3
 gas (www.Eneco.nl 3 year contract) 

Price of electricity: 0,2262 Euro/kWh (www.Eneco.nl 3 year contract) 

kWh/m
3
 gas:  9,4072 (www.warmtepompforum.nl) 

 

When the Excel model simulates the energy demand from Figure 6.1 for 20 years with the ’50-50 

control strategy’ the temperature in the wells and energy loss is represented by Figure 6.2.  

http://www.warmtepompforum.nl/


 

 

 

 

Figure 6.2 Temperatures in wells and energy loss from system.  

 

When the ’50-50 control strategy’ is applied it takes approximately 3 years for the second hot and 

cold well to be completely surrounded by water with the infiltration temperature. Because thermal 

energy that is not extracted from the first hot and cold well flows away and enters the extraction 

range of the second wells, the temperature fluctuations in the second hot and cold well are 

relatively small. The temperature fluctuations in the first hot and cold well are higher because the 

infiltrated energy is extracted after a half year, and the first wells are not replenished with thermal 

energy due to groundwater flow, like the second wells.   

 

Because the simulation starts in January (during winter) there is a hot thermal energy demand. 

This results in extraction of groundwater with the ambient temperature (10 °C) and infiltration of 

cold water. Because infiltration of cold water occurs before infiltration of hot ground water, more 

cold thermal energy is relatively lost from the system. This effect is enhanced by the fact that the 

cold wells lie closer to each other. The cold wells range in which thermal energy can be held is 

thus smaller, which means that at a constant groundwater flow velocity thermal energy loss is 

higher measured from a fixed point for the cold wells than for the hot wells. 



 

 

 

6.2 Optimizing the ’50-50 control strategy’ 

 

In order to find a successful control strategy, first the boundary conditions for the model and the 

solver options for optimization are explained. Then 3 optimization strategies with their 

corresponding focus are explained. In order to decide if a resulting control strategy is in fact 

successful the control strategy itself and its results are tested with a set of assessment criteria. 

After assessment of the resulting control strategies, it is determined if a successful control 

strategy is achieved. 

 
6.2.1 Boundary conditions in the analytical Excel model and solver options 

 

 The simulation time is 20 years 

 The average width of cubx  of all the infiltrated and extracted volumes can be changed by 

changing cuby  (which equals gridy ) . Preferably the average cubx  equals cuby  because 

this yields the cuboid which resembles the cylindrical volume the most. Through iteration the 

cuby  is found to be 28m for the ’50-50 control strategy’. This width is maintained in 

optimization for a fair comparison. 

 The improved control strategy is not applied all 20 years. The first 3 years, the 50-50 control 

strategy is applied, after that, the following 17 years, the improved control strategy is applied. 

This is done to prevent very high infiltration and extraction rates in the first three 3 years, due 

to a low T . In applying the first 3 years as 50-50, the wells have sufficient time to fill with the 

designed temperatures. 

 leftgridx _  for the hot and cold wells is 25 meters  

 rightgridx _  for the hot and cold wells is 25 meters 

 middlegridx _ for the cold well is 20,6 meters  

 middlegridx _ for the hot well is 25,6 meters  

 (Table 4.3 and Appendix 6). 

 

The ratios that determine what percentage of a volume is infiltrated in or extracted from the 

subsurface are changed by an iterative solver in Excel. This solver minimizes a target cell or tries 

to equal the target cell to certain value. The chosen solver options and parameters are described 

in Appendix 8.



 

 

 
6.2.2 Optimization strategies 

The three optimization strategies that are solved are described in the following Section. 

 

 Optimization strategy 1  

Minimizing the summed amount of high value thermal energy that is lost from the system. 

The ATES system is considered energy efficient, if high or low thermal energy that is 

infiltrated is not lost from the system. High value thermal energy is water that is hotter than 

12,5 °C and water that is colder than 7,5 °C. The difference with high value thermal energy 

and the groundwater at 100 meters from the downstream wells is calculated. These 

differences then are summed. The differences between the groundwater temperature and low 

value thermal energy are neglected, because it is allowed to flow away. In solving for 

minimizing the summed differences between high thermal energy and groundwater flow, high 

value thermal energy loss from the system is reduced.  

 

 Optimization strategy 2  

Minimizing the sum of net total pumped volume 

Through Equation [13, 14] established that if parameters are kept constant and 

exQinf, decreases, T  increases. A high T  means that high value thermal energy is 

located in the vicinity of the wells and thermal energy loss. An additional advantage of a high 

T  and of lower infiltration and extraction rates is reducing of electrical pumping costs. 

 

 Optimization strategy 3  

Solving for correction of groundwater flow velocity. 

The volume of water that is effectively lost from the system is given through Equation [18] :  

 

20*zyvV slost      [18] 

 

Where lostV is the total volume lost from the system due to groundwater flow [m
3
]; sv is the 

linear groundwater flow velocity of 36,5 m/year, y  is 28m and z is 40m. If the sum of the 

extraction rates for a specific well is added to the summed infiltration rates of a well, the net 

infiltration or extraction of a specific well is determined. For no volume of water to be lost from 

the system, the difference between net infiltration/extraction rates of well 1 and well 2, must 

equal lostV . In solving for correction of the groundwater velocity, the ratios defining the control 

strategy, will thus be varied in such a way that the volume that would be lost from the system 

is extracted and infiltrated back into the system again. Varying the ratios should yield for the 

cold well (Equation [19]): 

 

21inf exCClost VVV     [19] 



 

 

Where 1inf CV is the net summed volume infiltrated [m
3
] and is a represented as a positive 

value by the Excel model; 2exCV is the net summed volume of extracted water [m
3
] and is 

represented as a negative value by the Excel model 

 

Solving for this optimization strategy means that for 2 target cells (one for the difference 

between cold well 1 and cold well 2, one for the difference between hot well 1 and hot well 2) 

is iterated until they both equal lostV . 

 

 

 



 

 

 

 
6.2.3 Assessment criteria 

Before optimization is executed it needs to be established when an optimized control strategy 

establishes a better result compared to the accustomed 50-50 control strategy’. 

 

Whether or not a control strategy is considered successful is determined based on the following 

assessment criteria: 

 

Criterion 1) 

 Is the energy loss from the system reduced compared to the ’50-50 control strategy’? 

Reducing energy loss from the ATES systems range increases the efficiency of the ATES 

system. Reducing energy loss is established in 2 ways: 

 Total thermal energy loss reduction (in Euros) 

 High value thermal energy loss reduction (in Euros) 

 

This is done, because in reality water that has a thermal value slightly above or below the 

groundwater temperature (10 °C) may not be of financial value. Therefore the distinction is made 

between water with all temperatures (this is the total thermal energy loss) and high value thermal  

cold water (T≤ 9 °C, which is sufficient to cool buildings with) and high value thermal hot water ( T 

≥ 12,5 °C, which is needed in order to let the heat perform without additional electricity costs).  

Note that this is a different temperature range then for which is optimized in optimization strategy 

1. 

 

Criterion 2) 

 Is the total pumped volume for the desired simulation time lower, compared to when ’50-50 

control strategy’ is applied’? 

Lowering of summed pumped volume yields energy savings, because electrical pumping costs 

are reduced. Lowering summed pumped volumes is a result from improving extraction 

temperatures within the wells. 

 

Criterion 3) 

 Can the result of the optimized control strategy qualitatively be explained considering the 

changed ratios? 

The iterative solver can come up with infinite ways to establish minimizing or equaling a target cell 

through varying the ratios. It is therefore necessary to be able to account for the altered ratios 

through a qualitative check. 

 

Criterion 4) 

 Is the chosen grid of the analytical model still able the accurately quantify the temperatures 

within the subsurface after the optimized control strategy is applied? 

If a control strategy results in such high infiltration rates that the temperature distribution exceeds 

the boundary of the grid, its potential for applicability decreases.  



 

 

 

 

Criterion 5) 

 Is the seasonal performance factor (SPF) increased? 

If due to application of a certain control strategy the temperatures are managed in such a way 

that peak temperatures (high T ) are available in the wells, this results in less electrical energy 

needed for pumping (Section 1.2.1), because the infiltration and extraction rates will decrease. 

Therefore this yields an increase in the seasonal performance factor, which is desired. The way 

the SPF is calculated is described in Appendix 12. 

 



 

 

 
6.2.4 Results of optimization 

The results of optimizing the ’50-50 control strategy’ relative to the ’50-50 control strategy’ by 

means of the 3 different strategies are presented in Figure 6.3 and Figure 6.4. Detailed results of 

each optimization for the hot and cold wells separately are presented in Appendix 13. 

 

 

Figure 6.3 Optimized control strategies. 

 



 

 

 

 

Figure 6.4 Results of 3 new control strategies. 

 

Strategy 1: 

Optimizing for reduction of energy loss yields in fact significant energy loss reduction for total 

energy loss and high value thermal energy loss and thus in significant financial savings. However 

the total amount of net volume pumped increases with more than 15 % (Appendix 13).This is 

explained in that the optimized control strategy focuses on increased infiltration in the first wells 

and increased extraction in the second wells (>70% on average). This is because for minimum 

energy loss to occur, all the thermal energy must be extracted before it leaves the systems range. 

In order to meet the energy demand infiltration rates increase significantly. These rates are 

increased to such an extent that the temperature distribution is not compatible with the grid (the 

range of infiltration temperature after 20 years exceeds the left boundary of the excel model). The 

SPF is not increased, because average the total pumping costs for both wells increase 

significantly compared to when the ‘50-50 control strategy’ is applied. 

 

Strategy 2: 

Optimizing for minimizing the total net pumped volume yields a reduction in total energy loss and 

high value thermal energy loss, but it is not as significant as for strategy 1. The total pumped 

volume however does decrease, which will contribute to financial savings. The concern for this 

strategy is the control strategy itself. Extreme monthly transitions from 100 % infiltration of well 1, 

to 100 % infiltration in well 2 and vice versa occur. This approach in management of the wells is 

difficult to account for. It is expected that this specific control strategy is the result of the iterative 

solvers intention to find the solution for minimizing in the least amount of time. The temperature 

distribution as a result of this control strategy does fit well in the excel model grid. The SPF is 

increased, because average the total pumping costs for both wells decrease compared to when 

the ‘50-50 control strategy’ is applied. 

 

Strategy 3: 

Optimizing for the correction of groundwater flow velocity yields a significant total energy loss and 

high value thermal energy loss reduction, with also a reduction in net total pumped volume. The 

ratios in the control strategy change gradually according to the time dependent energy demand 

with relatively small changes (<4% on average). The focus is on increased infiltration of hot well 1 



 

 

during summer, and increased infiltration of cold well 1 during winter. To compensate for the loss 

due to groundwater flow, during winter extraction in hot well 2 is increased and during summer 

extraction in cold well 2 is increased. The temperature distribution as a result of this control 

strategy fits well in the excel model grid. The SPF is increased, because average the total 

pumping costs for both wells decreases compared to when the ‘50-50 control strategy’ is applied. 

 

Conclusion 

Considering the results, optimizing for correction of the groundwater flow velocity (strategy 3) is 

considered to establish the best control strategy. This is because it meets all of the assessment 

criteria. The control strategy yields significant financial savings with very small, gradual variations 

in the volume distribution ratios which are expected to be well implementable in actual system 

management. Although the SPF for strategy 2 is higher than for strategy 3, the increased financial 

savings of strategy 3 outweigh the reduced pumping costs for strategy 2, which is decisive. This 

chosen control strategy will be referred to as the ‘improved control strategy’ from now on. 

 



 

 

  
6.2.5 Robustness of the ‘optimized control strategy’ 
 

In order to test the validity of the ‘optimized control strategy’ a robustness check is performed. In 

this check, first the ’50-50 control strategy’ is applied on 18 different energy scenarios. In the 

different energy scenarios, the monthly energy demand for hot or cold energy is increased or 

decreased, for 1 year or for 2 subsequent years. Since the monthly energy demand relates to the 

outside temperature, an exceptionally hot or cold summer or winter thus is simulated. An 

overview of the energy scenarios is presented in Appendix 9  

Then the ‘improved control strategy’ is applied on these 18 different energy scenarios. The result 

of the comparison between applying the ’50-50 control strategy’ and the ‘improved control 

strategy’ on different energy demand scenarios is presented in Appendix 10  

 

For all the differing energy scenarios, applying the ‘optimized control strategy’ on the differing 

energy demand scenarios results in financial savings and reduction of pumping rates, compared 

to applying the ‘50-50 control strategy’. Apparently the ‘improved control strategy’ is a better 

control strategy compared to the ‘50-50 control strategy’, for a large variety of different scenarios, 

making it a valid control strategy. 

 

Additional to the fact that ‘optimized control strategy’ resulted in a financial gain for all the energy 

demand scenarios, another check for the robustness of the ‘improved control strategy’ is 

performed: For every different energy scenario, the control strategy optimized (i.e. 18 

optimizations). This essentially implies that an energy demand scenario (i.e. temperature for a 

year to come) is predicted, and the optimization is performed in advance. This is done to compare 

to which extent the ‘improved control strategy’, differs from the control strategies for optimizing for 

different energy scenarios. Preferentially the ‘optimized control strategy’ for the initial energy 

demand scenario does not differ to the control strategy resulting from optimizing for the new 

energy demand scenarios. If this is the case, then annual reprogramming of the control strategy is 

not necessary. The ‘improved control strategy’ for the initial energy demand is compared with the 

control strategies that resulted from optimization for the new energy demand scenarios. This 

comparison is represented in Appendix 11  

 



 

 

Scenarios 

Optimization of scenarios 1, 2, 3 (a hot summer and a hot winter for 1 year), yields the following 

changes: During winter, compared to the ‘improved control strategy’ more heat is extracted from 

H1. This is explained by an abundance of hot thermal energy. During summer, more cold is 

extracted from C2. This is explained by the shortage of cold thermal energy, and less cold energy 

is allowed to flow away. The greatest difference for decreasing ratios is -0,59% and the greatest 

difference for increasing ratios is 0,61%. 

 

Optimization of scenarios 4, 5, 6 (a hot summer an hot winter for 2 consecutive years) yields the 

same changes as for 1 year, except the effects increase. This is shown in that the greatest 

difference for decreasing ratios is -0.77 % and the greatest difference for increasing ratios is 

0,85% 

 

Optimization of scenarios 7, 8, 9 (a cold summer, and a cold winter for 1 year) yields the following 

changes: During winter, compared to the ‘improved control strategy’ more heat is extracted from 

H2. This is explained by the shortage of hot thermal energy and less thermal energy is allowed to 

flow away. During summer, more cold is extracted from C1. This is explained by the abundance 

of cold thermal energy. The greatest difference for decreasing ratios is -0,38 % and the greatest 

difference for increasing ratios is 0,53%. 

 

Optimizing of scenarios 10, 11, 12 (a cold summer, and a cold winter for 2 consecutive years) 

yields the same changes as for 1 year, except the effects increase. This is shown in that the 

greats difference for decreasing ratios is -0,60 % and the greatest difference for increasing ratios 

is 0,76% 

 

Optimizing for scenarios 13, 14,15 (a hot summer, and a cold winter for 1 year) yields the 

following changes: the ratios shows great similarity with the ‘improved control strategy’ but every 

ratio decreases or increases more towards the 50% (i.e. the control strategy behaves more like 

the ’50-50 control strategy’). The differences between the volumes that are divided over well 1 

and 2 decrease. This is explained in that if for both seasons the energy demand increases the 

subsurface buffer capacity needs to increase. To achieve this, equal amounts of hot and thermal 

energy need be available in the subsurface. The greatest difference for decreasing ratios is -46% 

and the greatest difference for increasing ratios is 0,24 %. 

 

Optimizing of scenarios 16, 17, 18 (a cold summer, and a cold winter for 2 consecutive years) 

yields the same changes as for 1 year, except the result in even more similarity with the ’50-50 

control strategy’.  This is shown in that the greats difference for decreasing ratios is -0,62 % and 

the greatest difference for increasing ratios is 0,41%. These differences thus contribute to 

approaching the 50% ratio. 

 

An important aspect of the optimization of the 18 different scenarios is that the not a single 

percentage in the 18 new control strategies differs more than 1% (i.e. largest difference is -0.77 

%) from the percentages in the ‘improved control strategy’. Considering this, and that the 



 

 

differences for optimization of the energy scenarios can all be accounted for and that the overall 

trend of division of ratios from the ‘improved control strategy’ is maintained, the ‘improved control 

strategy’ is in fact robust. 

 

Applicability of the ‘improved control strategy’. 

It is expected that the improved control strategy is well applicable on other ATES systems that are 

installed at locations where groundwater flow velocities are high. The pattern in the ‘improved 

control strategy’ that, dependent on the season, larger volumes are infiltrated in the upstream 

wells and larger volumes are extracted in the downstream wells, is a shown to be a adequate way 

to keep thermal energy within the ATES systems range. It is expected that if this pattern is 

maintained, individual ratios however may vary. This is caused by local differences for different 

ATES systems, such as volumes involved, distance between corresponding hot and cold wells, 

and difference in groundwater flow velocity.  

 

 

 



 

 

 

 

7 Discussion 

Optimizing infiltration and extraction rates for the ATES system of Achmea through analytical 

quantification of the groundwater temperature in the subsurface, lead to the establishment of an 

‘improved control strategy’. The limitations of the used approach are discussed in the following 

Sections. 

 

Soil characteristics 

In this study several parameters concerning physical processes and subsurface characteristics 

are taken from related research, articles or provided data. It is not reasonable to accept those 

values to be completely accurate because due to heterogeneity of the subsurface parameters 

may differ locally. The values for parameters however have been selected with care in order 

represent reality as well as possible. If effective porosity and volumetric heat capacity of sand and 

water are changed within an acceptable margin however, this has a relatively small effect on the 

ratios in the ‘improved control strategy’: not a single ratio differs with more than 0,4%.  

 

Groundwater flow velocity and direction 

The linear groundwater flow velocity is based on hydraulic conductivity maps which do not 

represent local differences on a detailed level. Small variations in groundwater flow velocity can 

however significantly affect thermal energy distribution and energy loss reduction, since large 

volumes of water are involved. This will result in a significant differences in the ratios of the 

‘improved control strategy’ when solving is done with a different groundwater flow velocity. 

 

Variations in energy demand 

The total energy demand is multiplied by an empirical factor and distributed over the months 

based on common sense with regard to expected outside temperatures. This energy demand 

however may differ significantly in reality if simulated, and this will cause significant alterations in 

the temperature distribution of the groundwater in the subsurface. The effect on the ‘optimized 

control strategy’ with varying energy demands is more significant: maximum of 0,8% difference. 

This is however based on varying energy demands for maximum of 2 years, which in reality may 

be more. Also the factor with which the initial energy demand is multiplied may be increased in 

reality, which increases the differences in ratios within the ‘improved control strategy’. The 

increased impact on variations in the ‘improved control strategy’ is explained variations in energy 

demand, changes the volumes that are pumped and this has a significant larger impact on the 

thermal influence radius than variations in soil characteristics.  

 

 



 

 

Infiltration temperature 

This model considers the hot and cold infiltration temperature to be the same value for every time 

step. In reality this is not the case because multiple factors which this study does not consider 

affect the infiltration temperature. If the infiltration temperatures vary with time, this affects the 

T and thus directly influences the thermal influence radii. In reality the system may need less or 

more time after installation to fill the wells with sufficient thermal energy than the 3 years 

simulated in this study. Application of the ’50-50 control strategy’ for less or more than 3 years will 

result in a different ‘improved optimization strategy’ since the temperature distribution in the 

subsurface will differ.  

 

 

Simplifications in calculations 

Representing the volume as a one-dimension dependent cuboid instead of a cylinder decreases 

the accuracy of temperature quantification in the subsurface. It is however considered a decent 

approach in analytically attempting to quantify a problem that is dependent on so many variables, 

since temperature distribution within the subsurface presented by the analytical model establishes 

similarities compared to a numerical approach that is considered more accurate.  

 

In assuming that the filter positions are located at the same depth in the subsurface and 

groundwater flow transports all water from one well to the other, may cause an under estimation 

of thermal energy loss. Groundwater in reality may pass the top or the bottom of the filter and is 

thus lost from the system independent of extraction rates.  

 

One of the assessment criteria for judging the quality of the optimized control strategy focuses on 

if the temperature distribution can be quantified by the model (i.e. is the model extent sufficient). 

In order to delete this criterion, the amount of grid cells can be increased which increases model 

extent and accuracy. This however is not done because this is a very time consuming process, 

since the mathematical formulas that quantify the temperature of a grid cell then become more 

complex. The temperature of a grid cell is dependent on a fixed number of other grid cells. This 

number of fixed cells varies for each time step (dependent on thermal influence radius). If the grid 

is extended, the amount of fixed number of grid cell a single cells temperature is dependent on 

thus increases. This increases complexity of the model. 

 

In the model the temperatures of extracted groundwater are determined by the weighted 

averaged of the two grid cells that lie adjacent to the specific well. In reality the temperature of the 

extracted water is dependent on the total volume that is extracted and this thus reduces the 

accuracy of representing extraction temperatures.  

 

Quantification of financial assessment criteria 

A quantification of electrical costs for the electrical energy that is used by the heat-pump to 

increase thermal energy for the ATES system is not considered in this study. If a significant 

increase of thermal energy that is led into the heat pump, decreasing electrical heating costs for 

the heat-pump, compensates for the possible increased pumping costs, this may lead to a 



 

 

different chosen ‘improved control strategy’. The reduction of energy loss is presented in term of 

financial savings. This financial saving is a rough approach and may vary greatly in reality. It is 

however an attractive way to roughly translate the effect of energy reduction to a financial point of 

view.  

 

 



 

 

8 Conclusion  

The physical processes and parameters that predominantly affect an ATES system performance 

and efficiency are the groundwater flow velocity and the energy demand.  

 

For the campus of Achmea the monthly seasonal dependent energy demand is determined from 

the total annual energy demand. The energy demand determines the volumes that need to be 

infiltrated and extracted, which affect the thermal influence radius of thermal energy distribution 

within the subsurface. 

 

At Achmea Apeldoorn, groundwater flow velocity is high. The 2 doublets of its ATES systems are 

placed in line with each other, in a dominantly coarse grained sandy aquifer, so upstream 

infiltrated thermal energy may be extracted by the downstream well, when it is transported due to 

groundwater flow. With the accustomed ’50-50 control strategy’ however, energy loss is apparent.  

 

The analytical model that is created quantifies the temperature distribution in the subsurface 

under influence of infiltration and extraction rates and groundwater flow velocity. Optimization for 

the correction of total volume of water that leaves the system as a result of the high groundwater 

flow velocity (Strategy 3), yields the ‘improved control strategy’. In this improved control strategy, 

the ratios which determine the volumes that are infiltrated or extracted as a result of an energy 

demand are changed compared to the ’50-50 control strategy’.  

 

The ‘improved control strategy’ focuses on, depending on the season, more infiltration in the 

upstream wells, to keep thermal energy within the systems range and more extraction in the 

downstream wells, to limit thermal energy loss. This ‘improved control strategy’ increases the SPF 

of the ATES system, reduces total pumped volume and thus pumping costs, and reduces thermal 

energy loss from the system which is represented energetically and financially. Combining this 

with the established robustness, leads to the consideration that the ‘improved control strategy’ is 

in fact an improvement compared to accustomed system management.  

 

This control strategy is applicable on other similar ATES systems. It must however be stressed 

that individual ratios which determine dividing of volumes of wells, may vary for other systems 

compared to the ATES system of Achmea, due to local differences in system characteristics and 

subsurface characteristics. 

 

 

 

 

 

 

 



 

 

9 Recommendations 

Within this research a variety of problems was encountered which led to a set of 

recommendations which are described in the following Section. 

 

Increased research of the subsurface of the Netherlands may contribute to more accurate 

knowledge of local subsurface characteristics. Implementation of more accurate parameters will 

establish the analytical Excel model to simulate the reality more accurately. Through hydraulic 

head measurements within the wells of an ATES system, when it is not activated, the local 

groundwater flow velocity can be more accurately determined than based on the hydraulic head 

maps provided by Dinoloket. If the determined groundwater velocity of 36,5 m/y differs from the 

actual groundwater flow velocity, this must be taken into account when establishing a control 

strategy for future system management. 

 

The ‘improved control strategy’ is established through a very rough estimate of the monthly 

energy demands for Achmea Apeldoorn. System owners can provide the monthly energy demand 

from data of the past. Since energy demand is a parameter that greatly influences the infiltration 

and extraction rates, this data will result in relative great accuracy increase when implemented in 

the model. Furthermore, infiltration temperatures are not constant as simulated in this study. 

Temperature measurements within the wells can accurately contribute to more accurately 

determining the T which then results in more accurate temperature quantification in the model 

which influences the ‘improved control strategy’. A final contribution that ATES system owners 

can make to increasing model accuracy is providing data of electrical costs used by the heat 

pump to increase the extracted groundwater temperature. With this data it can be examined if 

focusing solely on increasing the extraction temperature is an option, if this effect outweighs 

additional pumping costs. If the increasing electrical pumping costs for higher infiltration and 

extraction rates are cancelled out by increased profit due high value thermal energy in the wells, 

this will cause alterations on the ‘improved control strategy’. 

 

However time consuming; increasing the model extent through adding grid cells will contribute to 

the accuracy of the temperature quantification. If cell sizes are smaller because extent increases 

the temperature distribution will become more gradual, yielding a more realistic representation of 

the real temperatures in the subsurface. It must be taken into account that there is a maximum to 

the extent of mathematical formula that can be written in Excel and this thus is not exceeded. In 

increasing model extent, with additional adaptations the model may also function to simulate the 

groundwater temperature distribution for multiple doublet ATES systems. Since the mathematical 

foundation for infiltrating and extracting from wells is known for this model, additional wells may 

be added.  

 

In the model it is assumed that the filters are positioned on equal depths in the subsurface and 

that all the filters consist of 1 piece. In order to establish a better representation of reality it is 



 

 

possible to divide the subsurface in different layers and model them individually. This accounts for 

the use of multiple filter pieces per well and the possibility of different layers with different 

geological features within in the subsurface.  This is expected to be relatively easy, because no 

adaptations are needed to be made, just multiple models are used. An approach to account for 

the vertical groundwater flow within the Excel model is to extend the model so that not only 

temperature transport takes place in the lateral direction, but also in the vertical direction. The 

application of the 2
nd

 dimension in the Excel model is expected to be less easy. The 

implementation of vertical heat transport and flow will increase accuracy especially in the starting 

years that the system runs. It is expected that after multiple years however, the temperature 

within the vicinity of the hot and cold wells will have adapted the infiltration temperature and the 

influence of vertical heat transport and flow will decrease, making it doubtful if it is worthy of 

making drastic changes in the current model framework. 

 

With potential predicted climate change, energy demands may change in the future. Differing 

energy demands may lead to the needing of altering the managing control strategy of ATES 

system on a large time scale (i.e. decades). A trend of how the control strategy may be varied in 

the future can be created in assessing KNMI or IPPC climate scenarios. With predicted climate 

change the change in energy demand can be predicted, which can contribute to understanding 

the way control strategies should be altered in the future, in order to keep an ATES system 

performing with maximal efficiency.  

 

Considering the results, the analytical Excel model may function as a helpful ATES system 

managing tool. Because in the analytical model the parameters; grid cell size, energy demand, 

infiltration temperatures, time step duration and groundwater flow velocity can easily be adjusted, 

it is highly flexible to a variety of different input data and the model thus can also be used for other 

ATES systems than just the system at Achmea. For owners of ATES systems implementation of 

an’ improved control strategy’ is relatively easy and cost worthy compared to the estimated 

financial savings that are currently established by the model for the ATES system of Achmea.  
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 Appendix 

1 Description of geological formations in the subsurface at Achmea 
Apeldoorn 

 





 

 

 

Description of geological formations 

In the following Section a short description of occurring formations (Figure 4.2) in the subsurface 

below the site of Achmea Apeldoorn is given (www.dinoloket.nl). 

 

Formation of Boxtel 

This young geological formation is the upper formation in most parts of the Netherlands. Where it 

does not outcrop it is usually eroded or overlain by younger river deposits. The varying deposits 

are from Middle and Late-Pleistocene to Early Holocene. The dominant lithologies are: 

 

-Sand, average to fine grain size (150-300 μm), of light to dark brown color, limestone free to 

minimum lime stone content 

- Silty sand, very fine to average fine grain size (105-210 μm), of light yellow to light grey color, 

lime stone free to very limestone rich. 

- Loam, with occurring peat layers, sometimes clay rich, with grey brown to dark grey color, 

limestone free to very limestone rich. 

 

Impelled depositions of Drenthe 

The formation of Drenthe consist of glacial and periglacial deposits from the Saalian. The 

deposits are mainly related fluvioglacial events where they were deposited by meltwater rivers, or 

from glacio-lacustrine deposits where they were deposited by glacial lakes. Due to glacial 

movement, the depositions of the Drenthe formation are heavily impelled. The dominant 

lithologies are: 

 

- Sand, average to very coarse grain size (210 – 2000 μm), weak to strong gravel contents. 

- Clay and loam layers, average to strong silt content, of grey-blue to brown-grey color. 

- Silty sand layers, fine to average grain size (150-210 μm), of grey-blue to brown-grey color, with 

locally gravel, rocks and boulders. 

- Clay, limited to average silt content, very fine layered (cm-mm), of grey to brown color. 

 

Formation of Peize and Waalre 

The formation of Peize and the formation of Waalre where deposited simultaneous and therefore 

transit into each other in the subsurface below Apeldoorn. These two different formations are 

therefore described as one formation. The formation consists of fluviatile sands from both the 

Early Pleistocene to Late Pleistocene (Reuverian). The fluviatile facies are deposited by the 

predecessor of the river Rhine. Sedimentary structures show signs of tidal activity, inferring an 

estuarine environment. The dominant lithologies are: 

 

- Sand, average to very coarse grain size (210-2000 μm), of light grey to white color, limestone 

free, gravel with diameter 2-16 mm, quartz fraction within gravel. 

- Sand very fine to very coarse grain size (63 – 2000 μm), limestone free to limestone rich 

content, sporadic shell content, of grey to white-grey color, with occasional red components. 

 



 

 

Formation of Maassluis 

The formation of Maassluis consist of shallow marine deposited shell and mica containing sands 

and clays from the Early Pleistocene. Occasionally humus rich layers occur. It covers almost the 

entire Netherlands. The dominant lithologies are: 

 

-Sand, very small to average grain size (63 - 300 μm), predominantly limestone content, marine 

shell content, of grey color. 

- Clay layers, predominantly limestone content, marine shell content, of grey to dark grey color. 

 

Formation of Oosterhout 

The formation of Oosterhout is a Marine formation which was deposited during the Pliocene. The 

dominant lithologies are: 

 

-Sand, very fine to very coarse grain size (105-420 μm), marine shells with lots of shell-grit, of 

light grey to grey-green of color, with occasional clay layer. 

- Clay and sandy clay, weak to strong silt content, of dark-grey to grey-brown color. 

- Shell banks, ranging from decimeters to larger than 10 meters in thickness. 

 

Formation Breda-Ville 

The formation of Breda and the formation of Ville where deposited simultaneous and therefore 

transit into each other at Apeldoorn. De formation is deposited during the Miocene epoch and 

consists mainly of marine glauconiferous sands and clays. Within fluviatile sands and gravel, 

locally layers of brown coal (lignite) occur. The dominant lithologies are: 

 

- Sand, very fine to average grain size (105-210 μm), glauconiferous, of grey-green to black-

green color, with limestone content, remnants of fish-bones and teeth. 

- Clay, glouconiferous, of strong to average silt content, of green to dark-brown color and contains 

gravel and brown coal. 
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2 Digital groundwater maps of the Netherlands 
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3 Drilling core description and well locations 

 





 

 

 

 

 

  

 

 



 

 



 

 

 

 

 

  

 

 



 

 



 

 

 

 

 

  

 

 

 

 

Well locations in the subsurface. 
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4 Well design formulations 

 





 

 

 

 

 

  

 

 

Well design formulations 

 

There is a maximum allowed Darcy flow velocity on the walls of bore hole. This standard for 

injection wells is given by Equation [1A] (NVOE, 2006) and if not exceeded, limits well-clogging. 
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Where injectv   is the design injection Darcy velocity on the walls of the bore hole [m/h]; clv is 

the specific clogging speed [m/year]; memMFI  is the measured membrane filter index [ s/l
2
 ] (Buik 

et al., 2006) ; equ is the number of equivalent full load hours the well pumps per year [-]. 

 

In designing the ATES system, Tauw calculated the Darcy velocity for the worst-case scenario. 

Therefore, in the well-designing stage, hydraulic conductivity of k = 20 m/d is used instead of 30 

m/d. The specific clogging speed is set at 0.1 m/year, the MFI is set at 2 s/I
2
 and the total amount 

of equivalent full load hours [h] per year on 2400 (NVOE, 2006.,Tauw, 2009). 

 

 

 

This results in a design injection velocity of 0.96 m/h on the bore hole wall. 

 

 

The maximal allowed Darcy flow velocity on the walls of the bore hole in case of extraction is 

given by Equation [2A]: 
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(IF, 2001, N.V.O.E., 2006). 

Where extractv  is the design extraction Darcy velocity on the walls of the bore hole  [ m/h ]. 



 

 

 

 

With a maximum required discharge for the ATES system, the radius of the bore hole and the 

filter length are determined through Equation [3A] 
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Where exQinf, is the infiltration or extraction rate of the well [m/h]; 0r is the radius of the bore-hole 

[m]. 

 

The radius of the bore hole is cost-technically preferred to be 50 centimeters. This can vary 

however because it is interdependent on the filter length. The length of filter and width of borehole 

consequently influence the shape of the hot or cold water body in the subsurface. In the case of 

limited room for an ATES system, wells might be placed close to each other. In order to prevent 

thermal energy mixing, deeper wells with small bore-hole radius are needed. 

 

Within the determined borehole radius, gravel is deposited around the filter screen. This is done 

to prevent well-clogging. The filter screen radius therefore is the radius of the borehole, minus 25 

cm. 

 

 

Influence on the hydraulic head in the subsurface 

When water is injected in or extracted from the subsurface, this has influence on the hydraulic 

head level in the aquifer. For the maximum amount of head difference that is allowed for any 

ATES system in the Netherlands the following principle is applied: 

 

Maximum allowed head difference *2,0 depth of the top of the filter (N.V.O.E., 2006). 

 

The steady state drawdown of a single well is calculated through Equation [4A] 
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Where r = distance from the well [m]; 0hhr is the head difference between the initial head 0h  

and head rh after injection or extraction at position r [m] 



 

 

 

 

 

  

 

 

 

 

Thermal influence radius 

The minimum distance between the hot and cold well is depending on the amount of water that is 

pumped per season, the specific heat of the water, the specific heat of the aquifer, the volumetric 

flow rate of the groundwater and filter length. Minimum distance between the hot and cold well is 

determined via Equation [5A]. 

 

thRL 3       [5A] 

Where L is the minimum distance between the hot and the cold well [m]; thR is the thermal 

influence radius of infiltrated and extracted volumes of water [m] [m]. If thermal radii for the hot 

and the cold well are considered the same, and for distance between the hot and cold well 2 

times the thermal influence radius of either well is applied this results in touching of touching of 

the areas of influence of the two wells. To prevent this, the minimum distance of 3 thermal radii is 

assumed to be sufficient to prevent mixing of hot and cold water (N.V.O.E., 2006). 
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5 Description of additional devices used in the ATES system of 
Achmea 

 



 

 

 

Heat pump 
The water in the cold well is cold enough to be used for cooling purposes within the building. The 

hot water, stored in the hot well however is not hot enough to fulfill the hot energy demands. 

Therefore a heat pump is used. 

A heat pump is used to increase the temperature of the water of the hot well. Preferentially this 

temperature is raised t 35 – 40 °C which is sufficient for effective heating of the building. 

The heat pump extracts thermal energy from the hot water via compression of the medium. After 

the water is lead through the heating circuits of the building and cools again it is brought into an 

expansion valve where it is depressed, energy is used and this results in further cooling of the 

water. 

 

Countercurrent heat exchange device 

The water that is pumped through the wells is of different chemical composition compared to the 

water that runs through the heating and cooling circuits within the buildings. For this reason these 

water types must not be mixed.  Via a countercurrent heat exchange device the thermal energy 

from the water from the wells is brought into the heating and cooling circuits. The two chemically 

different bodies of water with a thermal gradient flow in opposite directions and exchange thermal 

energy. The hot water becomes cold and the cold water becomes hot. This transfers the energy 

from the wells through the countercurrent heat exchange device from and to the heating and 

cooling circuits. 

 

 

Countercurrent heat exchange device.
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6 Temperature quantification in the analytical Excel model 

 





 

 

 

Infiltration Section 

 

For the following Sections, the cold wells are used as an example. 

 

Every grid cell is considered to be full of water of a certain temperature. In time step t0, when the 

system is not working, this temperature is the groundwater temperature. During winter there is a 

net demand of hot energy in the first time step (t1), water is extracted from the hot wells and 

infiltrated in the cold wells. The volume of water that is infiltrated is divided over the 2 grid cells 

adjacent to the wells:  

2
inf

cubx
W  

Where infW is the width of the infiltrated volume considered within each cell [m]. 

 

Water that is infiltrated pushes water that was initially adjacent to the wells to the left and the 

right. This means, that if the if gridxWinf , the water that was initially in the grid cells adjacent 

to the well, will shift into grid cells next to it. 

Since infW   can vary, the content of each grid cell can have different values which is further 

explained in the following Section: 

 

Scenario 1a 

The target cell is the grid cell below A1 and its weighted temperature. 

 

 

 

 

 If Winf  = 0, then the temperature of that cell is the same as the temperature of A1, since no 

water enters. 

 

 



 

 

 

 

Scenario 1b 

 

If Winf  < Δx, then the temperature of the cell is the weighted average of the temperature of the 

infiltrated water and the remaining water. Thus: 

 

 If Winf  < Δx, then the temperature of the cell is: ( (W inf * Tinf ) + ((Δx-W inf)*A1) ) / Δx 

 

 If Winf ≥ Δx, then the temperature of the cell is: Tinf 

 

 

Scenario 2a 

The target cell is the gridcell below A2 and its weighted temperature. 

 

 

 

 If Winf  = 0, then the temperature of that cell is the same as the temperature of A2, since no 

water enters. 



 

 

 

Scenario 2b 

 

If Winf  < Δx, then the temperature of the cell is the weighted average of the temperature of the 

infiltrated water and the remaining water. Thus: 

 If Winf  < Δx, then the value of the cell is: ( (W inf * A1 ) + ((Δx-W inf)*A2) ) / Δx 

 

 

Scenario 2c 

 

 

 If Winf  <  2 * Δx then the temperature of the cell is: (( (W inf - Δx ) * Tinf)  + ((Δx- (W inf - Δx)) * 

A1) ) / Δx 

 

 If Winf ≥ 2 * Δx, then the temperature of the cell is: Tinf 

 

 

 

 

 



 

 

As shown in the examples above, every instant that Linf exceeds the next Δx, the number of cells 

from the previous time step that the temperature of the target cell depends on, increases. 

 

Scenario 3 

For the target cell below A3 therefore applies the following: 

 

 If Winf = 0   the temperature of the cell is: A3 

 

 If Winf < Δx  the temperature of the cell is:  

                  ((W inf * A2 ) + ( Δx – (W inf  * A3))) / Δx 

 

 If Winf < 2 * Δx      the temperature of the cell is: 

                  (( (W inf - Δx ) * A1)  + ((Δx- (W inf - Δx)) * A2) ) / Δx 

 

 If Winf < 3 * Δx      the temperature of the cell is:     

                   (((W inf – (2 * Δx) * Tinf ) +  ((Δx – (W inf – (2 * Δx)) * A1 )) / Δx 

 

 If Winf ≥ 3 * Δx, then the temperature of the cell is: Tinf 

 

 

Scenario 4 

For the target cell below 4 therefore applies the following: 

 

 If Winf = 0   the temperature of the cell is: A4 

 

 If Winf < Δx  the temperature of the cell is:  

                  ((W inf * A3 ) + ( Δx – (W inf  * A4))) / Δx 

 

 If Winf < 2 * Δx      the temperature of the cell is: 

                  (( (W inf - Δx ) * A2)  + ((Δx- (W inf - Δx)) * A3) ) / Δx 

 

 If Winf < 3 * Δx      the temperature of the cell is:     

                   (((W inf – (2 * Δx) * A1 ) +  ((Δx – (W inf – (2 * Δx)) * A2 )) / Δx 

 

 If Winf < 4 * Δx      the temperature of the cell is:     

                   (((W inf – (3 * Δx) * Tinf ) +  ((Δx – (W inf – (3 * Δx)) * A1 )) / Δx 

 

 If Linf ≥ 4 * Δx, then the temperature of the cell is: Tinf 

 

 

Boundaries 

Boundary 1 lays 4 cells on the left of cold Well 1 and boundary 2 lays 4 cells on the right of cold 

well 2. These boundaries visualize the maximal possible infiltration and extraction range for the 



 

 

model. 

 If these boundaries are exceeded within a single time step (i.e. width of area of influence/2 > 4x 

Δx left) this has consequences for the accuracy of the model. This however is unlikely since this 

would exceed the maximal allowed pumping rate which this ATES system is physically not 

capable of pumping. 

Therefore for the temperatures of these grid cells, the same approach as for scenario 4 is used. 

The exception however is that if the width exceeds Δx*8, the temperature of this cell does not 

become the Tinf but the temperature of the cell that was adjacent to the well in the previous time 

step. 

 

The content of all the cells in the infiltration Section from time step 1 (t1), are based on the 

groundwater temperatures from time step 0 (t0) from the infiltration Section. 

 

The content of all the cells in the infiltration Section from time step 2 (t1), are based on the 

groundwater temperatures from time step 1 (t1) from the transportation Section (paragraph 8,6).



 

 

 

Extraction Section 

When extraction occurs, water disappears from the model. This means that water adjacent to the 

cells from which water disappears, should shift and fill up their place. With extraction, the length 

of extraction (Wext) is converted to a percentage. This percentage determines the number of cells 

next to the well that is pumped out of the subsurface. Because Δx left of cold well 1, between the 

wells, and to the right of cold well 2 can differ, and extraction rates for cold well 1 and cold well 2 

can differ, there are 4 percentages of extraction that must be accounted for. 

 

Consider the following scenario: 

 

Scenario 1a 

 

The width of extraction, divided by Δx is smaller than 1. 

With Wext = Widtharea of influence / 2 

 

Then: 

Wext / Δx < 1 

 

This results in the calculation of the weighted averaged of the remnant in the target cell and the 

part of the adjacent cell (A2) that will be pulled in the target cell.  This is shown below. 

 

 If  ‘percentage’ < 1;  then the temperature of the target cell is: 

( 1- ‘percentage’ ) * A1   +   (‘percentage’ * A2) 

 

 

 

 

 

 

 



 

 

Scenario 1b 

 

 

The length of extraction, divided by Δx , is larger than 1, but smaller than 2. 

 

2 >  Wext / Δx < 1 

 

This results in the calculation of the weighted averaged of the remnant in the cell below cell A2 

cell and the part of the adjacent cell (A3) that will be pulled in the target cell.  This is shown below. 

 

 If  ‘percentage’ < 2;  then the temperature of the target cell is: 

( 2- ‘percentage’ ) * A2   +   ( 1 –( 2 -‘percentage’ ))* A3 

 

 

Scenario 1c 

 

The length of extraction, divided by Δx, is larger than 2 but smaller than 3. 

3 >  Wext / Δx < 2 

 

This results in the calculation of the weighted averaged of the remnant in the cell below cell A3 

cell and the part of the adjacent cell (A4) that will be pulled in the target cell.  This is shown below. 

 

If  ‘percentage’ < 3;  then the temperature of the target cell is: 

( 3- ‘percentage’ ) * A3   +   ( 1 –( 3 -‘percentage’ ))* A4 

If ‘percentage > 3;  then the temperature of the target cell is: 

A4 

 

If Wext is 3 times larger than Δx, the temperature is simply taken as cell A4. This is done 

accordingly, because it is not expected for this system to have such high extraction rates.  

 



 

 

Because each cell within a given side of the well, and therefore with their own extraction length 

and accompanying Δx, experiences the same shift, when extracted, the same formula is applied 

to every cell in the grid. The difference is lies in the different accompanying Δx and extraction 

percentages. 

 

If extraction rates increase, it is possible that temperatures of cells are to shift, which initially lie 

within the extraction area of the other well. Therefore, of the third and fourth cell to the right of 

well C1 and the third and fourth cells to the left of well C2, the formula is not extended to the 

same length as left of C1 and right of C2. This is done because it is not preferred to use the 

content of cells which might be extracted, if the 2 wells extract simultaneously. Their content now 

only depends on 1 cell within the area of extraction of the other well.  On the far left of well C1 

and on the far right of well C2, the content of the cells will depend on cells to the models extend: 

they can use content of the cells as long as they exist. 

 

The content of all the cells in the extraction Section from time step 1 (t1), are based on the 

groundwater temperatures from the infiltration Section from time step 1 (t1). 



 

 

Transport Section 

 

In the transport Section the groundwater velocity is divided by the Δx. This is the percentage of 

the cell that shifts into the other cell due to groundwater flow. 

 

‘percentage’ = groundwater flow velocity (per time step)  / Δx 

 

 

 

The temperature of the target cell now is: 

 

 ‘percentage’ * A6 +  ( 1 – ‘percentage’) * A5 

 

The same formula is used for all the cells, with the exception that the percentage is based on the 

length of Δx, accordingly with the location of the cell. 

 

The content of all the cells in the transportation Section from time step 1 (t1), are based on the 

groundwater temperatures from the extraction Section from time step 1 (t1). 
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7 Parameters Modflow and MT3D 

 





 

 

 

The governing partial differential Equation [6A] for a confined aquifer used in MODFLOW is: 
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(McDonald et al., 1984). 

 

Where zzyyxxk ,, are the values of hydraulic conductivity along the x, y, and z coordinate axes 

[m/day]; h is the hydraulic head [m]; W  is a volumetric flux per unit volume representing sources 

and/or sinks of water where negative values are extractions, and positive values are injections 

[day
-1

]; sS is the specific storage of the porous material [m
-1

]; t is time [day]. 

 

 

Grid and mesh size 

The model extent is 2000 meters by 2000 meters, with major grid cells of 100 by 100 meters. At 

the locations of the 4 wells, the cell sizes gradually decrease to the extent of 2,5 by 2,5 meters, 

which is also the case for the left and right boundaries of the model, where groundwater flow 

initiates, and the head distribution is defined. The wells are positioned entirely in layer 5 of the 

model. 

 

 

 

 

 

Mesh size PMWIN model of ATES Achmea. 

 

 

 

http://en.wikipedia.org/wiki/Partial_differential_equation
http://en.wikipedia.org/wiki/Hydraulic_conductivity
http://en.wikipedia.org/wiki/Volumetric_flux
http://en.wikipedia.org/wiki/Water_abstraction
http://en.wikipedia.org/wiki/Injection_well


 

 

 

Modflow Parameters 

 

Time 

The model runs for 10 years, in 120 periods. Every period has length 30 days . The simulation 

type is ‘transient flow simulation’. 

 

Initial and prescribed hydraulic heads 

Using Darcy’s law, the calculated that the head difference over the model extent (2000 meters) 

yields 2 meters. Therefore the hydraulic head level in every layer on the most left part of the grid 

is set t one and the hydraulic head level in each layer of the most right part of the grid is set to 

minus one. The rest of all the grid cells is set to zero. The only exception is for the top (covering) 

layer, which is completely set to zero, because no horizontal groundwater flow is allowed through 

this layer. 

 

Horizontal and vertical hydraulic conductivity 

The horizontal hydraulic conductivities are all equal to those listed in Table 4.1, with the exception 

of layer 3 (the layer above the aquifer in which the wells are positioned). This layer has a lower 

horizontal hydraulic conductivity compared to Table 4.1, because in accordance to the Excel 

model, no flow is allowed above and below the target aquifer. The vertical hydraulic conductivity 

is taken as the horizontal hydraulic conductivity divided by 2 for all the layers (Todd, 1980).  

 

Effective porosity 

The effective porosity for the entire model is set at 0,3 (Chapter 3). 

 

 

MT3D parameters 

 

Initial concentration 

The initial concentration for the entire model is set at 10. This corresponds to the natural 

groundwater temperature. 

 

Advection 

The advection parameters are not altered from the pre-listed parameters suggested by PMWIN. 

 



 

 

 

Advection parameters used in PMWIN. 

 

 

Dispersivity 

Longitudinal dispersivity: 1,0 m 

Transversal dispersivity in the y-direction: 1,0 m 

Transversal dispersivity in the z-direction: 1,0 m 

Because the thermal energy is directly conducted to the soil grains, the energy front is considered 

a sharp front, which means that transversal dispersivity is neglected, and therefore is considered 

the same as longitudinal dispersivity. 

 

Chemical reaction 

The MT3D program is used to simulate solute transport through porous media. Because the 

governing Equations for solute transport are mathematically identical the Equations for heat 

transport, heat transport is modeled as advective solute transport in MT3D. (Hecht-Méndez et al., 

2009) 

 

The heat exchange between water and solid in MT3D is expressed with the distribution 

coefficient. The distribution coefficient is expressed as the ratio between specific heat of the solid 

in the aquifer and the volumetric heat capacity of the water through Equation [7A] 

 

 

ww

r

c

c
Kd      [7A] 

 

Where Kd the distribution coefficient for advective heat is transport [m
3
/kg]; rc is the specific 

heat of the soil grains [J/kg
3
/K

1
]; and wwc is the volumetric heat capacity of water (J/m

3
/K

1
) 



 

 

 

 

 

 

The specifc heat capacity of sand soil grains: 0,835 J*g
-3

*K
-1

  

The specific heat capacity of water = 4,19 J*g
-3

*K
-1

 

Density of water = 1000 kg/m
3 

This yields Kd=1,99 *10
-4

 m
3
/kg 

 

(Engineering Toolbox, 2012) 
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8 Excel solver options and parameters 

 





 

 

 

 

Solver parameters. 

 

 

 

 

 

 



 

 

 

 

Excel Equation solver paramters description. 
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9 Energy demand scenarios for robustness check 
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10 Results of comparison between application of ’50-50 control 
strategy’ and ‘improved control strategy’ on the 18 differing energy 
demand scenarios 
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11 Comparison between optimized control strategy with initial energy 
demand, and optimized control strategy with varying energy 
demands 

  



 

 

 

  Improved control strategy 
 

 
H1 ex C1 Inf H1 Inf C1 ex 

January 44,04% 56,28% 50,01% 49,99% 

February 43,99% 56,61% 50,01% 49,99% 

March 46,42% 54,10% 52,03% 47,67% 

April 47,88% 52,09% 54,05% 45,92% 

May 49,32% 50,67% 55,19% 44,77% 

June 49,99% 50,01% 55,89% 44,19% 

July 49,99% 50,01% 56,00% 44,19% 

August 49,99% 50,01% 56,13% 44,12% 

September 47,65% 52,03% 53,73% 46,51% 

October 45,84% 54,01% 51,92% 47,95% 

November 44,69% 55,15% 50,62% 49,34% 

December 44,11% 55,93% 50,01% 49,99% 

 

 
 

In the next Sections the left set of ratios are the control strategies that result from optimization of 

the differing energy demand scenarios and the right set of ratios contains the absolute difference 

of these control strategies with the ‘improved control strategy’ for the initial energy demand. 



 

 

 

S1 44,64% 56,15% 50,01% 49,99% 0,59% -0,13% 0,00% 0,00% 

 
44,60% 56,28% 50,01% 49,99% 0,61% -0,33% 0,00% 0,00% 

 
46,77% 53,80% 52,04% 47,43% 0,35% -0,30% 0,01% -0,24% 

 
48,17% 51,93% 53,91% 45,49% 0,29% -0,16% -0,14% -0,43% 

 
49,41% 50,62% 55,07% 44,26% 0,09% -0,05% -0,12% -0,50% 

 
49,99% 50,01% 55,82% 43,62% 0,00% 0,00% -0,07% -0,57% 

 
49,99% 50,01% 56,09% 43,60% 0,00% 0,00% 0,09% -0,59% 

 
49,99% 50,01% 56,38% 43,54% 0,00% 0,00% 0,25% -0,58% 

 
47,89% 52,05% 53,94% 46,16% 0,23% 0,03% 0,21% -0,36% 

 
46,26% 54,08% 52,03% 47,75% 0,42% 0,07% 0,11% -0,21% 

 
45,22% 55,24% 50,65% 49,26% 0,52% 0,09% 0,04% -0,08% 

 
44,70% 55,96% 50,01% 49,99% 0,58% 0,03% 0,00% 0,00% 

S2 44,51% 56,24% 50,01% 49,99% 0,47% -0,05% 0,00% 0,00% 

 
44,47% 56,50% 50,01% 49,99% 0,49% -0,11% 0,00% 0,00% 

 
46,69% 53,98% 52,06% 47,49% 0,27% -0,11% 0,04% -0,18% 

 
48,11% 52,04% 53,97% 45,60% 0,23% -0,06% -0,08% -0,32% 

 
49,39% 50,65% 55,12% 44,39% 0,07% -0,02% -0,07% -0,38% 

 
49,99% 50,01% 55,82% 43,76% 0,00% 0,00% -0,07% -0,43% 

 
49,99% 50,01% 55,97% 43,74% 0,00% 0,00% -0,03% -0,45% 

 
49,99% 50,01% 56,17% 43,67% 0,00% 0,00% 0,03% -0,44% 

 
47,84% 52,02% 53,79% 46,24% 0,18% -0,01% 0,07% -0,27% 

 
46,17% 54,01% 51,95% 47,80% 0,33% 0,00% 0,04% -0,15% 

 
45,11% 55,16% 50,63% 49,28% 0,41% 0,01% 0,01% -0,06% 

 
44,58% 55,93% 50,01% 49,99% 0,46% 0,00% 0,00% 0,00% 

S3 44,56% 56,10% 50,01% 49,99% 0,51% -0,18% 0,00% 0,00% 

 
44,52% 56,26% 50,01% 49,99% 0,53% -0,36% 0,00% 0,00% 

 
46,72% 53,80% 52,05% 47,47% 0,30% -0,30% 0,03% -0,20% 

 
48,13% 51,94% 53,95% 45,55% 0,25% -0,15% -0,09% -0,37% 

 
49,39% 50,62% 55,13% 44,34% 0,08% -0,05% -0,06% -0,42% 

 
49,99% 50,01% 55,89% 43,71% 0,00% 0,00% 0,00% -0,48% 

 
49,99% 50,01% 56,16% 43,69% 0,00% 0,00% 0,16% -0,50% 

 
49,99% 50,01% 56,45% 43,63% 0,00% 0,00% 0,31% -0,49% 

 
47,86% 52,03% 53,97% 46,21% 0,21% 0,00% 0,25% -0,31% 

 
46,22% 54,02% 52,04% 47,79% 0,38% 0,01% 0,13% -0,17% 

 
45,16% 55,16% 50,66% 49,27% 0,46% 0,02% 0,04% -0,07% 

 
44,63% 55,88% 50,01% 49,99% 0,51% -0,04% 0,00% 0,00% 

 



 

 

 

S4 44,87% 56,09% 50,01% 49,99% 0,82% -0,19% 0,00% 0,00% 

 
44,84% 56,31% 50,01% 49,99% 0,85% -0,30% 0,00% 0,00% 

 
46,90% 53,85% 52,09% 47,35% 0,48% -0,25% 0,06% -0,33% 

 
48,27% 51,96% 53,93% 45,35% 0,40% -0,14% -0,12% -0,57% 

 
49,44% 50,63% 55,10% 44,10% 0,12% -0,05% -0,09% -0,67% 

 
49,99% 50,01% 55,83% 43,44% 0,00% 0,00% -0,06% -0,75% 

 
49,99% 50,01% 56,01% 43,42% 0,00% 0,00% 0,01% -0,77% 

 
49,99% 50,01% 56,21% 43,35% 0,00% 0,00% 0,08% -0,77% 

 
47,98% 51,96% 53,82% 46,04% 0,33% -0,07% 0,09% -0,48% 

 
46,41% 53,89% 51,97% 47,71% 0,57% -0,12% 0,05% -0,24% 

 
45,41% 55,06% 50,64% 49,23% 0,72% -0,08% 0,02% -0,12% 

 
44,92% 55,81% 50,01% 49,99% 0,80% -0,11% 0,00% 0,00% 

S5 44,82% 56,04% 50,01% 49,99% 0,78% -0,24% 0,00% 0,00% 

 
44,79% 56,28% 50,01% 49,99% 0,80% -0,34% 0,00% 0,00% 

 
46,87% 53,83% 52,10% 47,37% 0,45% -0,27% 0,07% -0,30% 

 
48,25% 51,95% 53,96% 45,38% 0,38% -0,14% -0,09% -0,53% 

 
49,43% 50,62% 55,13% 44,15% 0,12% -0,05% -0,06% -0,62% 

 
49,99% 50,01% 55,86% 43,49% 0,00% 0,00% -0,03% -0,70% 

 
49,99% 50,01% 56,05% 43,47% 0,00% 0,00% 0,05% -0,72% 

 
49,99% 50,01% 56,25% 43,41% 0,00% 0,00% 0,12% -0,71% 

 
47,97% 51,95% 53,84% 46,07% 0,31% -0,08% 0,12% -0,45% 

 
46,38% 53,85% 51,98% 47,74% 0,55% -0,16% 0,07% -0,21% 

 
45,38% 55,01% 50,64% 49,24% 0,68% -0,14% 0,03% -0,11% 

 
44,88% 55,76% 50,01% 49,99% 0,77% -0,17% 0,00% 0,00% 

S6 44,84% 55,92% 50,01% 49,99% 0,80% -0,36% 0,00% 0,00% 

 
44,80% 56,08% 50,01% 49,99% 0,82% -0,54% 0,00% 0,00% 

 
46,89% 53,68% 52,08% 47,36% 0,47% -0,42% 0,05% -0,31% 

 
48,24% 51,88% 53,97% 45,35% 0,36% -0,21% -0,08% -0,56% 

 
49,43% 50,60% 55,17% 44,12% 0,11% -0,07% -0,02% -0,65% 

 
49,99% 50,01% 55,97% 43,46% 0,00% 0,00% 0,08% -0,73% 

 
49,99% 50,01% 56,23% 43,43% 0,00% 0,00% 0,23% -0,76% 

 
49,99% 50,01% 56,51% 43,38% 0,00% 0,00% 0,38% -0,74% 

 
47,97% 51,95% 54,01% 46,05% 0,32% -0,07% 0,29% -0,47% 

 
46,42% 53,85% 52,06% 47,73% 0,58% -0,16% 0,15% -0,22% 

 
45,41% 55,00% 50,67% 49,23% 0,72% -0,15% 0,05% -0,11% 

 
44,91% 55,71% 50,01% 49,99% 0,79% -0,22% 0,00% 0,00% 

 



 

 

 

S7 43,68% 56,16% 50,01% 49,99% -0,37% -0,12% 0,00% 0,00% 

 
43,62% 56,49% 50,01% 49,99% -0,36% -0,12% 0,00% 0,00% 

 
46,19% 54,03% 51,99% 47,88% -0,23% -0,07% -0,03% 0,21% 

 
47,76% 52,07% 53,99% 46,26% -0,11% -0,03% -0,06% 0,34% 

 
49,26% 50,66% 55,15% 45,21% -0,05% -0,01% -0,04% 0,44% 

 
49,99% 50,01% 55,84% 44,69% 0,00% 0,00% -0,05% 0,50% 

 
49,99% 50,01% 55,93% 44,69% 0,00% 0,00% -0,07% 0,50% 

 
49,99% 50,01% 56,03% 44,64% 0,00% 0,00% -0,11% 0,53% 

 
47,51% 52,05% 53,62% 46,80% -0,15% 0,02% -0,11% 0,29% 

 
45,58% 53,92% 51,86% 48,19% -0,26% -0,10% -0,06% 0,24% 

 
44,38% 55,07% 50,60% 49,42% -0,31% -0,07% -0,02% 0,07% 

 
43,75% 55,85% 50,01% 49,99% -0,36% -0,07% 0,00% 0,00% 

S8 43,67% 56,20% 50,01% 49,99% -0,38% -0,08% 0,00% 0,00% 

 
43,62% 56,53% 50,01% 49,99% -0,37% -0,08% 0,00% 0,00% 

 
46,18% 54,05% 52,01% 47,86% -0,24% -0,05% -0,02% 0,19% 

 
47,77% 52,08% 54,00% 46,23% -0,11% -0,02% -0,05% 0,32% 

 
49,27% 50,67% 55,16% 45,17% -0,05% 0,00% -0,03% 0,41% 

 
49,99% 50,01% 55,86% 44,65% 0,00% 0,00% -0,03% 0,46% 

 
49,99% 50,01% 55,95% 44,65% 0,00% 0,00% -0,04% 0,46% 

 
49,99% 50,01% 56,06% 44,61% 0,00% 0,00% -0,07% 0,49% 

 
47,51% 52,06% 53,64% 46,78% -0,15% 0,04% -0,08% 0,26% 

 
45,56% 53,94% 51,88% 48,19% -0,28% -0,08% -0,04% 0,24% 

 
44,36% 55,10% 50,60% 49,41% -0,33% -0,05% -0,01% 0,07% 

 
43,73% 55,88% 50,01% 49,99% -0,38% -0,04% 0,00% 0,00% 

S9 43,77% 56,13% 50,01% 49,99% -0,27% -0,15% 0,00% 0,00% 

 
43,71% 56,34% 50,01% 49,99% -0,28% -0,28% 0,00% 0,00% 

 
46,25% 53,91% 51,98% 47,80% -0,17% -0,19% -0,05% 0,13% 

 
47,80% 52,00% 53,96% 46,12% -0,08% -0,09% -0,08% 0,20% 

 
49,28% 50,64% 55,12% 45,04% -0,04% -0,03% -0,07% 0,27% 

 
49,99% 50,01% 55,86% 44,50% 0,00% 0,00% -0,03% 0,31% 

 
49,99% 50,01% 56,05% 44,50% 0,00% 0,00% 0,05% 0,31% 

 
49,99% 50,01% 56,28% 44,44% 0,00% 0,00% 0,15% 0,33% 

 
47,54% 52,10% 53,84% 46,69% -0,11% 0,07% 0,11% 0,17% 

 
45,65% 54,02% 51,98% 48,11% -0,19% 0,01% 0,06% 0,16% 

 
44,46% 55,17% 50,63% 49,39% -0,23% 0,02% 0,02% 0,05% 

 
43,83% 55,90% 50,01% 49,99% -0,28% -0,02% 0,00% 0,00% 

 



 

 

 

S10 43,52% 56,09% 50,01% 49,99% -0,53% -0,19% 0,00% 0,00% 

 
43,46% 56,31% 50,01% 49,99% -0,53% -0,31% 0,00% 0,00% 

 
46,09% 53,89% 51,89% 47,98% -0,33% -0,21% -0,14% 0,31% 

 
47,73% 52,00% 53,79% 46,41% -0,15% -0,09% -0,25% 0,49% 

 
49,23% 50,65% 54,96% 45,41% -0,09% -0,02% -0,23% 0,64% 

 
49,99% 50,01% 55,67% 44,91% 0,00% 0,00% -0,22% 0,72% 

 
49,99% 50,01% 55,83% 44,91% 0,00% 0,00% -0,17% 0,72% 

 
49,99% 50,01% 56,03% 44,87% 0,00% 0,00% -0,11% 0,76% 

 
47,43% 52,09% 53,65% 46,93% -0,22% 0,07% -0,08% 0,42% 

 
45,47% 53,94% 51,87% 48,29% -0,37% -0,07% -0,04% 0,34% 

 
44,27% 55,12% 50,60% 49,45% -0,43% -0,03% -0,02% 0,10% 

 
43,60% 55,88% 50,01% 49,99% -0,51% -0,05% 0,00% 0,00% 

S11 43,49% 56,13% 50,01% 49,99% -0,56% -0,16% 0,00% 0,00% 

 
43,43% 56,35% 50,01% 49,99% -0,56% -0,26% 0,00% 0,00% 

 
46,07% 53,92% 51,92% 47,95% -0,35% -0,17% -0,11% 0,28% 

 
47,73% 52,02% 53,82% 46,37% -0,15% -0,07% -0,23% 0,45% 

 
49,23% 50,65% 54,98% 45,36% -0,09% -0,02% -0,21% 0,59% 

 
49,99% 50,01% 55,70% 44,86% 0,00% 0,00% -0,19% 0,66% 

 
49,99% 50,01% 55,87% 44,86% 0,00% 0,00% -0,13% 0,67% 

 
49,99% 50,01% 56,07% 44,82% 0,00% 0,00% -0,07% 0,70% 

 
47,43% 52,11% 53,67% 46,90% -0,23% 0,09% -0,06% 0,38% 

 
45,43% 53,97% 51,90% 48,28% -0,41% -0,04% -0,02% 0,33% 

 
44,21% 55,14% 50,61% 49,44% -0,48% 0,00% -0,01% 0,10% 

 
43,56% 55,90% 50,01% 49,99% -0,55% -0,03% 0,00% 0,00% 

S12 43,44% 56,31% 50,01% 49,99% -0,60% 0,03% 0,00% 0,00% 

 
43,39% 56,63% 50,01% 49,99% -0,60% 0,02% 0,00% 0,00% 

 
46,04% 54,11% 51,93% 47,96% -0,38% 0,01% -0,10% 0,29% 

 
47,72% 52,11% 53,83% 46,40% -0,16% 0,01% -0,22% 0,48% 

 
49,22% 50,68% 54,99% 45,39% -0,09% 0,01% -0,20% 0,62% 

 
49,99% 50,01% 55,67% 44,88% 0,00% 0,00% -0,21% 0,69% 

 
49,99% 50,01% 55,77% 44,88% 0,00% 0,00% -0,23% 0,69% 

 
49,99% 50,01% 55,88% 44,84% 0,00% 0,00% -0,26% 0,72% 

 
47,41% 52,11% 53,52% 46,92% -0,24% 0,08% -0,20% 0,41% 

 
45,38% 53,99% 51,82% 48,27% -0,46% -0,02% -0,09% 0,32% 

 
44,17% 55,20% 50,58% 49,44% -0,52% 0,05% -0,03% 0,10% 

 
43,51% 56,00% 50,01% 49,99% -0,60% 0,08% 0,00% 0,00% 



 

 

 

S13 44,30% 55,97% 50,01% 49,99% 0,25% -0,31% 0,00% 0,00% 

 
44,24% 56,15% 50,01% 49,99% 0,25% -0,46% 0,00% 0,00% 

 
46,57% 53,78% 51,96% 47,68% 0,15% -0,32% -0,07% 0,01% 

 
47,97% 51,93% 53,92% 45,93% 0,09% -0,16% -0,13% 0,01% 

 
49,35% 50,62% 55,02% 44,79% 0,03% -0,05% -0,16% 0,03% 

 
49,99% 50,01% 55,75% 44,23% 0,00% 0,00% -0,13% 0,04% 

 
49,99% 50,01% 55,97% 44,23% 0,00% 0,00% -0,02% 0,04% 

 
49,99% 50,01% 56,25% 44,16% 0,00% 0,00% 0,12% 0,04% 

 
47,75% 52,00% 53,86% 46,53% 0,10% -0,02% 0,14% 0,02% 

 
46,03% 53,98% 51,99% 47,95% 0,19% -0,04% 0,07% 0,00% 

 
44,92% 55,07% 50,64% 49,34% 0,22% -0,08% 0,02% 0,00% 

 
44,37% 55,76% 50,01% 49,99% 0,25% -0,16% 0,00% 0,00% 

S14 44,20% 56,11% 50,01% 49,99% 0,16% -0,18% 0,00% 0,00% 

 
44,14% 56,43% 50,01% 49,99% 0,16% -0,19% 0,00% 0,00% 

 
46,51% 53,99% 51,98% 47,73% 0,09% -0,11% -0,04% 0,06% 

 
47,93% 52,04% 53,96% 46,02% 0,05% -0,06% -0,09% 0,10% 

 
49,34% 50,65% 55,07% 44,89% 0,02% -0,02% -0,12% 0,12% 

 
49,99% 50,01% 55,75% 44,34% 0,00% 0,00% -0,14% 0,15% 

 
49,99% 50,01% 55,85% 44,34% 0,00% 0,00% -0,15% 0,15% 

 
49,99% 50,01% 55,98% 44,28% 0,00% 0,00% -0,15% 0,16% 

 
47,71% 51,98% 53,64% 46,60% 0,06% -0,05% -0,08% 0,08% 

 
45,95% 53,92% 51,87% 48,00% 0,11% -0,09% -0,04% 0,05% 

 
44,82% 55,02% 50,60% 49,36% 0,13% -0,12% -0,01% 0,02% 

 
44,27% 55,77% 50,01% 49,99% 0,16% -0,15% 0,00% 0,00% 

S15 44,30% 55,97% 50,01% 49,99% 0,26% -0,31% 0,00% 0,00% 

 
44,24% 56,15% 50,01% 49,99% 0,26% -0,46% 0,00% 0,00% 

 
46,57% 53,78% 51,96% 47,68% 0,15% -0,32% -0,07% 0,01% 

 
47,97% 51,93% 53,92% 45,93% 0,09% -0,16% -0,13% 0,01% 

 
49,35% 50,62% 55,02% 44,79% 0,03% -0,05% -0,17% 0,03% 

 
49,99% 50,01% 55,75% 44,23% 0,00% 0,00% -0,14% 0,04% 

 
49,99% 50,01% 55,97% 44,23% 0,00% 0,00% -0,03% 0,05% 

 
49,99% 50,01% 56,25% 44,16% 0,00% 0,00% 0,12% 0,04% 

 
47,75% 52,01% 53,86% 46,53% 0,10% -0,02% 0,14% 0,02% 

 
46,03% 53,98% 51,99% 47,95% 0,19% -0,04% 0,07% 0,00% 

 
44,92% 55,07% 50,64% 49,34% 0,22% -0,08% 0,02% 0,00% 

 
44,36% 55,77% 50,01% 49,99% 0,25% -0,16% 0,00% 0,00% 

 



 

 

 

S16 44,44% 55,82% 50,01% 49,99% 0,40% -0,46% 0,00% 0,00% 

 
44,38% 55,99% 50,01% 49,99% 0,40% -0,62% 0,00% 0,00% 

 
46,66% 53,68% 51,91% 47,74% 0,24% -0,42% -0,12% 0,07% 

 
48,01% 51,88% 53,82% 46,04% 0,14% -0,22% -0,23% 0,12% 

 
49,36% 50,60% 54,90% 44,93% 0,05% -0,07% -0,29% 0,16% 

 
49,99% 50,01% 55,61% 44,38% 0,00% 0,00% -0,27% 0,19% 

 
49,99% 50,01% 55,83% 44,38% 0,00% 0,00% -0,17% 0,19% 

 
49,99% 50,01% 56,11% 44,31% 0,00% 0,00% -0,03% 0,19% 

 
47,80% 51,95% 53,77% 46,62% 0,15% -0,08% 0,05% 0,11% 

 
46,13% 53,88% 51,94% 48,00% 0,29% -0,14% 0,02% 0,05% 

 
45,04% 54,94% 50,62% 49,36% 0,35% -0,21% 0,01% 0,02% 

 
44,50% 55,62% 50,01% 49,99% 0,39% -0,31% 0,00% 0,00% 

S17 44,36% 55,94% 50,01% 49,99% 0,32% -0,34% 0,00% 0,00% 

 
44,30% 56,25% 50,01% 49,99% 0,32% -0,36% 0,00% 0,00% 

 
46,60% 53,88% 51,94% 47,78% 0,18% -0,21% -0,09% 0,11% 

 
47,98% 51,98% 53,87% 46,12% 0,10% -0,11% -0,18% 0,20% 

 
49,35% 50,64% 54,94% 45,01% 0,04% -0,03% -0,24% 0,25% 

 
49,99% 50,01% 55,61% 44,48% 0,00% 0,00% -0,28% 0,29% 

 
49,99% 50,01% 55,70% 44,49% 0,00% 0,00% -0,30% 0,30% 

 
49,99% 50,01% 55,83% 44,43% 0,00% 0,00% -0,30% 0,32% 

 
47,77% 51,93% 53,56% 46,68% 0,11% -0,10% -0,17% 0,17% 

 
46,05% 53,83% 51,83% 48,04% 0,21% -0,18% -0,09% 0,09% 

 
44,95% 54,90% 50,59% 49,38% 0,26% -0,25% -0,03% 0,03% 

 
44,42% 55,63% 50,01% 49,99% 0,30% -0,30% 0,00% 0,00% 

S18 44,45% 55,82% 50,01% 49,99% 0,41% -0,46% 0,00% 0,00% 

 
44,40% 55,99% 50,01% 49,99% 0,41% -0,62% 0,00% 0,00% 

 
46,65% 53,68% 51,91% 47,74% 0,24% -0,41% -0,11% 0,07% 

 
48,01% 51,88% 53,83% 46,03% 0,14% -0,21% -0,22% 0,12% 

 
49,37% 50,61% 54,90% 44,92% 0,05% -0,07% -0,29% 0,15% 

 
49,99% 50,01% 55,61% 44,38% 0,00% 0,00% -0,28% 0,19% 

 
49,99% 50,01% 55,82% 44,39% 0,00% 0,00% -0,18% 0,20% 

 
49,99% 50,01% 56,09% 44,32% 0,00% 0,00% -0,04% 0,20% 

 
47,80% 51,96% 53,77% 46,62% 0,15% -0,07% 0,05% 0,10% 

 
46,13% 53,88% 51,94% 48,00% 0,29% -0,13% 0,02% 0,05% 

 
45,04% 54,95% 50,62% 49,36% 0,34% -0,20% 0,01% 0,02% 

 
44,50% 55,62% 50,01% 49,99% 0,39% -0,30% 0,00% 0,00% 
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12 Determining of Seasonal Performance Factor 

 

 

 





 

 

The SPF is determined through Equation [8A]: 

 

pump

wells

E

E
SPF       [8A] 

Where SPF is the Seasonal Performance Factor [-]; wellsE is the energy supplied by the wells [J] 

(i.e. the total energy demand); pumpE is total energy used by pump the total volume [J] 

 

The energy needed to pump the total volume of water is determined through Equation [9A]: 

 

eqpumpuPE
Wells

     [9A] 

Where pumpP is the power of the pump [J/s]; equ is equivalent full load hours [total pumped 

volume devided by maximum hourly discharge rate, [3600 s]]. 

 

Finally pumpP is determined through Equation [10A]: 

 

gHQ
P

wpump

pump

max
     [10A] 

Where maxQ  is the maximum hourly discharge rate for the pumping system (Table 4.5) [175 

m
3
/h];  pumpH is the elevation head (considering a head of 5 meters below ground level, and 

frictional losses in the pipe system) [ 20 m]; w is the density of water [999,9 kg/m
3
]; g is the 

gravitational acceleration [9,81 m/s
2
]; is the assumed efficiency of the underwater pump [0,4 ] 

(N.V.O.E., 2006). 



 

 

 

 



 

 

 

 

 

  

 

 

 

  

 Appendix 

13 Thermal energy and financial results of optimizing strategies 1, 2 and 
3.  

 

 

 





 

 

 



 

 

 


