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Summary
For the Utrecht Centre West area, an analysis was made and model calculations were
performed for the Aquifer Thermal Energy Systems (ATES). In the present use of the ATES,
the thermal energy that is regained is significantly smaller than permitted. That is due to both
the lower pumping rates of the wells, the smaller temperature difference between the injected
hot and cold water and a thermal imbalance. Some ATES systems are that close to each
other that some negative interference may take place, although the impact of the average
recovery of thermal energy is limited.
If the ATES system would be operated on the permitted well rates, the total demand from the
buildings in the redeveloped Jaarbeurs area could approximately be delivered by the present
ATES systems in that area. If more optimal well locations and pumped volumes would be
chosen, the thermal recovery and the total subsurface ATES potential for the Utrecht Centre
West area could further increase.
For the subtraction of heat from the Merwedekanaal, calculations show that it can deliver a
significant part of the thermal energy demand of the buildings in the redeveloped Jaarbeurs
area. It could be an attractive option to compensate the thermal imbalance if the heat and
cold demand from ATES to the buildings in the redeveloped Jaarbeurs area do not match.

In case of a balanced heat and cold demand from and supply to the ATES systems, ATES is
an efficient option for thermal energy storage with thermal energy recoveries between 75%
and 95%. Considering the present use and potential use after redevelopment there is room
for a more optimal use of ATES system at various levels. An important improvement would be
the decrease of the thermal imbalance in the ATES by (a) a more balanced heat and cold
demand from the buildings; (b) integrating various ATES systems or (c) by subtracting heat or
cold from other sources such as the Merwedekanaal. Further optimization can be reached by
analyzing the electricity demands of the individual parts of the system, such as the heat pump
among others.
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1 Introduction 

In this report of the TO2 project Adaptive Circular Cities, the contribution of the storage and 
recovery of heat and cold in the subsurface to reach energy neutrality of the Utrecht Centre 
West area has been investigated. This subject is also part of the Climate KIC project Smart 
Sustainable District for the so called “Deep Dive Utrecht”.  Within the Climate KIC project 
Deltares has cooperated with TNO and Imperial College from the United Kingdom as well as 
with the clients: the Municipality of Utrecht and the Jaarbeurs. 
The contributions of TNO and Imperial College in this project have not been co-financed by 
the TO2 project. Therefore, this TO2-report mainly describes the work performed by Deltares 
and summarizes some of the other results. 
 

1.1 Goal  
The goal of the project is to investigate a more optimal storage and reuse of heat and cold in 
the Utrecht Centre West. In the present situation heat and cold are stored by individual 
Aquifer Thermal Energy Systems (ATES) operated by various companies. There is no 
exchange between these systems and the position of the wells may result in a negative 
interference. At present, these systems are operated in response to the heat and cold 
demand by the buildings. 
 
In a more optimal situation the ATES systems may exchange heat and cold, have more 
optimal well locations and may subtract heat or cold from other sources such as surface 
water or air among others. In this project, the potential for more optimal combined ATES is 
studied by investigating the capacity of the subsurface as well as the heat and cold demand 
by the present and future buildings and the potential other sources of heat and cold.   
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2 Model setup for the subsurface domain 

An existing groundwater flow model of the city of Utrecht is the basis for the subsurface 
model for the ATES systems. The existing model has been used in the CityChlor Project for 
flow and transport of chlorinated hydrocarbons. This model is reported in more detail in 
CityChlor (2013) and Deltares (2013). The model has been adapted for calculations for the 
ATES systems. These adaptations are described in the next sections. 

2.1 GeoTOP 
GeoTOP1 is the most detailed characterization of the subsurface in which realizations of the 
lithology and the horizontal and vertical hydraulic conductivities in the subsurface are made 
on voxels of 100m x 100m x 0.5 m up to a depth of 50 m below mean sea level. In the original 
CityChlor-model, 100 equally likely GeoTOP realizations were used. In the ATES model, the 
calculation with 100 realizations would be too time consuming and the GeoTOP realizations 
have been replaced by taking the maximum likelihood ‘values’ for the lithology and the 
corresponding hydraulic conductivities in each voxel. All different ATES management 
scenarios are run with this maximum likelihood GeoTOP. For 1 ATES scenario, 10 
simulations with different GeoTOP realizations were performed in order to quantify the effect 
of the uncertainty of the GeoTOP realizations on the results. 

2.2 Heat transport parameters 
Heat transport is calculated using MT3D with adaptation of some parameters as MT3D has 
been initially designed for solute transport. Solute transport is often solved assuming linear 
equilibrium adsorption and a stationary flow field using the following equation: 
 

�1 + 𝜌𝑏𝐾𝑑
𝜃
� 𝜕𝐶
𝜕𝑡

= ∇ �[𝐷𝑚 + 𝑣𝛼] 𝜕𝐶
𝜕𝑥𝑗
� − ∇(𝑣𝐶) + 𝑞𝑠𝐶𝑠

𝜃
  (1) 

 
Where ρb is the bulk density; Kd is the distribution coefficient; 𝜃 is the porosity; C is the solute 
concentration, Dm is the molecular diffusion coefficient; α is the dispersivity tensor, v is the 
pore water velocity, qs is the flux of a source (positive) or sink (negative),  and Cs is the 
concentration of the source/sink. 
 
Heat transport is commonly modeled with: 
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Where ρ is the water density; cPsolid is the specific heat capacity of the solid; cPwater is the 
specific heat capacity of water, T is the temperature; kTbulk is the bulk thermal conductivity of 
the aquifer material and Ts is the source temperature. 
 
It follows that MT3D can be used for heat transport if the following parameter adaptations are 
made: 

𝐾𝑑,𝑇𝑒𝑚𝑝 = 𝑐𝑃𝑠𝑜𝑙𝑖𝑑
𝜌𝑐𝑃𝑤𝑎𝑡𝑒𝑟

    (3) 
and 

𝐷𝑚,𝑇𝑒𝑚𝑝 = 𝑘𝑇𝑏𝑢𝑙𝑘
𝜃𝜌𝑐𝑃𝑤𝑎𝑡𝑒𝑟

    (4) 

                                                   
1 For more information see http://www2.dinoloket.nl/nl/about/modellen/geotop.html 
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Using representative values for aquifer material, the retardation factor (1+Kd,Temp ρb/ 𝜃) is 
approximately 2 and the effective molecular diffusion coefficient is approximately 4 orders of 
magnitude greater than the value for solute transport. 

2.3 Heat transport model dimensions 
For the heat transport model, a smaller model domain was chosen in comparison to the 
original groundwater flow model. The extent of the model is shown in Fig. 2.1. This boundary 
was chosen at such a distance from the ATES wells that the temperatures at the boundary 
are not influenced by the ATES systems.  

 
Fig. 2.1 Extension of the heat transport model domain (light blue); ATES well locations are black dots. 
 
At the boundaries, constant temperature values of 12°C were set. It is equal to the initial 
condition for the temperature in the entire model domain.  Also the temperature for water 
entering the model domain from sources, such as groundwater recharge or inward fluxes 
from rivers were set at 12 °C. The exchange with the atmosphere is also neglected. In reality 
there will be fluctuations at these sources and the upper model boundary, but these variations 
are expected to be smoothed out before reaching the depth of the screens of the ATES wells. 

2.4 ATES data 
The ATES systems in Utrecht started their operation at different times. For all systems, data 
were provided by the Province of Utrecht. The data consists of well locations, the well screen 
trajectories, the permitted flow rate of the system and the permitted maximum yearly-
averaged flow rate and quarterly or monthly averaged data about the flow rates and injection 
and abstraction temperatures. All well trajectories fall within the range of 11 to 53 m below 
mean sea level. The well locations are shown in Fig. 2.2. 
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Fig. 2.2 Locations of the ATES wells: blue are cold wells; red are heat wells. 
 
In general, the ATES systems are demand driven, depending on the heat or cold required by 
the buildings. For many systems, the known injection temperatures are not constant in time. 
The injection temperatures are often closer to the background temperature of the 
groundwater than had been designed. The quarterly or monthly data are given in Appendix 1. 
Unfortunately, a quality check revealed some errors (such as injection temperatures in a cold 
well that are higher than the abstraction temperatures from a hot well) as well as missing 
data.  The values showed strong variations from year to year.  Sometimes well rates are 
much lower than the rates allowed in the permit. Some systems have not been operational 
and no data were reported yet.  In order to perform model calculations based on potential 
maximum, but also realistic, ATES use, a yearly data set for each ATES system was selected 
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based on completeness, correctness of data and maximum observed pumping rates. For 
systems in which no data were reported, 50% of the actual yearly permit is used and injection 
temperature of 8 and 16 °C are used for the cold and hot wells respectively. An exception are 
the ATES systems of the Jaarbeurs, for which no injection temperatures are reported to the 
province but the injection temperatures are set at 11 and 19 °C degrees based on personal 
communication.  
For each ATES system, the modeled actual well rates, injection temperatures and design 
values are given in Appendix 1. The obtained yearly data set is repeated for each year in the 
model run for the present situation. 
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3 Scenarios for the subsurface 

3.1 Present situation: present well locations and well rates 
 
The results of the model run for the present situation after 30 years simulation at 30 m below 
mean sea level are shown in Fig. 3.1. 
 

 
Fig. 3.1 Plan view of temperature distribution after 30 years at 30 m below mean sea level. 
 
Especially in the northern part of the area some heat and cold storages are close to each 
other and some negative interference is likely to exist. 
A cross-section view of the temperature distribution after 30 years is shown in Fig. 3.2. 
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Fig. 3.2 Cross-section (left is southwest; right is northeast) of temperature distribution after 30 years. 
 
Also in the cross-section some heat and cold zones are adjacent to each other, indicating that 
a limited, negative interference is likely to take place. 
The breakthrough curves of the warm and cold wells of the ATES system Jaarbeurs Cluster 2 
(flux-averaged over the well screen) is shown in Fig. 3.3. The breakthrough curves of the 
ATES wells clearly show variations at two different temporal scales. Within the yearly ATES 
cycle, the water that is abstracted initially is closest to the injection temperature in comparison 
with water abstracted later on in the same cycle. On a larger time scale, the yearly averaged 
abstraction temperature gets closer to the injection temperature. Both effects are due to the 
heat convection: the effect of heat losses due to a temperature gradient is largest near the 
interface of the injected water with the water with a background temperature. This effect 
slowly decreases over time as the temperature of the water beyond this interface slowly 
adapts towards the temperature of the water injected in the ATES well. For the Jaarbeurs 
Cluster 2, the abstracted cold and warm water did not reach the injection temperatures of 
11°C and 19°C. This is partly due to the relatively small injection rates and the model grid 
resolution. The volume of injected water in an ATES cycle is too small to heat up the 
temperatures in the model cell with the well completely. For the cold wells, the injected 
volume of water is smaller than the abstracted volume and that thus prevents to heat cool 
down the subsurface volume adjacent to the directly influences area and decrease thermal 
losses on the longer time scale. For the heat wells the injected volume of water is larger than 
the subtracted volume, but here the losses due to the natural groundwater flow are relatively 
large due to the small injection volumes of this ATES system. Using smaller model grid cells 
would result in abstraction temperatures that get closer to the injected temperatures at the 
start of the abstraction, but also in a larger decrease (for warm water) or increase (for cold 
water for the temperature of the abstracted water within the same cycle.      
The breakthrough curves of the different wells are slightly different. The difference is mainly 
due to the position of the ATES wells in relation with the other ATES wells. 
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Fig. 3.3 Well abstraction temperatures of Jaarbeurs Cluster 2 for the heat (upper figure) and cold (lower figure) 

wells. 
 
For all the ATES systems, the simulated averaged ATES system abstraction temperatures 
are shown in Fig. 3.4.   
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Fig. 3.4 System abstraction temperatures. 
 
These temperatures clearly show the switches between the abstraction from the hot and cold 
wells. For Corio 1, no water was injected in the cold wells (and abstracted from the hot wells) 
in the year the data was derived from and therefore the model simulation results for this 
ATES is not very representative in case this ATES system would work more properly in other 
years. For the ATES system Paardeveld, the abstracted cold water shows a gradual increase 
starting after approximately 10 years. The temperatures in the cold well around this system 
appear to be negatively impacted by the nearby warm wells of the Muziekpaleis ATES system 
(see also Fig. 2.2 for the locations and Fig. 3.1 for the temperature distribution after 30 years).   
Table 3.1 shows the average temperature of heat and cold water that is recovered by the 
different ATES systems as well as the average injection temperatures and the yearly pumped 
water volumes. 
 
  Tinjection 

cold  (°C) 
Tabstraction 

cold (°C) 

Vinjection cold 

(1000 
m3/year) 

Tinjection 

heat  (°C) 
Tabstraction 

heat  (°C) 
Vinjection heat 

(1000 
m3/year) 

Corio 1 10.28 no data 5 no data 12.00 0 
Corio 2 8.00 9.23 233 16.00 14.95 233 
NS 8.00 9.67 288 16.00 14.56 288 
Rabobank 7.21 8.57 213 12.96 12.66 184 
KTT 8.00 9.89 63 16.00 14.21 63 
Jaarbeurs 
cluster 1 

11.00 11.33 47 19.00 12.84 9 

Jaarbeurs 
cluster 2 

11.00 11.61 46 19.00 15.30 76 

Jaarbeurs 
cluster 3 

11.00 11.65 35 19.00 14.53 63 

Muziekpaleis 10.05 11.51 112 15.71 15.53 344 
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Paardeveld 6.84 11.93 34 18.87 18.64 167 
Nieuw 
Welgelegen 

9.56 10.92 100 16.48 15.03 147 

Table 3.1 Modeled average injection and abstraction temperatures and yearly pumped water volumes by the 
different ATES systems. 

 
The abstraction temperatures are in between the injection temperature and the modeled 
background temperature of 12 °C, except Corio 1, which subtracts ‘hot’ water with a 
temperature equal to the background temperature as for this system no hot water was 
injected in the simulation. 
For systems where the volume of hot water that is injected is significantly smaller than the 
volume of the stored cold water, the average temperature of the hot water gets closer to the 
background groundwater temperature, such as Jaarbeurs Cluster 1. For the opposite reason, 
the average temperature of the cold water gets closer to the background groundwater 
temperature for Jaarbeurs clusters 2 and 3, Muziekpaleis and Paardeveld.    
Table 3.2 shows the average thermal energy supply for heat and cold that is delivered by the 
ATES system per year: 
 
  heat (TJ/year) cold (TJ)/year 
Corio 1 0.00 0.00 
Corio 2 1.78 1.85 
NS 2.08 2.16 
Rabobank 6.71 1.32 
KTT 0.43 0.45 
Jaarbeurs cluster 1 0.09 0.07 
Jaarbeurs cluster 2 0.23 0.64 
Jaarbeurs cluster 3 0.14 0.52 
Muziekpaleis 0.65 1.67 
Paardeveld 0.44 1.48 
Nieuw Welgelegen 0.13 0.23 

Table 3.2 Heat and cold energy delivered for model of present system. 
 
The ATES for which the data were based on the 50% of the design rates (Corio 2, NS and 
KTT) deliver and comparable amount of heat and cold thermal energy. For the other systems, 
a thermal imbalance is present. That may be compensated by different well rates and 
injection temperatures at different years as the present model input data per ATES system 
were based on one year data. In general, the thermal energy delivered by the systems is 
smaller than designed due to both the lower well rates and the lower temperature difference 
between the injected hot and cold water. 

3.2 Scenario 1: Permitted well rates using the present well locations 
 
All the present ATES systems have been simulated with 20%, 40%, 60%, 80% and 100% of 
their design well rates. For the Jaarbeurs clusters injection temperatures of 11 and 19 °C 
have been used. Fort the other ATES systems values of 8 and 16 °C were used. 
For Jaarbeurs Cluster 1, the breakthrough of the temperatures of the abstracted water of the 
system as function of time is shown for the entire simulation period and zoomed in for the 
begin and end of this period in Fig. 3.5. 
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Fig. 3.5 Breakthrough temperatures of Jaarbeurs Cluster 1 as function of time for a number of percentages of the 

permitted well rate (above entire simulation period; below zoomed in on begin and end of simulation period. 
 
For the simulation with the largest well rates, the temperature of the abstracted water is 
closest to the injection temperature and the thermal losses in the subsurface are relatively the 
lowest. These losses become smaller as the ratio between the area of the interface with the 
water with originally has the background temperature and the volume of the injected water 
becomes smaller for increasing well rates. For this ATES system no negative interference is 
present.   
For all ATES systems, the average percentage of recovery of the heat and cold of the system 
are shown in Table 3.3 and Table 3.4. The highest values are marked in red. The average 
percentage of recovery of the heat and cold of the systems were computed with 
 
∫𝑄(𝑡)�𝑇ℎ𝑒𝑎𝑡,𝑎𝑏𝑠𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛(𝑡) – 𝑇𝑐𝑜𝑙𝑑,𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛(𝑡)�𝑑𝑡
∫𝑄(𝑡)�𝑇ℎ𝑒𝑎𝑡,𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛(𝑡)–𝑇𝑐𝑜𝑙𝑑,𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛(𝑡)�𝑑𝑡

∗ 100%  and 

 ∫𝑄(𝑡)�𝑇𝑐𝑜𝑙𝑑,𝑎𝑏𝑠𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛(𝑡) – 𝑇ℎ𝑒𝑎𝑡,𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛(𝑡)�𝑑𝑡
∫𝑄(𝑡)�𝑇𝑐𝑜𝑙𝑑,𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛(𝑡)–𝑇ℎ𝑒𝑎𝑡,𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛(𝑡)�𝑑𝑡

∗ 100% respectively.  

 
If the abstraction temperatures are equal to the injection temperatures the recovery equals 
100%. 
 
 
 

10

12

14

16

18

20

2010 2015 2020 2025 2030 2035 2040 2045

Te
m

p 
°C

 

Jaarbeurs Cluster 1 

20%

40%

60%

80%

100%



 

 
 

14  

 

Titel Versienummer Datum 

Recovery cold (%) % of design rates  

System 20% 40% 60% 80% 100% 
Corio 1 89.40 90.96 89.91 88.05 85.84 
Corio 2 89.62 92.84 93.55 93.83 93.91 
NS 85.67 88.25 88.10 87.25 85.99 
Rabobank 88.05 90.93 91.38 91.28 90.87 
KTT 84.11 88.68 89.76 90.06 89.80 
Jaarbeurs cluster 1 95.50 96.80 97.16 97.34 97.46 
Jaarbeurs cluster 2 94.88 96.50 97.13 97.49 97.76 
Jaarbeurs cluster 3 94.85 96.62 97.29 97.63 97.82 
Muziekpaleis 86.46 90.61 91.78 92.45 92.91 
Paardeveld 86.11 88.98 88.53 87.21 85.45 
Nieuw Welgelegen 79.99 83.74 85.10 85.78 86.23 
Table 3.3 Average recovery of cold as function of the well rates. 
  
recovery heat (%) % of design rates 

System 20% 40% 60% 80% 100% 
Corio 1 89.38 92.11 92.19 91.38 90.18 
Corio 2 92.19 94.56 95.17 95.40 95.40 
NS 87.68 90.42 90.30 89.47 88.22 
Rabobank 89.28 92.16 92.27 91.74 90.76 
KTT 84.18 89.10 90.58 91.36 91.64 
Jaarbeurs cluster 1 66.40 78.02 81.84 84.04 85.40 
Jaarbeurs cluster 2 53.22 68.25 73.77 77.28 79.70 
Jaarbeurs cluster 3 48.91 63.01 69.55 73.69 76.49 
Muziekpaleis 89.06 91.51 91.14 89.99 88.32 
Paardeveld 83.71 87.87 88.12 87.36 86.00 
Nieuw Welgelegen 81.75 85.20 86.67 87.62 88.28 
Table 3.4 Average recovery of heat as function of the well rates. 
 
If the abstraction temperature equals the modeled background temperature of 12 °C, the 
recovery is 50% for the systems with injection temperatures of 8 and 16 °C. For the 
Jaarbeurs, injection temperatures of 11 and 19 °C were simulated. There the recovery of cold 
is close to 100% as any mixing of the injected water of 11 °C with the natural groundwater of 
12 °C will result in groundwater close to the injection temperature as compared with the other 
systems. For the recovery of heat, the losses at the Jaarbeurs are larger for the same, but in 
this case opposite reason. 
The total energy for cold and heat delivered by the ATES systems is shown in  
Table 3.5 and Table 3.6.  
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Table 3.5 Energy delivered for cold as function of the well rates. 

Energy cold (TJ/year) % of design rate 

system 20% 40% 60% 80% 100% 

Corio 1 3.2 6.5 9.7 12.7 15.4 

Corio 2 5.6 11.5 17.4 23.3 29.1 

NS 6.6 13.7 20.5 27.1 33.4 

Rabobank 4.4 9.0 13.6 18.1 22.5 

KTT 1.4 3.0 4.5 6.0 7.5 

Jaarbeurs cluster 1 0.8 1.7 2.5 3.3 4.2 

Jaarbeurs cluster 2 0.8 1.7 2.5 3.3 4.2 

Jaarbeurs cluster 3 0.8 1.7 2.5 3.4 4.2 

Muziekpaleis 1.8 3.8 5.7 7.7 9.6 

Paardeveld 1.5 3.1 4.6 6.0 7.4 

Nieuw Welgelegen 0.7 1.5 2.3 3.0 3.8 

Total 27.6 57.0 85.8 114.0 141.4 

 
Table 3.6 Energy delivered for cold as function of the well rates. 
Energy heat 
(TJ/year) 

% of design rate 

system 20% 40% 60% 80% 100% 
Corio 1 3.2 6.6 9.9 13.1 16.2 
Corio 2 5.7 11.7 17.7 23.7 29.6 
NS 6.8 14.0 21.0 27.8 34.2 
Rabobank 4.4 9.1 13.7 18.2 22.5 
KTT 1.4 3.0 4.6 6.1 7.7 
Jaarbeurs cluster 1 0.6 1.3 2.1 2.9 3.7 
Jaarbeurs cluster 2 0.5 1.2 1.9 2.7 3.4 
Jaarbeurs cluster 3 0.4 1.1 1.8 2.5 3.3 
Muziekpaleis 1.8 3.8 5.7 7.5 9.2 
Paardeveld 1.4 3.0 4.6 6.0 7.4 
Nieuw Welgelegen 0.7 1.5 2.3 3.1 3.9 
Total 27.0 56.5 85.3 113.6 141.1 
 
Here the total energy delivered is approximately linear related with the well rates. Only when 
well rates would become that high that significant interference takes place, this approximately 
linear dependence would not be valid any more. 
 

3.3 Scenario 2: Optimization of well locations 
 
In this scenario, new well locations are introduced. Their locations are shown in Fig. 3.6. The 
area used is roughly equal to the area that is covered with the ATES wells in the present 
situation and the number of the ATES wells in this scenario (=82) is approximately equal to 
the number of wells in the present situation (=81). The absolute well rates of all wells were set 
equal and are 1708 m3/day. The total pumped volume is 170% larger than compared to 
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scenario 1 with 100% of the permitted volume for the present ATES systems. That is the well 
rate of the well with the highest design well rate. Also simulations with 25%, 50% and 200% 
of these well rates were run. 
 

 
Fig. 3.6 Location of wells in a more optimal well configuration; blue are cold wells, red are heat wells. 
 
The cold and heat wells are grouped together in order to minimize the negative interference. 
The temperature distributions after 30 years for the four scenarios are shown in Fig. 3.7.  
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Fig. 3.7 Temperature distributions at the end of the simulation for the scenarios with a more optimal well 

configuration (upper left 25%, upper right 50%, lower left 100% and lower right 200% of design well rate of 
1708 m3/day). 

 
The time series of the breakthrough temperatures averaged for the wells are shown in Fig. 
3.8. In Table 3.7 the heat and cold recovery and thermal energy production is given. 
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Fig. 3.8 Breakthrough temperatures for the scenarios with a more optimal well configuration; well rates: 100% 

equals 1708 m3/day for each well. 
   
Table 3.7 Recovery and energy production of heat and cold as function of well rates with a more optimal well 

configuration 

  Percentage of maximum 'design' well rate 
  25% 50% 100% 200% 
Recovery cold (%) 90.8 92.1 90.6 85.9 
Recovery heat (%) 90.2 92.2 92.4 89.8 
Energy cold (TJ/year) 97.3 197.4 388.6 736.8 
Energy heat (TJ/year) 96.6 197.5 396.1 769.8 
 
From these results, it is obvious that negative interference is present in the scenarios with 
100% and 200% of the well rates of 1708 m3/day. In Fig. 3.7, most southern cold wells 
abstract water with higher temperatures. In Fig. 3.8 the temperatures at the end of each cycle 
in the scenarios ‘100%‘ and ‘200%’  have less favorable temperatures and the recovery in 
Table 3.7 is clearly lower for the ‘100%’ and ‘200%’ scenarios. However, the total thermal 
energy delivered by the system does increase considerably with increasing well rates. 

3.4 Uncertainty analysis with GeoTOP realizations 
 
All the model simulations so far were run using the maximum likelihood values derived for 
100 GeoTOP realizations. In order to quantify the effect of the uncertainty in the GeoTOP on 
the model results, the simulation with the present well configuration and 100% of the design 
well rates have been run with 10 random GeoTOP realizations. 
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The percentages recovery of heat and cold for all the ATES systems for these realizations as 
well as for the realization with in each cell the most likely value (addressed as ‘maximum 
likelihood’) are shown in Table 3.8 and Table 3.9. 
 
Table 3.8 Average recovery of cold for the 10 GeoTOP realizations as well as the most likely realization. The 

highest and lowest values per system are marked in red. 
recovery cold (%) 
  
System Geo-

TOP 
001 

Geo-
TOP 
002 

Geo-
TOP 
005 

Geo-
TOP 
006 

Geo-
TOP 
008 

Geo-
TOP 
011 

Geo-
TOP 
012 

Geo-
TOP 
015 

Geo-
TOP 
016 

Geo-
TOP 
018 

Max. 
likeli-
hood 

Corio 1 86.84 84.34 83.76 85.08 85.43 87.25 85.19 86.46 87.47 87.79 85.84 

Corio 2 94.41 93.17 92.29 93.18 93.61 93.99 93.59 93.85 94.20 94.23 93.91 

NS 86.93 84.66 84.11 86.03 85.93 85.78 85.48 86.00 86.77 86.64 85.99 

Rabobank 91.62 89.06 89.44 90.23 90.63 89.59 89.87 89.72 91.21 90.73 90.87 

KTT 90.78 88.76 88.31 89.50 89.61 90.02 89.24 89.92 90.45 90.27 89.80 

Jaarbeurs 
cluster 1 

97.67 97.40 97.31 97.46 97.43 97.55 97.34 97.43 97.61 97.53 97.46 

Jaarbeurs 
cluster 2 

97.78 97.49 97.33 97.56 97.73 97.74 97.77 97.79 97.85 97.91 97.76 

Jaarbeurs 
cluster 3 

98.05 97.61 97.40 97.69 97.77 97.98 97.85 97.88 97.91 97.92 97.82 

Muziek-
paleis 

93.59 92.27 91.36 92.56 92.48 93.06 92.82 92.78 93.34 93.34 92.91 

Paardeveld 87.75 86.84 85.19 86.40 86.59 88.18 85.73 87.41 87.28 87.18 85.45 

Nieuw 
Welgelegen 

87.21 85.51 84.49 85.76 85.30 87.54 86.43 87.31 87.55 87.30 86.23 
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Table 3.9 Average recovery of heat for the 10 GeoTOP realizations as well as the most likely realization. The 
highest and lowest values per system are marked in red. 

recovery heat (%) 

system Geo-
TOP 
001 

Geo-
TOP 
002 

Geo-
TOP 
005 

Geo-
TOP 
006 

Geo-
TOP 
008 

Geo-
TOP 
011 

Geo-
TOP 
012 

Geo-
TOP 
015 

Geo-
TOP 
016 

Geo-
TOP 
018 

Max. 
likeli-
hood 

Corio 1 90.24 88.03 88.53 89.29 88.71 90.01 89.75 89.98 90.20 90.61 90.18 

Corio 2 96.06 95.08 94.39 95.21 95.40 95.50 94.62 95.30 95.48 95.48 95.40 

NS 88.95 87.00 86.25 87.64 88.22 87.73 87.63 87.52 88.10 88.67 88.22 

Rabobank 92.10 90.53 89.88 90.53 90.76 90.44 89.99 90.37 90.90 91.07 90.76 

KTT 92.26 90.92 90.61 91.49 91.64 92.25 91.24 91.71 91.92 92.02 91.64 

Jaarbeurs 
cluster 1 

86.64 85.07 83.52 84.94 85.40 86.24 84.95 85.71 85.41 85.39 85.40 

Jaarbeurs 
cluster 2 

79.87 78.14 76.92 77.82 79.70 79.63 79.14 79.64 80.05 78.66 79.70 

Jaarbeurs 
cluster 3 

77.61 75.81 74.47 75.89 76.49 77.76 76.70 76.94 77.36 77.46 76.49 

Muziekpaleis 89.93 88.59 87.67 88.47 88.32 90.18 88.77 90.07 90.47 90.75 88.32 

Paardeveld 88.15 86.67 85.57 86.63 86.00 88.22 87.54 87.30 87.61 86.77 86.00 

Nieuw 
Welgelegen 

89.19 87.99 87.57 87.95 88.28 88.92 88.04 88.48 89.00 88.87 88.28 

 
The conclusions is that the uncertainty range in the ATES-recovery due to the uncertainty in 
the GeoTOP is small (approximately 2%) and that the results of the maximum likelihood run 
always falls within the calculated range.   
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4 Buildings (thermal energy demand) 

The thermal energy demand for both cold and heat has been investigated by TNO in the 
Climate KIC – Smart Sustainable District – project by TNO. The results have not been 
finalized yet, but in some intermediate results the heat and cold demand for the present and 
future buildings of the present terrain of the Jaarbeurs were estimated. For that area, the heat 
demand is estimated between 15 and 19 TJ/year and the cold demand was estimated 
between 10-16 TJ/year. By assuming a Coefficient Of Performance (COP) of the heat pump 
of 3, the demanded heat should be supplied for 25% by electricity and for 75% by heat from 
the ATES system. For more details and the calculations of the other parts of the project area 
the reader is referred to the future documentation of the Climate-KIC SSD project. 
  



 

 
 

22  

 

Titel Versienummer Datum 

5 Additional heat or cold sources 

Heat and cold from additional sources can be used to deliver part of the demanded thermal 
energy consumption to the buildings. Potential sources of heat or cold are: waste heat or 
cold, heat from the district heating system, heat or cold subtracted from surface water or air or 
from infrastructure such as the steel from bridges. If the time of supply of this additional heat 
or cold does not coincide with the time of demand, the heat or cold should be stored, either 
on the surface or in the subsurface.  
 
For the project area, one of the most promising additional sources of heat and cold is the 
surface water of the Merwedekanaal. The canal is the surface water shown in Fig. 2.2 
passing next to the warm ATES wells of Jaarbeurs Cluster 3. For this source the potential 
heat or cold is analyzed. 
 
For the surface water of the Merwedekanaal, a daily temperature data set was derived from 
the daily air temperature data set of KNMI station De Bilt and a regression analysis of that 
KNMI station with the less frequent temperature measurements of the surface water of the 
Merwedekanaal between 1986 and 2014. The regression is shown in Fig. 5.1.  
 
 

 
Fig. 5.1 Regression analysis of the air temperature of KNMI station de Bilt and the surface water temperature of the 

Merwedekanaal. 
  
The derived surface water temperature of the Merwedekanaal and the measured air 
temperature in De Bilt for the period 1986-2014 are shown in Fig. 5.2. 
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Fig. 5.2 Derived surface water temperature of the Merwedekanaal and the measured air temperature in de Bilt.  
  
For the exchange of temperature with the surface water, a heat exchanger with a capacity of 
60 m3/hr is assumed and the temperature of the retour water may be increased with 3 °C 
when subtracting cold. For subtracting heat, the maximum temperature change of the retour 
water is 6 °C and the retour water should not be below 12 °C. It is also assumed that the heat 
exchanger has an efficiency of 100% and is only active if the surface water temperature is 
below 7 °C for subtracting cold or above 15 °C for subtracting heat. The calculations suggest 
cold and heat supply potentials from the Merwedekanaal up to 1.9 TJ/year and 4.7 TJ/year 
respectively. This result should be seen as a rough estimate. A more exact estimate could be 
given as the exact conditions for thermal abstractions from the Merwedekanaal and the time 
series of the discharge in the Merwedekanaal are known.  
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6 Additional aspects for ATES optimization  

The heat and cold demand from buildings, the thermal storage capacity of the subsurface and 
additional sources of heat or cold are important aspects for the optimal use of ATES systems. 
In addition other aspects may play a role as well. 

6.1 Heat pump efficiency 
In many ATES design calculations, a fixed COP (coefficient of performance) for the heat 
pump is assumed. The COP is defined as the amount of thermal energy delivered by the heat 
pump divided by the energy (electricity) consumed by the compressor. 
On https://nl.wikipedia.org/wiki/Warmtepomp, it is reported that a theoretical maximum of the 
COP depends on the water temperatures of the hot and cold water, in which hot water is the 
water provided by the heat pump used for heating the buildings and ‘cold’ water is the water 
delivered by a heat exchanger that uses water from the hot well of the ATES system. The 
equation for the theoretical COP is: 

𝐶𝑂𝑃𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 =  
𝑇𝐻𝑜𝑡

𝑇𝐻𝑜𝑡 − 𝑇𝑐𝑜𝑙𝑑
;   𝑇 𝑖𝑛 𝐾𝑒𝑙𝑣𝑖𝑛 

 
In practice, the COPs of the heat pump do not reach the theoretical maximum and it is not 
clear if the practical COPs have an exactly similar relation with the input and output 
temperatures. Assuming that they do, a relative COP increase/decrease factor can be 
obtained comparing with a fixed input temperature for various output temperatures. In Fig. 6.1 
this relationship is shown taking input water of 16 °C as a reference point. 
 
Fig. 6.1 Theoretical derived relation between COP increase/decrease with respect to the input water of 16 °C for 

output water of 40 ° and 60 °C. 
 
In practice, this relationship may not be exactly valid as the heat pump may be optimized for a 
certain temperature range. Obtaining the relationship between COP and the input and output 
temperature for real systems is a starting point for minimizing the total costs or CO2 
production.  
 

https://nl.wikipedia.org/wiki/Warmtepomp
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It seems profitable to increase the temperature of the abstracted water in the hot wells of the 
ATES system, but that strongly depends if a cooling system in a building is able to function 
properly and at the same time supply hot water to the ATES system with such an increased 
temperature. 
 
Besides several other aspects must be taken into account during an optimization such as: 
 

1. Electricity used  for pumping, 
2. Electricity used for subtracting heat or cold from other sources, 
3. Heat-cold balance requirements in ATES permits, 
4. Thermal energy losses during transport. 
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7 Conclusions and recommendations 

7.1 Conclusions 
 
Based on the present results, the following conclusions can be drawn: 
 
• ATES is an efficient system to store heat and cold for longer periods of time; the 

estimated recovery of the systems when having a thermal balance is between 75% and 
95 % depending on (a) the difference between the injection temperature and the 
background temperature of the groundwater, (b) the pumped volume per well and (c) 
the influence of adjacent ATES wells. 
 

• Many ATES systems use considerably less than their permitted well rates and have a 
thermal imbalance for the year the data was analyzed. 
 

• The heat and cold demand of the redeveloped Jaarbeurs area is roughly equal to the 
heat and cold that can be supplied by aquifer thermal energy storage under the present 
permits.  

 
• A rough estimate of the potential of subtracting thermal energy from the Merwedekanaal 

shows that it can provide a considerable fraction of the thermal energy required by the 
redeveloped Jaarbeurs area. In case of a thermal imbalance in the thermal energy that 
is returned from the buildings to the ATES system, the thermal energy subtracted from 
the Merwedekanaal may fully compensate this imbalance. 
 

• Connecting the various ATES systems in the Utrecht Centre West and subtracting heat 
and/or cold from the Merwedekanaal are promising options to reduce the thermal 
imbalances in the present ATES systems and improve recovery of thermal energy in the 
wells. However combining ATES requires new forms of cooperation v=between the 
ATES-operators. Given the present state, a well configuration as shown in fig 3.6 is not 
likely to be feasible in the short or medium tern 

7.2 Recommendations 
 
The following recommendations can be made: 
 
For the Utrecht Centre West: 
 
• It should be considered to combine all of at least some of the present ATES systems 

into an integrated system with the possibility to subtract heat or cold from additional 
sources such as the surface water of the Merwedekanaal. 
  

• Organizational aspects how to implement such an integrated system are essential. 
 

• It should be decided what details are considered in the optimization of such an 
integrated system. More detail in aspects such as the exact demand and capacity of 
heating and cooling systems in the buildings on average and during peak demands; the 
performance of heat pumps for various input and output temperatures, etc. will help to 
derive a more exact optimization problem, but also increase its complexity.  
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In general: 
 
• For the supply of heat and cold to buildings using ATES system, it is worthwhile to look 

at a larger scale than a single building/company in order to decrease thermal 
imbalances and to increase the thermal recovery of the total ATES system by means of 
exchange of waste cold/heat. 
 

• In case of a thermal imbalance it is recommended to study the potential of subtracting 
heat or cold from other sources such as surface water and store it in the ATES system. 
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Appendix A:  
 
The ATES data that have been used are supplied in a separate Excel document. 
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