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barriers to opportunities for development of ATES in section 4. Some of the solutions are implemented in pilot sites 

which are presented and discussed in section 4 and supplementary material.  

The activities are carried out within the Europe-wide use of sustainable energy from aquifers project, which aims at 

improving and developing ATES technology via innovation. A description of the project goals and partners is given in 

the supplementary material.  

2. Methods and materials 

2.1. ATES characteristics and working principle 

Seasonal underground thermal energy storage systems are often referred to as ground source heat pumps, and are 

essentially a combination of a heat pump and a system for exchanging heat with the subsurface (Sarbu and 

Sebarchievici, 2014, Omer, 2008). Usually two different main types of systems are distinguished: 

1. Borehole thermal energy storage (BTES): a series of U-shaped pipes which carry a thermal working fluid that 

transfer heat to the surrounding soil via conduction. Usually applied in smaller buildings and single family homes. 

2. Aquifer Thermal Energy Storage (ATES): a system using groundwater from two or more groundwater wells. 

Suitable for larger utility buildings like offices, hotels and hospitals. 

ATES systems are more efficient and enable storage of larger quantities of heat because groundwater is used as a carrier 

for the heat (Figure 1). Cooling is provided in summer by using groundwater from the cold well; cooling down the 

building warms up the groundwater to about 15-18°C, which is then stored in the warm well. During winter, 

groundwater is extracted from the warm well, and together with a heat pump, provides heating to the associated 

building. The same groundwater is simultaneously reinjected at around 5-8°C in the cold well. Because ATES provides 

both heating and cooling, it is most suitable for buildings with both a cooling and heating demand. Moreover, ATES 

requires the presence of an aquifer. Therefore, the two most important environmental preconditions for applicability of 

ATES are presence of aquifers and a heating and cooling season (Bloemendal et al., 2015).  
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Figure 1. Illustration of the basic working principle of an ATES system. Left: in direct cooling mode while storing heat for 

winter. Right: in heating mode supported by a heat pump while storing cooling capacity for summer. 

-  

2.2. Barriers identification 
Literature study and a survey are the methods used to identify the barriers for development of ATES systems in order to 

obtain a representative geographical coverage. Following the conclusions of the literature review (Haehnlein et al, 2010, 

Regeocities, 2014, Monti et al., 2012, Forsen et al., 2008, Koenders. 2015), a questionnaire is set-up and sent out as a 

survey to partners across Europe with local knowledge and experience in the field  (questionnaire questions are included 

in the supplementary material). Local experts received a survey and a total of 21 people returned the questionnaire, their 

answers were integrated by additional interviews. The countries involved with the survey are The Netherlands, 

Belgium, Italy, Spain, Germany and the United Kingdom (of which the latter two did not host a pilot plant in the 

subsequent project). Barriers in Eastern and Northern European countries were also available in the literature 

(Haehnlein et al, 2010, Regeocities, 2014, Monti et al., 2012, Forsen et al., 2008). Therefore, the barriers identified in 

this paper can overall be considered representative for the whole of Europe, although more focus has been paid to 

Western and Southern Europe. Consequently, some specific local barrier in North or Eastern Europe may be missing.  
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2.3. Identification and testing of solutions 
Solutions for most barriers are trivial and are identified following logical reasoning, solutions used in other 

countries/fields, or are provided already in literature.  

Basically, each barrier will limit ATES adoption to some extent. It is, however, not feasible to tackle all barriers 

simultaneously and it is also often difficult to identify which barrier limits ATES adoption the most, as often multiple 

barriers limit ATES adoption. Therefore, local partners have found suitable sites to test one of the proposed solutions to 

a barrier in a pilot project. The technological solutions selected for pilots are the ones needed for the specific 

barrier/solution in the project sites. The pilots are installed and monitored; results of installation processes are described 

in this paper, and where possible ethe performance is evaluated.  

The pilot sites, the partners involved and the technology added to the ATES system are diverse; therefore, it was not 

possible to identify a uniform assessment framework. Also not yet each project has data available to evaluate. The 

assessment methods that were used for assessing the pilot results are straightforward and well documented in literature 

which are introduced in each pilot section in the supplementary material. 

3. Results barriers and solution identification for ATES development and 

adoption 

3.1 Barriers identification results and analysis 

3.1.1. Literature review on ATES barriers 
The worldwide ATES development has been well described by Fleuchaus et al. (Fleuchaus et al., 2018): they show that 

the main developments of ATES are present in the Netherlands. Most research on these systems are carried out by the 

Dutch, although also several reviews have been published on ATES systems in other countries (e.g. (Tomasette et al., 

2015, Gao et al., 2017, Haehnlein et al., 2010, Rogen et al., 2015, Zhouet al., 2015)). The main topics addressed are 

reported below: 

- Legislation: In earlier work Hahnlein et al. made an inventory of ATES legislation (Haehnlein et al., 2010). 

Legislation varies from country to country, all using the precautionary principle as a basis. Countries where 

groundwater is scarce are more restrictive than others. This study goes into more detail on identifying which sets of 

rules either foster or limit ATES adoption. 

- Groundwater quality: Two research programs on the effects of ATES on groundwater quality were landmark studies 

(Koenders, 2015, Bonte, 2015), concluding that low temperature ATES systems like the ones discussed in this paper 

have negligible effects on groundwater quality. Nevertheless, still many research questions remain on how larger 

temperature changes (> 30°C) affect groundwater quality and how to deal with the changes in physical properties of 
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supply chain requires a significant effort to obtain an integrated and robust ATES system that will function properly 

once in operation. Therefore, inadequate cooperation between different companies in an early stage, or the absence of a 

unique market player taking control and responsibility for design, construction and operational phase, is a barrier for 

optimal design and operational performance of ATES systems. 

Mutual interaction between ATES systems 

The demand for ATES is usually concentrated in urban areas with high building density. In cities, the demand for ATES 

may therefore easily exceed the available capacity of the subsurface: this may represent a natural threshold limit for 

ATES implementation. This aspect is considered to be the most important barrier for ATES adoption in countries with a 

mature ATES market. The issue of mutual interaction between ATES systems also requires proper management and 

planning. An important policy parameter for the planning of ATES systems is the minimum distance between individual 

wells. This is typically defined using the thermal radius (Rth) of the wells  (Bloemendal and Hartog, 2018); in theory, 

this distance could be reduced significantly in an aquifer without ambient flow (Bloemendal et al., 2014, Sommer et al., 

2015). Several studies show that a trade-off can be found between optimal use of the subsurface for total energy savings 

on one hand and individual ATES well efficiency on the other (Jaxa-Rozen et al., 2015, Bloemendal et al., 2018). 

Additionally, it is not widely known that mutual interaction between ATES wells in a dense, well-organized ATES 

well-field improves, rather than diminishes, the overall thermal performance of these systems because combining wells 

of the same type increases their efficiency a lot (Bloemendal et al., 2018, Sommer et al., 2015). The reluctance of 

groundwater management policy makers to allow a dense network of ATES systems has a negative impact on 

individual efficiency and overall energy savings. Another cause of this barrier is the lack of evaluation of the actual 

status of the groundwater system, which jeopardizes long term usability of the aquifer. Groundwater extraction and 

infiltration are monitored but their resulting thermal influence is not evaluated. Dutch practice shows that actual 

pumped volumes are much smaller compared to the design values, on average 40% of the permitted capacity is used. 

Ambient groundwater flow can affect both the individual ATES systems as well as downstream installed ATES 

systems. At ambient groundwater flow velocities <25 m/year this effect is negligible, while at higher groundwater flow 

velocities design changes are needed to maintain overall efficiency and avoid negative interaction (Bloemendal and 

Hartog, 2018, Bloemendal et al. 2018, Bloemendal and Olsthoorn, 2018). 

Interaction with other subsurface functions 

Next to interacting with each other, ATES systems also interact with other subsurface space use. Because of the shallow 

infrastructure (power cables, drinking water pipes, internet, sewerage, tunnels, parking garages, etc.) it is often difficult 

to find a location to install an ATES well in the shallow subsurface in densely built urban areas. This is, however, only a 

barrier during construction activities.  
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than ATES (Fleuchaus and Blum, 2017, Grimm et al., 2014), so, despite numerous efficiently running projects, one 

failure can have large consequences for the public opinion. 

Lack of adequate legislation 

Legislation for ATES varies from country to country. In countries where ATES is widely applied, specific legislation 

has been designed or modified to regulate and/or stimulate the technology, while in countries with low application of 

ATES, legislation is lacking or poorly substantiated (Haehnlein et al., 2010). In general, legislation for ATES permitting 

is also complex and not uniform across countries, often leading to long, laborious and uncertain permitting procedures. 

In some countries (e.g. Spain and Italy) the responsible authorities involved for issuing ATES permits are many and 

vary as a consequence of administrative divisions, resulting in the fact that there are different procedures and 

assessment criteria to follow to obtain a permit, depending on where an ATES project is located. In addition to that, lack 

of knowledge at permitting authorities about ATES systems and their negligible environmental impacts may cause an 

additional barrier. 

Financial aspects 

In Southern and Eastern European countries one of the main barriers for application of ATES is uncertainty on their 

economic sustainability. The required initial investment is a barrier for implementing ATES systems: the combination 

of heat pump and groundwater wells require a significant investment compared to conventional HVAC systems. The 

uncertainty or lack of knowledge on the potential savings, the competition from cheap fossil fuels and the overall 

conditions of economic recession may prevent operators from investing in ATES. 

No specific financial subsidies for ATES systems realization were found in the countries involved in the E-USE(aq) 

project survey (Hoekstra et al., 2015). Nevertheless, in most countries an ATES system installation can usually benefit 

from one or more subsidies financing heat pumps installation, energy efficiency actions (white certificates), renewable 

energy production (green certificates), buildings renovation etc., but the impact of such subsidies is generally limited to 

a marginal reduction of ATES system payback time. 

Unfamiliarity with the subsurface and its characteristics 

To evaluate the applicability of ATES systems, to ensure a proper design and most importantly to avoid malfunctions 

during operations, adequate technical knowledge of the local geo-hydrological characteristics is necessary. The main 

issues related to the geo-hydrologic conditions are: aquifer depth and hydraulic conductivity, well clogging and 

insufficient well capacity. 

Energy balance 

To sustain an ATES system, the thermal energy stored in the aquifer must be of comparable magnitude to the retrieved 

amount, to avoid short or long term temperature fluctuations. This implies that, ideally, the heating and cooling demand 
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from the building associated to the ATES system should be equal. This is both a technical as well as a legal issue; it 

affects the individual operation of each ATES system (technical issue), but due to potential imbalance between warm or 

cold wells, this may also affect neighboring ATES systems (legal issue). Alternatively, the system performance can be 

optimized by storing extra heat or cooling capacity from other (sustainable) sources such as solar radiation (Paksoy et 

al., 2000, Kastner et al., 2017, Ghaebi et al., 2014. 

3.1.3. Conclusions about barriers identification and analysis 
The identified barriers strongly relate to the level of market maturity. For instance, interaction between ATES systems 

is a clear mature market problem because that will only occur when many systems are built in one area, while lack of 

knowledge and awareness preventing market development is a typical immature market problem. Therefore, the barriers 

can be categorized to general, immature and mature market barriers, resulting in: 

1. General barriers: quality levels of ATES system, legislative barriers, separation of knowledge and skills in the 

supply chain for ATES implementation and realization, uncertainty about ATES impact on groundwater 

characteristics, energy balance between heating and cooling demand. 

2. Mature market barriers: mutual interaction among ATES systems, interaction with polluted groundwater. 

3. Novel market barriers: public awareness, lack of knowledge, large initial investments, unfamiliarity with the 

underground and its characteristics. 

3.3. Solutions to overcome local barriers 
Following the identification of technological and non-technological barriers, possible solutions are identified in order to 

overcome these barriers while stimulating, facilitating or regulating the ATES market.  

1. Solutions for the general barriers.  

- Implement quality guidelines and certification to safeguard skills of personnel and the quality of ATES 

construction work and operation. 

- Monitor and evaluate the temperature distribution in the subsurface, e.g. by a monitoring network and/or 

numerical computational evaluation.  

- Use a general/cross-sector assessment framework to make an informed decision about allowing ATES, in 

particular in or near a contaminated zone and/or areas with groundwater stress. 

- Ensure that regulations are similar within a single country. Possibly also try to regulate and facilitate ATES 

application through a European framework directive. 

- Develop an assessment framework to evaluate the overall performance and associated level of energy savings 

as a combination of i) individual ATES system performance and ii) optimal and sustainable subsurface space 

use. 
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2. Solutions for mature markets barriers: 

- Use flexible ATES permits that allow increasing or decreasing the permitted capacity according to actual use. 

This then allows the spatial claims in the subsurface to be adapted over time, and safeguards optimal and 

sustainable use of the subsurface. 

- Improve ATES systems control systems to optimize long term thermal efficiency for both individual systems 

as well as for the overall efficiency of aquifers densely occupied by ATES systems. 

- Develop better technologies to enhance degradation of contaminants and to overcome the clogging problem 

related to the chemical reactions in areas with contamination. 

3. Solutions for novel markets barriers: 

- Stimulate ATES adoption rates to create awareness by initiating pilot projects, show cases and progressive 

building energy efficiency regulation. 

- Stimulate ATES application by setting a high energy efficiency standard for new and/or renovation buildings 

by eliminating HVAC systems from the business case comparison.  

- Provide detailed suitability maps for regions/countries, indicating specific characteristics which influence 

installation cost and/or operational requirement. 

- Set up a scientific program to evaluate the environmental impacts of ATES systems in the European context, 

similarly like was already done in the Netherlands (Bertani, 2005, Bonte, 2015). 

- The introduction of specific financial subsidies for the realization of ATES system, to strongly reduce payback 

time and lead to an increasing number of installations. Governments could also help by bridging the gap 

between the site or building owner, who has to make the investment, and the site user or tenant, who usually 

profits from lower energy bills (Hoekstra et al., 2015). Through tax deductions on the investments, paid for by 

increases on fossil energy taxes, installation of ATES becomes attractive for both parties. Such a tax 

arrangement would definitely stimulate the construction of more systems. But it is not necessarily the 

government that would need to take this action; commercial organizations could also encourage business with 

ATES systems (Hoekstra et al., 2015). For instance, banks can create comparable incentives by initiating 

agreements that are profitable for all parties. 

4. Preliminary results from pilot sites 

4.1. Description of pilot sites 
In this section the results of three of the six pilot plants are discussed to give an indication of some of the obtained 

results. The supplementary material presents extensive descriptions and results of each pilot site. 
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Figure 3. Evolution of temperature at the warm and cold wells and calculated thermal radius of warm and cold well at Ham 

site. 

The main findings of the energy monitoring during the first year of operation are that: i) PVT panels cover 13% of the 

domestic hot water demand during the monitored summer period, ii) despite being in summer, almost 50% of the 

heating demand was covered by the gas boiler due to an error in the HVAC control, which was adapted later, and iii) 

direct cooling represents only 7% of the cooling provided by the ATES. The latter is a problem as it has an important 

negative impact on the overall energy performance. The reason for this high amount of active cooling was an error of 

the HVAC system: it was found that the temperatures delivered by the ATES were more than sufficient for free cooling 

(see Figure 3), but due to an error in the HVAC control the system was always put into active cooling mode. It is 

expected that in the second year of monitoring the full potential of the ATES in combination with PVT will be 

demonstrated, as it was found that after the modifications the system correctly switched to free cooling. These findings 

show how important it is to perform a thorough commissioning of the system, as mistakes in the programming of 

HVAC controls can have a serious negative impact on the performance of the systems. 

4.4. Local legislation barrier overcome by dynamic closed loop probe system 

In most regions of Spain groundwater pumped to the surface is treated as industrial wastewater, which then complicates 

permitting procedures. A solution to overcome this legal barrier is tested in the Spanish pilot plant, which is called 

Dynamic closed loop (DCL) probe. The DCL probe (Figure 4) consists of a series of small diameter tubes through 
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which the thermal carrier fluid is circulated, similar to the approach in regular BTES. These tubes are installed in a 

groundwater well with a screen at the bottom and top, when groundwater is pumped from the bottom to the top screen, 

the rate of heat exchange of the closed tubes increase strongly. This system is a hybrid solution, with the advantages of 

A) closed-loop system, since the groundwater is not extracted from the ground, avoiding legal barriers, and B) open-

loop system, wherein the heat exchange is improved because there is no longer heat exchange by only conduction 

because of the groundwater flow along the closed loop tubes. In this way the technology allows to obtain the permits, 

thus overcoming the legislative Spanish barrier regarding stringent limitation to water extraction for energy purpose. In 

the Netherlands mono-well systems are often equipped with a downhole heat exchanger, so groundwater flowing from 

one screen to the other does not leave the well. Such a construction also prevents groundwater from coming to the 

surface, and may be an alternative solution for the specific Spanish legislation. 
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Figure 4. Scheme showing how the Dynamic Closed Loop (DCL) probe works. 

A geothermal heat pump system with four Dynamic closed loop probes (DCL) probes have been installed in Nules 

(Spain) to keep the water temperature of a swimming-pool at 28°C. The Spanish pilot plant is in operation since the end 

of 2016. The DCL probes working data have been registered on a weekly basis, the temperature and water depth 

variation in the groundwater has been monitored in the three piezometers around the DCL probes and in the fourth 

piezometer placed at a certain distance from the DCL probes, in the thermal plume direction (see Figure C7 in the 

supplementary material for spatial layout).  

Figure 5 shows the temperature variation of the piezometers, together with outside air temperature, the heating degree 

days and the total amount of heat that was transferred from the subsurface to the heat pump (the latter is only available 
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six pilot sites to show how to overcome some of the barriers that were identified by literature search and by a specific 

survey. The identified technological and non-technological barriers varied with the level of ATES market maturity: 

1. General barriers: quality levels of ATES system, legislative barriers, separation of knowledge and skills in the 

supply chain for ATES implementation and realization, uncertainty about ATES impact on groundwater 

characteristics. 

2. Mature market barriers: interference between ATES systems, interference with polluted groundwater. 

3. Novel market barriers: public awareness, lack of knowledge, large initial investments, unfamiliarity with the 

underground and its characteristics. 

The design and realization of six pilot plants in five European countries characterized by different ATES system 

diffusion, legislation, subsurface characteristics and climate (The Netherlands, Belgium, Denmark, Spain and Italy 

characterized by different ATES system diffusion, legislation, subsurface characteristics and climate) is a relevant step 

forward for ATES development in these countries and shows how some of the above mentioned barriers can be 

addressed.  

Next to providing a clear overview on the barriers and possible solutions, the main contribution of this research is to 

show that barriers for ATES adoption can be overcome in practice. In most of the pilot cases it was shown that these 

barriers are overcome by combining ATES with other (renewable energy or groundwater treatment) technologies, 

leading to mutual benefits. 

The solutions proposed and implemented in the presented pilot sites are highly replicable in similar situations in these 

and other countries, as they can be easily adapted to local conditions.  

Discussion & Limitations 

First results from the pilot sites prove that the implemented technological solutions showed benefits from techno-

economic and environmental perspectives (e.g. solar energy harvesting in Belgium and The Netherlands and heating 

delivered to the swimming pool with ATES in Spain without groundwater withdrawal). It is demonstrated that ATES 

systems can be applied under strongly varying conditions in different European countries and through different 

innovative technological solutions. To further strengthen these results, continued investigations and long term 

monitoring and evaluation of projects is needed, also including an economic perspective. This study was carried out 

within a limited number of countries; although both our literature review and pilot results show many similarities 

among barriers across the world, specific solutions may not be appropriate or feasible in some countries. For Europe-

wide adoption of ATES much more attention to the technology still has to be attracted. 
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systems in the underground between different parties an issue: are there situations where the demand for ATES 

systems exceeds the capacity which leads to dividing problems. 

3. What are common water temperatures in warm and cold wells? Are there any high temperature ATES? How high? 

4. Are there national or local subsidies available which can be used for ATES systems. If so, please describe them. 

5. How widely is district heating used? What are the perspectives for the future use of district heating? 

6. What are the main competitive technologies for ATES systems in your country? Describe the future perspectives for 

these technologies. For what kind of ATES-related technologies do you see application possibilities? 

B.4 Other barriers and opportunities 
1. What kind of barriers, not mentioned above, do you see yourself for a wide application of ATES in your country? 

2. What kind of opportunities, not mentioned above, do you see yourself for a wide application of ATES in your 

country? 

3. Do you have other remarks that you deem relevant for our market assessment? 

C. Pilot plants description 
A brief description of the pilot plants is given in the following paragraphs.  

C.1. Specific analysis on five European countries 
In the following section a short summary is given for the countries where pilot plants have been realized to illustrate 

which of the barriers  each pilot plant addresses. 

The Netherlands (mature market) 

Since the first ATES project in the Netherlands in Zwolle in 1984 (Fleuchaus et al. 2018), ATES showed a constant 

growth, while before the years of the recent economic crisis the growth became exponential. In fact, ATES systems 

have grown from around 200 in the year 2000 to more than 2,000 in 2012 (Fleuchaus et al. 2018, Bonte et al. 2013). 

Next to suitable hydrogeological and climatic conditions the clear legal arrangements for permitting have substantially 

helped to grow ATES, but the most important driver which is not present in many other countries, is the fact that ATES 

allows to meet the legally enforced energy efficiency standard for new buildings. However, while ATES is now a 

proven and well-known technology in The Netherlands, further improvements in terms of system efficiency and 

sustainability are still needed (Bloemendal et al. 2014,  Sommer et al., 2015, Bakr et al., 2013. 

As 70% of drinking water is made from groundwater in The Netherlands, the protection of groundwater is regarded as 

very important.  

Contaminated groundwater might be a barrier in the application of ATES, as ATES pumping will spread and dilute the 

contamination (Zuurbier et al., 2013). Therefore, in The Netherlands regulation does not allow ATES systems in areas 

with contaminated groundwater (Bonte et al., 2011). But ATES systems can theoretically be situated and designed in 
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such a way that their impact on contaminated groundwater bodies is either minimal or positive. Positive effects can be 

achieved by e.g. hydrological containment and enhancement of biodegradation by mixing with nutrient-rich water 

and/or increased groundwater temperatures (Slenders et al., 2010, Sommer et al., 2013).  

Also the risk of mutual interaction between ATES systems is an important barrier for a mature market like the 

Netherlands.  However, also in developing markets it may be good to take into account future ATES systems to make 

no regret decisions  on well location and design. 

Denmark (developing market) 

In Denmark, the geothermal resources are available at relatively low temperatures, suitable for heat and cooling 

production. Both shallow and deep geothermal resources are used in Denmark. The number of smaller heat pumps 

extracting shallow geothermal heat has been assessed to be around 27,000 (Rogen et al., 2015). Shallow geothermal is 

mainly used for domestic heating via a series of closed loops at about 1 m depth. Vertical closed loop boreholes to 

around 150 m depth are also beginning to be used for domestic heating. Only few installations use an aquifer for heating 

and cooling. Recently, there is a growing interest in the application of ATES for the heating and cooling of buildings, 

and the first project of this kind was operational by the end of 2007 (Hendriks et al., 2008). Danish ATES market can be 

defined as a developing market, thus potentially facing both novel and mature markets barriers. 

Belgium (developing market) 

The application of the ATES technology is specifically interesting for the northern part of Belgium, due to ideal 

hydrogeological conditions. In 1996, the first ATES system was installed in Flanders (northern region of Belgium) at 

CERA Bank headquarters in Leuven (Dirven and Gysen, 1999). Since then, several ATES plants have become 

operational or are under construction in Belgium (Possemiers et al., 2014). Most of the ATES applications are used in 

the commercial sector such as hospitals and office buildings, where a large amount of cooling and heating is needed. 

Similar to the Danish situation, the Belgian ATES market can be classified as a developing market. 

Italy (immature market) 

Italy has a solid experience in the exploitation of geothermal energy for power generation:  the first experiments of 

electricity generation from geothermal steam took place in Larderello (Tuscany) in 1904. Conversely, the development 

of other direct uses of geothermal resources is still very limited compared to other countries in Europe and throughout 

the world (Casasso and Sethi, 2017). Very low temperature groundwater resources can be found almost everywhere, but 

the development of heat pumps extracting shallow geothermal heat have been limited up to now, in particular for open-

loop application, since it is no legislation in place for such systems. Instead, the use of closed-loop systems is regulated 

by Regional governments, and so more common, especially in Northern Italy. No ATES systems have been realized in 
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Figure C1. Schematic plan of Deltares campus with the location of different buildings/components indicated. 

Table C1. Delft case characteristics, yearly expected energy flows and savings. 

Parameter Value 

Heat surplus Tetra 50 MWh 

Heat from PVT 25 MWh 

Heat to ZZH  100 MWh  (assuming COP of heat pump =4) 

Gas use reduction 11,500 m3 ~22 ton CO2 

Electricity use reduction -25 MWh of chiller Tetra 

+27 MWh Heat pump 

-8 MWh produced by PVT 

Net saving: 6 MWh 

 

The ZZH-building is heated with conventional gas boilers, while no cooling was applied. The low temperature heating 

from the ATES wells can be used in combination with a heat pump to supply preheating to the air handling units of 

ZZH, thereby reducing its energy demand from the gas boilers. Energy from 120 PVT tubes will be used to boost the 
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temperature of the warm well during summer. During winter, heating from PVT can also be delivered directly to reduce 

the running of the heat pump.  

Only limited performance data has been collected so far from the solar thermal array, since it was only finally 

commissioned in September 2018. However, initial data shows the expected level of heat generation during sunny 

conditions. The monitoring allow flow and return temperatures to be tracked as a function of time, sun intensity and 

water flow, enabling calculation of thermal power generation. Figure 10 and 11 show temperature and flow traces for 

27-Sep-18, which was a clear sunny day and 30-Sep-18, which had partial cloud.   

 

Figure C2. Thermal power output during 27-Sep-18, a sunny day and 30-Sep-18, a partially cloudy day. 

From the data for the sunny day, the peak power output reached 30 kW, which was delivered at 43°C water return 

temperature. 30 kW equates to 250 W from each Virtu solar thermal tube. This is consistent with the output expected 

for late September; in summer the peak power will be typically 20-30% higher than this due to the higher sun elevation 

angle. On the partially cloudy day, the peak power was also close to 30 kW but it was more intermittent. Integrating the 

area under these curves gives the thermal energy production. This is calculated as 169 kWh for the sunny day and 115 

kWh for the partially cloudy day. This is the amount of heat that can be contributed daily to building heating on the site 

or that can be stored in the aquifer. 

The Delft ATES pilot at the Deltares site has focused on addressing the key challenge of achieving long term heating 

and cooling balance. The economic benefits of an ATES system are only achieved if a stable annual cycle is created, 

with the demand for heating and cooling balancing the generation and storage across several years. This balance can be 

partly achieved on a site-wide basis by balancing the heating and cooling demands of different buildings, as shown in 

this case with the Tetra and ZZH buildings, i.e. where one building has a higher cooling demand and the other a higher 
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heating demand.  This is a key learning for future ATES projects, that it is beneficial to include within a project multiple 

buildings with differing energy requirements, which thereby leverage the benefit of inter-seasonal storage while 

maintaining long term storage temperature balance.  

The pilot also aimed to address the long term imbalance between heating and cooling by installing a solar array, to 

capture solar heat during the summer. A novel hybrid solar collector, Virtu, which features a vacuum tube to enable 

higher thermal efficiency in cool climates, was installed in 2 phases. In the first phase 10 tubes were installed and tested 

for 1 year to enable system optimization (e.g. temperature control, freeze protection); in the second 120 tubes were 

installed, to give a 30 kW heat production capability. The second phase installation was close to the end of the project 

period and so the impact on aquifer well temperature has not yet been demonstrated. However well temperature 

measurements collected during the project have shown a clear trend to colder temperatures, demonstrating the decline in 

the energy density of the hot well that results from an annual imbalance in favor of heating demand. The pilot will 

continue to generate well temperature data over future years and should demonstrate the effect of the solar heat in 

slowing or reversing this trend and maintaining a highly efficient and sustainable ATES system. 

C.3. Utrecht pilot plant (Netherlands) 
The assessment follows the assessment methods described and used by Ni et al. 2014 and Ni et al., 2014. 

The Nieuw Welgelegen ATES installation is supplying heating and cooling to the sports facility by 3 separate mono-

well ATES (a Mono-well ATES system two well screens are installed in one borehole, warm in the upper and cold in 

the lower screen, see Figure C3, for schematic). In these mono-wells the warm water storage is always positioned above 

the cold water at sufficient distance to prevent potential mixing. In a geochemical report on the subsurface of the 

Municipality of Utrecht (Grotenhuis, 2016), it was argued that reductive dechlorination of COCs was not likely to occur 

due to unfavorable redox conditions. It is possible to alter the redox conditions in order to stimulate reductive 

dechlorination in the subsurface. However, altering the redox conditions is hardly possible when dealing with thick 

aquifers, which is the case for the Municipality of Utrecht, where the aquifers range from 50 to 200 m thick 

(Municipality of Utrecht, 2014). On the other hand, the original compound tetrachloroethene (PER) could not be found 

anymore in the subsurface of Utrecht, indicating that natural attenuation seems to occur at low rate in the first aquifer. 

However, still the intermediate vinylchloride (VC) is present in relatively low concentrations in the first aquifer of 

Utrecht. This compound is the most toxic and has an intervention value of 5 µg/l in groundwater. 

In Utrecht pilot the combination of ATES and bioremediation is studied in a plume of contaminated groundwater at 

relatively low concentrations of groundwater. As from the earlier lab studies with similar sediment material from the 

city of Utrecht it was demonstrated that the redox conditions for reductive dechlorination were too high bio-

augmentation is performed with a DHC culture to optimize the biodegradation circumstances. The bioaugmentation 
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approach was developed by Bioclear Earth, a Dutch company that is already active in the field of Bioremediation for 

more than 25 years. An extra well for biomass injection as well as extra monitoring wells were installed in the pilot as 

addition to the existing ATES system to stimulate the bioremediation (Figure C3). 

 

 

Figure C3. Schematization of Utrecht pilot plant operation during summertime. 

C.4. Birkerod pilot plant (Denmark) 
The assessment follows the assessment methods described and used by Ni et al. 2014 and Ni et al., 2014. 
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The use of ATES to stimulate bioremediation of high concentrations of chlorinated solvents is new, since the proof of 

principle for this concept was confirmed only at lab scale and in the Utrecht pilot this combination is under evaluation 

at industrial scale. However, in the Utrecht case the concentrations of the chlorinated solvents are relatively low and 

represent a traditional plume of chlorinated solvents. In Birkerod pilot plant (placed in The Hammerbakken 10 site) the 

concentrations of chlorinated solvent can be regarded as a source zone. So, this is the first pilot project in which a 

source of chlorinated solvents is treated by an ATES system. When this treatment shows to be successful it opens up a 

large market for the development of the combination of ATES and bioremediation. 

The design of the ATES system (Figure C4) is based on two wells in which the groundwater is continuously pumped in 

one direction. The heat in the ATES system will be provided by the building at Hammerbakken 10. This will lead to a 

temperature increase of the groundwater which is the energy source for the stimulation for the biodegradation of the 

chlorinated solvents in the groundwater. To further optimize the biodegradation of the chlorinated solvents, the redox 

will be lowered by addition of electron donor (three injection wells, black circles in Figure C4). In a subsequent stage 

DHC bacteria can be added when needed. Four monitoring wells (orange circles in Figure C4) will be realized to 

continuously measure groundwater redox. 

 

Figure C4. Danish pilot plant site. 














