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Abstract 

 Aquifer Thermal Energy Storage (ATES) is applied in many countries, but only in the Netherlands it has 

become an enormous success with over 2,500 running systems. In other countries the counter sticks to some dozens 

of ATES solutions. Unless the enormous energy and CO2 savings ambitions of the Paris agreement and, the use of 

ATES is still limited, while the technology seriously contributes to savings on fossil fuels and CO2. Hydrogeological 

conditions, climate conditions and energy prices are determining partly the success of the solution. But the 

involvement of a proper consortium to develop and introduce the technology in a specific country should not be 

underestimated. The role of an initiator and the stakeholders as a HVAC consultant, a drilling company and the 

cooperation with authorities are extremely important to become successful.  

Since 2014, a Japanese electric power company is busy to introduce the ATES technology in Japan. They took care 

on the critical success factors of ATES as outlined in this paper. Special attention has been given to the design of the 

ATES wells in relation to the specific hydrogeological conditions in Japan. In line, the drilling technique and the 

development of the wells became a high priority in the two demonstration projects which has been made in recent 

years. The results so far show an unexpected high yield with minimal impact on the environment. Land subsidence, 

indicated as a large concern, seems to be very manageable by a good analysis of the soil, design of the wells and the 

drilling and development of the wells. 

A main point of attention is the actual legislation. This point is found in nearly all countries. A lack of a clear legal 

framework results in a delay and often in a no go for this energy saving solution. Bringing together the 

stakeholders, especially within the various departments of the authorities, is a key to make a next step. 
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1. Introduction 

Aquifer Thermal Energy Storage (ATES) is a heat and cold storage technique where the 

seasonal heat and cold is stored in an aquifer to re-use the energy in the next season to warm 

and cool buildings. Open wells are used to abstract the groundwater and after the exchange 

of heat or cold through a heat exchanger, the groundwater will be re-injected in the same 

aquifer. The solution can contribute to more than 50% in the energy savings on space heating 

and cooling and is therefore recognized as a sustainable energy solution, which can also 

contribute to zero or nearly zero energy buildings (n-ZEB).  
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In the Netherlands, the technique has been applied in more than 2,500 buildings. These 

buildings vary from type of application, but also in size. Most of the ATES systems are 

abstracting large volumes from 25 m3/h to more than 500 m3/h. Unless the wide spread use of 

ATES in the Netherlands, it peered out that the solution is hardly applied in other countries 

and if it is applied, often only on a small scale. The questions are why it is a success in the 

Netherlands, but why not in other countries? And how can it become a success in other 

countries? It is proven to be a sustainable energy solution, which helps to contribute to the 

energy goals as set in Paris in 2015. An analysis on the critical success factors may help to 

identify how ATES could be successfully introduced in more countries. One of the countries 

which is seriously working on the introduction of the ATES technology is Japan, or better a 

Japanese energy company. Step by step, they are passing the critical issues to implement the 

locally unknown technology with the realization of a pilot project. In this paper we will 

discuss the critical success factors of implementing the renewable ATES technology by using 

the Japanese approach/lessons learned and we hope it will inspire other countries to adopt 

this energy saving technology.   

 

2. Stakeholders  

It is maybe strange to start with the stakeholders. Why not considering the technological 

challenges as critical success factors first? However, the implementation of ATES is not 

straightforward and many stakeholders need to be involved to integrate and implement the 

technology. Prior to everything, there should be a client or company who is willing to 

introduce the technology and is able to form a consortium of experts to start, as the Japanese 

electric power company did. They formed a consortium with stakeholders as HVAC experts, 

heat pump supplier, an ATES expert and a drilling company. With this technical consortium, 

it was and is possible to work on the various aspects introducing the technology successfully. 

First, it is important to have a good understanding of the hydrogeological situation. How is 

the buildup of the soil and where are the aquifers or water bearing layers? What are the 

characteristics of the groundwater? Knowledge of the hydrogeology is essential, you need 

local hydrogeological experts, or a good cooperation with the geological survey or a drilling 

company with a considerable experience of the region in the team. 

Second, the hydrogeological situation should be interpreted and converted to realistic 

numbers of the aquifer properties to estimate the energy potential. Modelling needs to be 

executed to design the ATES system and determine the well positions and screen depths. A 

risk assessment will help to manage the risks and to reduce the failures. This point is split up 

into two directions. One the realization of the wells and second of the integration of the 

ATES system in a building. 

The realization of proper wells is a critical process, but manageable with good equipment 

and preparation. As we will see later in this paper, a high-quality drilling technique and a 

careful cleaning of the wells are essential to obtain long life wells with a good yield and a 
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low drawdown. Therefore, the involvement of a drilling company in the consortium was a 

smart strategic decision. 

Fourth, as mentioned, the integration of an ATES system in the energy management of a 

building is extremely important. A result of many not proper working ATES systems can be 

revert to a miscommunication between de building energy demands and the supply options 

of an ATES system. In base the building should be supplied with the required amount of 

heat and cold from the ATES system, but if the storage facility of the ATES system is not kept 

in a good condition, the system will disfunction. Already in the design phase, an integrated 

energy concept must be made and in sequel a hydraulic scheme and controlling system. 

HVAC experts should tune the design with the ATES experts to obtain a fully integrated 

design. One of the main issue to discuss, are the temperature levels of the hydraulic circuits 

and the energy release units in the building. 

Also, the role of the energy company cannot be neglected. Especially, when the technology 

will be introduced in countries where the technology is quite unknown. Clients will, of 

course, ask why they must take the risks of introducing an innovative technology. Except 

clients, who have a great open mind and attitude to welcome innovative solutions or clients 

who are familiar with the technology based on experience in countries with a mature ATES 

market.  

To break open the market, energy companies can be leading by taking the realization and 

organizational risks and finally only offer heat and cold to their clients. The energy company 

will be responsible for the design, realization and the required permits, but also for the 

maintenance of the ATES plus heat pump system. The client can profit from the sustainable 

heat and cold provided by the energy company, but without taking all the risks. Of course, 

more models are possible and in a mature market you will see many alternatives. However, 

in an upcoming market, it would be a great step forwards if the initiative taking parties will 

take their responsibility and don’t put it on the desk of the client.  

 

3. Legal framework 

One of the stakeholders, which hasn’t been mentioned expressively, but very important, are 

the authorities. In nearly all countries, the authorities play a key role in the protection of the 

groundwater, the energy goals, the development of cities and to keep cities alive and 

attractive. Normally, it is a quest to find the right people to discuss your plans to obtain the 

required permits and in addition, the different interest could also conflict within one 

authority body as a municipality. This will be a real threat for the realization of an ATES 

system in the soil and by the abstraction and injection of groundwater.   

From the start of the pilot project, the electric power company has involved the municipally 

in their plans to get support and to discuss the interests and find solutions how to deal with 

them. In the paper Important criteria for ATES legislation, Drijver et al, Enerstock 2018, a 

detailed analysis has been made on the legal aspects which are often relevant to implement 

ATES. In this paper we focus on the most important license, which has everything to do with 
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the abstracting and injecting of groundwater in reasonable amounts. In many countries, 

there is simple no regularly framework for the injection of groundwater and especially in 

city areas. Abstraction is often reduced to very small amounts. The lack of a legal framework, 

will freeze many politicians to allow the abstraction and injection of groundwater. However, 

one solution is to discuss with the authorities about the plans and to assess the risks by 

modelling the hydraulic and thermal effects in the environment. Also, an intense monitoring 

program could contribute to verify if the expected or feared risks will occur or not and to 

observe the real impact of the ATES system on the environment.  

In the Japanese projects, the main concern was land subsidence by the abstraction of 

groundwater. Especially in large cities such as Osaka and Tokyo, a large amount of 

groundwater is pumped up during the reconstruction period after the Second World War. 

So, the groundwater level dropped 30 meters or more, and resulted to 3 meter subsidence at 

some places. For this reason, the Japanese national and local government started pumping 

regulation, and it keeps until now for suppressing ground subsidence. 

Unless, the positive results in the Netherlands, the concern has been appointed as an 

important success factor for the implementation of the technology in Japan. From a 

hydrogeological point of view, the risks can be managed by the injection of the same 

quantity of groundwater in the same aquifer as the abstracted groundwater, which has been 

taken off. The impact on the hydraulic water level by abstraction, will be compensated by the 

injected groundwater. Only a small area around the abstraction and injection will be 

influenced. A thought through design of the wells and the realization of proper developed 

wells, will contribute to a reduction of the land subsidence risks.  

 

4. Demonstration of the technology 

To overcome a sceptic attitude of potential stakeholders and to prove that the environmental 

impact could be manageable, a demonstration project is proposed in Japan. Many concerns 

are raised due to a lack of a good understanding of the technology and the potential risks 

and their impact. In addition, Japan is very critical to innovative technologies and only when 

it works on Japanese soil, it will be taken serious as a proof of concept. Therefore, two pilot 

projects were developed with the financial support of the Ministry of the Environment of the 

Japanese government. 

One of these pilot projects is in the city center of Osaka. The electric power company has set 

up a demo ATES system to prove the proper working of the ATES concept. Figure 1 shows 

an overview of the pilot location (pilot location upper right side of the green triangle).  

One of the focus points of the pilot in Osaka city was to analyze the risks for land subsidence. 

The basic idea of ATES is the abstraction and injection at the same time, in the same aquifer, 

with the same amounts. This is the mean reason that there is no depletion of the 

groundwater and that the hydraulic impact of abstraction will be compensated by the 

injection.  
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The results so far are that they couldn’t measure any impact of the ATES system on the land 

subsidence at the Osaka city site, because it has little influence on itself and the construction 

of the underground railroad stations nearby. 

To have an independent judgment, also universities were involved to co-assist in the 

measurements and analysis of the impact of an ATES system. 

 

Figure 1: Overview of the Location of the ATES pilot project, Osaka City, Japan 

Based on the strategy of the electric power company, we can conclude that a close 

cooperation with the authorities is essential. Involvement of universities in this phase could 

significantly help to assess the expected risks. A great step which has been started is to 

consider the actual legal framework and work on an improved version were ATES can be 

permitted as a sustainable and reliable, low risks technology. Important in this step, is that 

not only the groundwater department of the municipality is involved, but also the other 

departments as energy, special planning etc. When different interest will be put on the table 

and ambitions and concerns are taken serious, solutions could be found, as we could see 

from the Dutch.   

 

5. Environmental conditions 

It could not be ignored, but external factors are having an impact on the success of ATES. 

One of them is the local climate. As ATES is a seasonal heat and cold storage technology, 

there should be a moderate sea or land climate or at least a warm and cold period to charge 

the wells, to provide the heat or cold in the next season. Applying ATES in tropical climate 

zones is less effective, because there is (hardly) no cold period to load the wells, while 

cooling is the main demand in this climate zone. Japan, but also the Netherlands and many 

more countries, do have a winter and summer period which is ideal for the storage solution.  

In addition, the natural groundwater temperature is comparable with the average year 

temperature. This means that in warm climate zones the temperature of the natural 
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groundwater could be higher than 20 oC, which makes it even less efficient to store cold or to 

provide low temperatures by using the natural groundwater temperature.  

A main driver for the implementation of ATES is the efficient way to provide cooling. Even 

also a better performance will be obtained in heating mode, the savings in the cooling mode 

are superior to heating in many situations. Chillers will have a coefficient of performance 

(COP) of 3.5 which means that 1 part of electricity will generate 3.5 parts of cold. An ATES 

system could provide 40 parts of cold by only using one part of electricity (COP is 40).  

Therefore, the supply of cold improves the business case of an ATES system and makes it 

financially attractive to implement in buildings which needs heat and cold. Ideal buildings 

are offices, hospitals, university campuses, city buildings or buildings with combined 

functions as living and shopping centers or elderly health care. However, datacenters with 

large cooling demands are also using the technology more and more and charge the wells in 

winter time by using dry coolers. 

In the Japanese situation, which may also be the case in many other countries, the air needs 

to be dehumidified in summer time. Chilled water of about 7 oC is required to reach this 

target. However, combining ATES with a heat pump, will still result in a high efficiency and 

a COP of 10, which is much higher than traditional cooling and dehumidifying technologies.  

A factor which could hardly be influenced, but plays a role in the economic success of an 

ATES solution, is the price of energy and the energy infrastructure in a country. General 

speaking, a high energy price will accelerate the introduction, because the return of 

investment is shortened. A very low electricity price makes it more difficult to compete with 

traditional heating and cooling solutions. 

However, the energy infrastructure and the energy resources in a country influences the 

attractiveness of ATES. In Japan, the natural resources of oil and gas are limited and 

therefore the solution becomes less dependent on fossil fuels, which will be preferred. Due to 

the high electricity use in Japan, another factor becomes interesting. One of the goals to 

introduce ATES is to shave the electricity peaks during the seasons. Especially in summer 

time, many air-conditioning units are consuming a lot of electricity, but using an ATES 

system, will reduce the electricity consumption in cooling mode due to the higher efficiency. 

On the other hand, in winter time, heat pumps will be used to supply heat and therefore a 

higher base load of electricity will be generated. Year round, the peaks are reduced. 

 

6. Hydrogeology 

The existence of a suitable aquifer is crucial for an ATES system. An aquifer is suitable when 

it is made of sand(stone) or Chalk. It must have a permeability of at least 100 m2/d, an anoxic 

or oxic water chemistry over the total depth of the aquifer, a thickness of more than 10 meter, 

and preferably, aquitards above and below the aquifer (confined aquifer). It is desirable that 

the aquifer is not too deep (limit drilling costs) and not too shallow (effects on the shallow 

groundwater level). 
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For the possibilities of an ATES system at a certain location, the geohydrology must be 

investigated in detail. In Osaka Japan some information of the geohydrology was already 

known, due to present boreholes. With this information the regional groundwater system 

became clear. A cross section of the soil was available and is presented in figure 2.  

 

Figure 2: Cross section of the soil, Osaka City. Used source: Development of Geoinformatic Database 

and Its Utilization to Engineering Practice, Authors: Mamoru Mimura, Koji Yamamoto (the original 

picture has been modified and the test drilling profile has been added). 

At the project site three main aquifers can be distinguished, Dg1, Dg2 and Dg3. For the 

selection of the most suitable and productive aquifer more information must be retrieved. 

Test drillings were performed with percussion drillings at a depth of 100 meter on the project 

site. The test drillings delivered detailed information of the soil layers of the different 

aquifers such as, soil type (sand, clay, peat), percentages of gravel, sand, clay, silt, the grain 

size distribution, D50 numbers of the particles and groundwater composition. With the grain 

size distribution of every meter, the hydraulic conductivity could be calculated. Different 

formulas were used with use of the program HydrogeoSieveXL. The Kruger and Beyer 

formulas were used, because a previous test program had learned that they give the best fit 

for Osaka's aquifers. The information was used to calculate the expected maximum yield for 

a well for each aquifer.  

Because of the drift in the underground, a risk of the appearance of oxygen in the anoxic 

aquifers could be expected. The results of the water analysis of taken groundwater samples 

from the test drillings showed no presence of oxygen. Despite these results, the risk of redox 

could not be completely eliminated. 
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With the combined information of the regional groundwater system and the information of 

the test drillings, the most suitable aquifer was selected. For the realization of the pilot 

project, aquifer Dg2 became the target aquifer. The aquifer showed on paper the highest 

production rate and lowest risk of the presence of oxygen. The calculations predicted a 

transmissivity between 500 - 600 m2/day, which should result in a maximum yield of 85 m3/h.  

 

7. Realization of high quality wells 

A sustainable ATES system with minimal maintenance and replacement of components, 

demands wells which deliver very clean water and don’t demonstrate any clogging (on the 

short term as well as the long term). The oldest ATES systems known, function for more than 

25 years in The Netherlands. Most of these systems use their original wells, without any loss 

of capacity. Only twice a year preventative maintenance is applied by back flushing the wells 

for half an hour on maximum design capacity at the sewage. In general, these systems show 

a constant or in some cases even a slight increase in specific yield during the use. 

There are quite a few factors which play a key role in the realization of sustainable wells. We 

will highlight the most crucial factors first and then show how they were implemented in the 

Osaka City project.  

 

Well design 

A good well design is as important as the drilling of the well itself. Materials to be used, 

dimensions of pipes, slot size of the screen, gravel pack size and thickness are crucial. For the 

prevention of sand particle delivery and clogging of the wells, the maximum velocity of the 

water on the borehole must be determined for both abstraction and for injection.  

 

Drilling 

There are multiple ways for making a borehole. Only a few techniques are suitable for 

realization of high quality wells. The most important aspect is to drill as clean as possible to 

prevent or minimize a “skin” on the borehole. A proven reliable technique is reverse rotary 

drilling with airlifting. Important benefits of this technique are the clean drilling possibility 

(in most cases bentonite is not needed), relative large diameters (350 – 800 mm) can be made 

and it provides good soil samples during drilling. A disadvantage is that the technique is not 

wide spread around the world and not all the drilling companies are familiar with the 

technique. 

 

Well development 

After well completion, the wells must be cleaned carefully. Although no drilling mud is 

used, a filter cake or skin is formed at the borehole during drilling. This is caused by 

penetrated shallower clay layers and fine particles of the formation in combination with the 

overpressure in the borehole during drilling. It is important to clean the borehole as good as 

possible. It prolongs lifespan and reduces maintenance. 
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General applied methods of developing the wells are a mechanical way of development. 

Several different kind of techniques are applied to remove the filter cake from the borehole. 

Especially section pumping is very effective to create a temporary intensive flow on a small 

part on the borehole to remove most of the filter cake. All steps of development must lead to 

a skinless borehole for optimization of the capacity, while the delivery of sand and fines 

during abstraction is as low as possible. Dutch standards demand a maximum sand 

concentration in the abstracted ground water at maximum design capacity of 0.01 mg/l or 

0.01 ppm. For the measurement of the finer particles, the MFI (membrane Filter Index or 

Membrane Fouling Index) method is applied. This method is also used to determine the 

fouling of membrane filters for reverse osmosis. To determine the MFI, groundwater is 

filtered over a membrane filter of 0.45 µm, while the applied pressure is kept at a constant 

level. The water amount through the filter is measured in time. The MFI value is calculated 

from this data. The faster the membrane filter clogs, the higher the MFI value. The Dutch 

standards require a maximum MFI value of 1 s/l2. The MFI-value of abstracted water 

represents the clogging potential of the water when injected in a water well. 

 

Pilot system in Osaka Japan 

In Japan the reverse rotary drilling technique was hardly applied until 2016. Due to the good 

experiences in The Netherlands, the Japanese were convinced to use the reverse rotary for 

their pilot project in Osaka. Because there was no such rig available, a new special rig was 

built in Japan. The rig was especially designed for reverse rotary drilling in combination with 

airlifting and is be able to make a borehole of 600 mm to a depth of at least 150 meters. The 

introduction of the relative new drilling technique was supported by Dutch drilling 

managers. During the process of the drilling some challenges occurred.  

 

Figure 3: Reverse rotary drilling rig, well 1 at Osaka City, Morikawa Sakusen drilling 

The aquifers consist mainly of sandy gravel with many big pebbles, a little bigger as 

expected, which got stuck occasionally in the drilling rods. The pebbles could be removed 

from the rods, but the drilling took more time. Another challenge was the high consumption 
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of water in the borehole. To remain overpressure in the borehole, more water was needed 

than the water supply could deliver. It was for the first drilling inevitable to use bentonite to 

reduce the water consumption in the borehole and to keep the borehole stable. This was a 

hard learning lesson, the aim was to drill without use of bentonite, which good have been 

reached with a proper water supply of 25 m3/h. The second well could be drilled with a high 

supply of ground water from the first drilled well. This well could be drilled without the use 

of bentonite. The screens with a relative big diameter (outside diameter 315 mm) in 

combination with a small slot size (0.6 mm) were not available in Japan and were imported 

from the Netherlands. After 2 months of drilling, two wells were successfully completed. 

 

Figure 4: Installation of the PVC sump and screen in the borehole, Osaka City 

Figure 5 presents the drilling samples of every half meter between 45 and 59.5 meter below 

ground level. The screen of the wells is positioned between 47.5 and 55.5 meter below 

ground level. Aquifer Dg2 is confined and closed above and below with a clay layer. 

 

 

 

 

 

 

 

 

 

Figure 5: Taken soil samples, well 1, Osaka City 
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After completion, the wells were mechanically developed with the techniques as mentioned 

before. After development was completed the wells turned out to be more productive as 

expected. The wells deliver water with a flow rate of 100 m3/h, with a sand concentration and 

MFI value according Dutch quality standards. The water flow on the borehole are within the 

abstraction and reinjecting limits, due to a higher transmissivity as expected. The 

transmissivity of Aquifer Dg2 has been calculated at approximately 1400 m2/day, based on 

performed pump tests. The higher transmissivity as calculated with the information of the 

test drillings is likely caused by the relative high amount of pebbles in the aquifer. The 

pebbles were not found during the test drillings with the percussion drillings. The 

percentage of pebbles was not processed in the grain size distribution and could not be 

included in the calculations of the hydraulic conductivity in the geohydrology investigation 

on forehand.  

The specific yields of well 1 (warm) and well 2 (cold) are respectively 32 m3/h/m and 66 

m3/h/m (abstraction only). In Figure 6, details of abstraction and reinjection tests are 

presented. The differences in specific yield between the two wells are very likely caused by 

the use of bentonite during drilling of well 1. The use of bentonite caused a skin on the 

borehole, which appeared to be unable to remove, at least not with mechanical development 

procedures. It is likely that additional chemical development of the wells will lead to an 

improved specific yield of well 1, comparable to well 2. However, the wells are functioning 

now for over 7 months, without any decline of specific yield.  In Japan, it was the first time in 

history that wells with these kind of dimensions and high yield were realized. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Results abstraction and injection tests, measured water levels vs flow rate, Osaka City 

(processing and interpretation of the measurements by Mr. Nakaso) 

 

±1.8m/100t 

-1.0m/100t 
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Both wells are provided with submersible pumps and inline injection valves from The 

Netherlands. The used types are proven technology, and has been used in more than 

hundreds of ATES systems. The injection valves ensure that the pressure in the system is 

maintained. By maintaining pressure degassing of dissolved gasses and entering of oxygen 

in the groundwater system is prevented.  

 

The system has been made above ground level, with the exception of the wells (figure 7). The 

main reason is to demonstrate how the system works. It has not been connected with a real 

building. To simulate reality, a heat pump is connected via a heat exchanger, which allows 

heat and cold to be loaded into the wells. With these tests, the efficiency of the system will be 

measured over a year. 

 

This pilot project must convince the legislators, policy makers, project developers, energy 

companies, building owners and end users that ATES works, also in The Osaka city center, 

Japan. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: ATES pilot system in Osaka 

 

Unfortunately, the subsidy rules in Japan state that a pilot project cannot be used 

commercially and when the investigations are completed, the system must be dismantled. 

Fortunately, much has been learned and investigated during the project, which has built up a 

lot of knowledge and experience. The expectation is that this pilot project will lead to a 

successful implementation of many sustainable ATES systems in Japan. 

 

8. Conclusions 

The ATES technology can contribute to serious energy savings in especially space heating 

and cooling of buildings. In the Netherlands it became a very popular solution, which has 
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been applied in more than 2,500 buildings. The suitable underground, climate conditions 

and high energy prices resulted in a breakthrough for the sustainable energy source. 

However, the real critical success factors were the integration of the technology in the legal 

framework for using and protection of the groundwater.  

Contra dictionary, the technology is hardly applied in other countries with comparable 

underground, climate and energy price conditions. Even in Japan, the technology was quite 

unknown and hardly not applied. Due to the strong wish of an electric power company, a 

consortium worked on the successful introduction of the technology and proves in two large 

scale demonstration projects, the proper working of the system. A strong cooperation 

between the Dutch knowledge partner and the Japanese design and drilling company 

resulted in a technological breakthrough of ATES wells in the Japanese hydrogeological 

conditions, as demonstrated in a pilot project in Osaka Japan. The approach of the electric 

power company may inspire other initiatives to start and implement the technology in their 

own country. However, beside the technological challenges, it is important to focus on the 

legal framework and the cooperation with stakeholders. 
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