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Abstract

Aquifer thermal energy storage (ATES) represents a promising solution for heating and cooling, offering lower greenhouse
gas emissions and primary energy consumption than conventional technologies. Despite these benefits and the widespread
availability of suitable aquifers, ATES has yet to see widespread utilisation, with uptake highly concentrated in select coun-
tries (Netherlands, Belgium, Sweden and Denmark). Beyond technical and hydrogeological feasibility, appropriate national
policies are paramount in driving ATES deployment. This study provides an international comparison of ATES policies,
highlighting best practices and revealing where measures are missing. It sources insights from a survey of experts across
academia, industry and governmental bodies in 30 countries, complemented by semi-structured expert interviews. The study
reveals significant differences in the existence and strength of supportive policy environments between countries with dif-
ferent ATES market maturity. A mere 33% of all survey respondents stated that there are policies designed to support ATES
utilisation in their respective countries, while the existence of laws and regulations governing ATES was confirmed by 56%
of the respondents. The interviews provide details on creating supportive environments (e.g. through facilitators like pre-
existing groundwater technology use and building energy efficiency standards) and further barriers to ATES deployment.
Ten recommendations for ATES policies are derived to address the following areas: legislative and regulatory issues, rais-
ing public awareness, ATES’ role in local energy transitions, and social engagement. This work aims to steer global policy
towards better harnessing the potential of ATES to decarbonise buildings.
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GSHP  Ground source heat pump
UTES  Underground thermal energy storage

Introduction

Aquifer thermal energy storage (ATES) is an open-loop and
most often shallow geothermal system that uses ground-
water for seasonal storage of thermal energy. ATES sys-
tems exploit the wide availability and high heat capacity
of groundwater to supply heating and/or cooling previously
stored in the subsurface to mitigate temporal mismatches
between energy demand and availability (Bloemendal et al.
2015; Fleuchaus et al. 2020). ATES systems supplying
both heat and cold are commonly used in large building
complexes, such as offices, airports, universities or hospi-
tals (Birhanu et al. 2015; Fleuchaus et al. 2018; Lu et al.
2019). This kind of ATES typically stores waste heat and
cold from the cooling and heating process itself and there-
fore benefits from balanced heating and cooling demands of
the connected buildings, which ensures sustainable system
operation.

Another type of ATES operation is to store excess heat
from external sources, such as industrial waste heat and
surplus solar thermal energy. These systems can also be
used in a decentralised way as described above or in cen-
tralised applications in district heating and/or cooling (DHC)
networks. This allows them to compensate for fluctuating
energy supply and to increase the share of renewable energy
sources in the network which can further contribute to the
energy transition at the municipal level (Fleuchaus et al.
2018; Schmidt et al. 2018; Todorov et al. 2020).

Compared to conventional heating and cooling technolo-
gies, such as gas boilers and compression chillers, ATES can
reduce greenhouse gas emissions by up to 74% (Stemmle
et al. 2021). Similar reductions were shown regarding pri-
mary energy consumption (Fleuchaus et al. 2018; Vanhoudt
et al. 2011). These environmental benefits are accompa-
nied by lower operational costs compared to conventional
technologies, leading to typical payback times of ATES
systems ranging from 2 to 10 years (Fleuchaus et al. 2018;
Ghaebi et al. 2017; Schiippler et al. 2019). Nevertheless,
ATES uptake remains limited. The more than 3000 systems
installed globally are highly concentrated in the Nether-
lands with 85% and a further 10% in Sweden, Denmark and
Belgium (Fleuchaus et al. 2018), despite suitable aquifers
being widespread across the globe (Bloemendal et al. 2015;
Lu et al. 2019; Ramos-Escudero and Bloemendal 2022;
Stemmle et al. 2022).

Like other technologies such as wind and solar power
(Best and Burke 2018; Saidur et al. 2010; Timilsina et al.
2012), international adoption of ATES requires appropriate
energy policies. This is evident from the high number of
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Dutch ATES systems, supported by a sophisticated ATES
legislative and regulatory framework. Building on success-
ful government-subsidised pilot projects in the late 1980s,
Dutch ATES numbers grew rapidly post-2000. These first
systems required permits governed mainly by the Dutch
Water Act (Drijver and Godschalk 2018). By the early 2010s
growing adoptions in the Netherlands required a revised
legislative and regulatory framework for ATES, leading
to a more specific ATES policy. The resulting Geo Energy
Systems Amendment (Dutch: Wijzigingsbesluit bodemen-
ergiesystemen) features a simplified eight-week permit pro-
cess, company certifications to ensure high system quality
and standardised system monitoring requirements (Bloe-
mendal et al. 2023; Drijver and Godschalk 2018). More spe-
cific operational regulations were also established, including
upper and lower storage temperature limits of 25 °C and
5 °C, respectively, and a required energetic balance between
injected heat and cold.

Besides ensuring efficient system operation, these regu-
lations aim to protect the subsurface environment (Drijver
et al. 2010; Drijver and Godschalk 2018). As systems num-
bers grew, authorities also addressed increasing scarcity of
subsurface space in urban areas and potentially detrimental
thermal interferences between systems. They introduced
geothermal energy master plans for coordinated spatial
subsurface and energy planning of ATES systems in dense
urban areas, ensuring optimal and sustainable use of the
available subsurface (Beernink et al. 2022; Bloemendal et al.
2014; Drijver and Godschalk 2018; Sommer et al. 2015). An
interactive online map by the Dutch Ministry of Economic
Affairs and Climate Policy allows municipalities to mark
designated areas for geothermal use, aiding ATES planning.

The extensive Dutch ATES legal and regulatory frame-
work stands out internationally, while for countries with a
limited ATES deployment available literature, reports or
other pieces of information about country-specific ATES
policies is often lacking. While not specifically dealing with
ATES, some publications discuss the legislative framework
for shallow geothermal energy (SGE) utilisation in European
countries. These studies highlight a heterogeneous landscape
of country-specific legislation and regulations governed by
a plethora of national and regional laws, decrees and guide-
lines. This diversity hinders the uptake of SGE systems,
suggesting a need for standardised policy approaches and
regulations (Garcia-Gil et al. 2020; Haehnlein et al. 2010;
Héhnlein et al. 2013; Somogyi et al. 2017; Tsagarakis et al.
2020). ATES faces similar constraints as other SGE systems,
and inadequate policy can also stifle uptake of ATES.

To address the lack of information about ATES-specific
policies in many countries, this study presents an interna-
tional comparison of market barriers, policies, and regu-
lations for ATES. It highlights best practices for policy
approaches, explores success factors and challenges in
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increasing ATES adoption, and identifies areas where
appropriate policies are missing. From these insights, rec-
ommendations are derived for a comprehensive ATES policy
approach to overcome legislative, regulatory and socio-eco-
nomic barriers to wider international ATES deployment.

Methodology

To gather comprehensive information on the current status
of ATES policies and regulations internationally, we con-
ducted an online survey and a series of online interviews
(Fig. 1). The survey was sent to experts and practitioners
in ATES, geothermal energy and geoscience. Additional
contacts were compiled from publicly available member-
ship lists of European heating and cooling industry and trade
associations. Given that all recipients were identified for
their relevant expertise, it is appropriate to assume that they
possessed sufficient knowledge to answer the survey ques-
tions, and in cases where they did not, they were instructed
to answer ‘don't know’. The survey was emailed to 333
contacts from academia, consultancies, installation com-
panies, government authorities, national geological surveys
and industrial associations working on geothermal energy
and ATES from 47 countries. 82 experts across 30 coun-
tries completed the survey, yielding a 25% response rate.
We followed recommendations in survey methods literature
(Dillman et al. 2015; Frandell et al. 2021) on maximising

- International
£ ATES policies

Technology

the sample size by emailing a pre-notification letter,' initial
survey invitation and three reminders to recipients over one
month.

The survey’s questionnaire was sent via Qualtrics (ver-
sion March 2023) and sought information on country-spe-
cific policies, legal, technical, economic and societal con-
ditions relevant to ATES, important market enablers and
barriers and the existence of laws and regulations governing
ATES installation and operation. Following good practice
in survey design (Clark et al. 2021; Dillman et al. 2015), we
developed closed questions with fixed-choice responses and
open-ended questions allowing respondents to write their
own answers. The phrasing of questions, fixed responses
and Likert scales were formulated carefully to avoid leading
answers in a particular direction. At the end of the survey,
respondents were asked if they would be willing to partici-
pate in a follow-up interview. Subsequently, we conducted
a set of 16 semi-structured interviews with a set of these
experts to collect further country-specific information. Most
interviews were conducted using Microsoft Teams or Zoom.
Respondents consented to take part and to be audio and
video recorded. Interviews were recorded, transcribed and
detailed notes taken. Quotations and attributions used in this
paper were sent to interviewees to obtain their permission

! Pre-notification emails may however be less effective in raising
web survey response rates compared to pre-notification postal letters
(Clark et al. 2021; Daikeler et al. 2020).
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Fig.2 Pie charts showing the shares of the survey respondents’ type of organisation. It should be noted that respondents were able to select more
than one type of organisation. Appendix C states the absolute numbers of survey responses on a country per country basis

to include them. The online survey’s questionnaire and the
interview guide are presented in Appendices A and B.

Insights and lessons learned from the survey and inter-
views were used as a basis for developing recommendations
for a sophisticated ATES policy that aims to foster a wider
international ATES deployment.

Results and discussion
Results of the online survey

A total of 82 experts from different countries and types of
organisations completed the survey (Fig. 2, Appendix C).
For 17 countries, no responses were received. While not
complete, the collected set of data is the most extensive to
have been produced.

A key finding is that legislative and regulatory frame-
works relevant to ATES vary widely among different coun-
tries in both their existence and design. This confirms earlier
findings from broader studies of shallow geothermal energy
(Garcia-Gil et al. 2020; Haehnlein et al. 2010; Hihnlein
et al. 2013; Somogyi et al. 2017; Tsagarakis et al. 2020).

Sects. "Importance of market factors" to "Access to tech-
nical knowledge and qualified workers for ATES installa-
tion" highlight specific survey questions in more detail. For
these analyses, we categorise countries by ATES market
development levels to identify potential influences on market
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factors, policy and regulatory frameworks, and other survey
aspects (Table 1). The categorisation is based on Fleuchaus
et al. (2018) and extended from survey results. With only
7 responses from the Netherlands, the only mature ATES
market, Dutch responses were combined with those from
growing markets into a “mature & growing markets” group
with 4 countries. The “emerging markets” group includes
14 countries, while the “countries without ATES” group
includes 12 countries. To facilitate more straightforward
comparisons, responses of ‘don’t know’ are omitted from
the following evaluations. Sect. "Country comparison" com-
pares results from the Netherlands, Denmark and Germany
being mature, growing and emerging markets, respectively.
These countries also had the highest response numbers.

Importance of market factors

Survey questions 4 (& 4.a): At the present time and
in your view, how important are the following market
factors in influencing the uptake (the potential adop-
tion) of ATES in your country?

Different market factors can act as barriers or enablers
for a wider use of ATES. The influence of these factors
on technology progression varies based on the country-
specific market development level (Fleuchaus et al. 2018).
Respondents’ importance ratings of ATES market factors
are therefore presented as a function of the ATES market
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Table 1 Countries represented

. Mature & growing markets
in the survey results grouped

Emerging markets Countries without ATES

according to their ATES market ATES systems

ATES systems

development levels. Number of

ATES systems based on survey Mature: Australia <10 Albania
responses and Fleuchaus et al. Netherlands > 3000 China 6-10 Austria
(2018) Finland 1 Czech Republic
Growing: France Unknown Estonia
Belgium 100-340 Germany 2-4 Greece
Denmark 50-80 Hungary Unknown Italy
Sweden 220-300 Norway 2540 Lithuania
Poland Unknown Portugal
Romania Unknown Russia
Slovakia Unknown Serbia
South Korea <10 Slovenia
Switzerland 2-3 Spain
UK 11-12
USA 2
Mature & growing ATES markets Emerging ATES markets Countries without ATES

Technical feasibility

Geological feasibility

Lack of subsurface space

Economic feasibility

Policy support

Laws and regulations

Industry knowledge and skills

Public awareness

Public trust and acceptability

High

Response frequency

= Low

Fig. 3 Relative survey response frequencies of the importance ratings grouped by ATES market factors. The three heat maps show responses for
the three groups of countries outlined in Table 1. Inset numbers inside each grid square give the numbers of responses

development level (Fig. 3). Geological feasibility and
laws and regulations were rated as the most critical fac-
tors for the uptake or the adoption of ATES across all
country groups (Table 2). In contrast, lack of subsurface
space and public awareness received the lowest ratings
across all groups, suggesting that the two most and two
least important market factors are universal, rather than
country-specific.

However, the importance ratings of other market factors
differ between country groups. Countries without ATES

have relatively uniform ratings, with most factors classed
important or very important. In contrast, mature & grow-
ing markets and emerging markets see more differentiated
views on ATES market factors (Fig. 3).

Existence of ATES policies

Survey questions 5 (& 5.a): Are there any policies
being applied currently in your country to increase the
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Table 2 Average score of the Importance Rating of ATES market factors for each country group

Mature & growing markets Emerging markets

Countries without ATES

ATES market factor Rating ATES market factor Rating ATES market factor Rating
Geological feasibility 4.68 Geological feasibility 4.56 Geological feasibility 4.78
Laws and regulations 4.42 Laws and regulations 4.44 Laws and regulations 4.47
Economic feasibility 4.21 Policy support 4.27 Economic feasibility 4.44
Technical feasibility 4.11 Economic feasibility 4.22 Technical feasibility 4.28
Policy support 4.05 Industry knowledge and skills 4.20 Industry knowledge and skills 4.17
Industry knowledge and skills 4.00 Technical feasibility 4.11 Policy support 4.17
Public trust and acceptability 3.47 Public trust and acceptability 3.47 Public trust and acceptability 4.17
Public awareness 3.16 Public awareness 3.36 Public awareness 3.94
Lack of subsurface space 2.47 Lack of subsurface space 2.95 Lack of subsurface space 3.39

Scores are the arithmetic means across all survey responses. Scores correspond to ratings as 1: not important; 2: slightly important; 3: moder-

ately important; 4: important; 5: very important

installation and use (to encourage the adoption and use)
of ATES?

33% of respondents state that policies exist in their coun-
try to increase or adopt ATES use (Fig. 4). These responses
all came from mature & growing ATES markets or emerg-
ing ATES markets. For countries without ATES, all responses
indicate no policies to promote its adoption. Fisher’s exact
test with a 0.05 significance level indicates a statistically
significant dependence between ATES market maturity and
policy existence. As response numbers vary between coun-
tries (Appendix C), countries with many responses, such as
Germany, have a greater impact on the significance assessment
than countries with single responses.

Existence of ATES laws and regulations

Survey questions 7 & 7.a: Are there any laws or regu-
lations currently in effect or active in your country to
govern the installation and use of ATES systems?

Overall, 56% of respondents reported active laws and regu-
lations for ATES in their countries (Fig. 4). Survey results
suggest that the ATES market development level significantly
affects the existence of laws or regulations for ATES. In mature
& growing markets most answers confirm existing governance
of ATES systems. Most respondents from emerging markets
also stated ‘yes’. Conversely, 80% from countries without
ATES indicated no legal and regulatory basis for ATES.

Ease and speed of ATES application process
Survey question 10: In your country, how do you rate

the ease or difficulty and speed of the application pro-
cess to gain planning permission for new ATES instal-
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lations? (for mature & growing markets and emerging
markets only)

Respondents from mature & growing markets and emerging
markets rated their country’s ATES planning application pro-
cess frequently (39%) as ‘poor’ (Fig. 4). Statistically signifi-
cant differences between the two groups were not evident. This
suggests there is scope even in mature & growing markets to
reduce barriers for ATES resulting from lengthy and difficult
permitting processes.

Quantity of available information on ATES

Survey questions 12 & 12.a: How do you rate the
quantity (amount) of information about ATES avail-
able to the public and system or energy planners in
your country?

Limited availability of ATES information can hinder
deployment. 63% of responses rated the information quantity
as ‘poor’ or ‘very poor’ (Fig. 4), with a significant influence
of ATES market development level on the ratings. The Neth-
erlands stands out with the highest amount of information
available, with 86% of all Dutch responses being ‘high’ or
‘very high’.

Public awareness of ATES

Survey questions 14 & 14.a: How do you rate the
level of public awareness of ATES in your country?

81% of responses rated public awareness of ATES as
‘very low or none’ or ‘low’ (Fig. 4). However, ATES public
awareness was also rated the second least important factor
for its uptake (Sect. "Importance of market factors"), sug-
gesting that high public awareness may not be a priority
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5 & 5.a) Existence of policies * No (67%) Yes (33%) n=67
7 & 7.a) Existence of © _
laws & regulations * No (44%) Yes (56%) n=73
8) Legal & regulatory ; o, i 9 =
framework region dependent Region/state dependent (50%) Uniform across the country (50%) n=236
9) Effectiveness in © ; . _
managing environmental risks Low (16%) | Moderate (27%) High (24%) Very high (32%) n=37
10) Ease & speed of [ Very | " o o -
application process | poor Poor (39%) Fair (22%) Good (24%) Very good [ERLs]
(6%) (8%)
11 & 11.a) Considered in o, © No municipal _
municipal planning * DL | Ve () planning (14%) n=62
12 & 12.a) Quantity of o | o o ; 9 Very I
available information * \Very low or none (18%) Low (45%) Moderate (20%) High (14%) high [ 80
(4%)|
13 & 13.a) Quality of | o | ir (329 9 -
available information Very poor Poor (29%) Fair (32%) Good (21%) Very good [ENE]
(9%) (8%)
14 & 14.a) Public awareness * Very low or none (37%) I Low (44%) Moderate (16%) % n=28a1
Very low (2%))
15) Public acceptability or| Low (11%) | Moderate (45%) High (36%) ngrr{ n=44
none (2%) (5%)
16 & 16.a) Existence of funding o, o _
programmes/financial incentives Mo (B VES () n=63
18) Citizen/community _
energy cooperatives * No (68%) Yes (82%) n=45
19) Access to technical : o, o . To a very large| _
knowledge & qualified workers * To little extent (20%) To some extent (36%) To a large extent (33%) extent (11%) [ 55
20) Existence of industry _
standards/codes of practice No (49%) e (%) n=41

Fig.4 Survey responses to further questions and their shares of the
total number of responses (n) per question. Response numbers dif-
fer between questions due to the survey design and the disregard of
‘don’t know’ responses. Questions marked with an asterisk suggest a
statistically significant dependence between ATES market develop-

for increased adoption. This is supported by 86% of Dutch
responses rating public awareness of ATES as low or mod-
erate, despite it being an established technology (Fleuchaus
et al. 2018).

Existence of funding programmes for ATES

Survey questions 16 & 16.a: Are there any currently
active funding programmes or financial incentives
which provide support for ATES systems in your coun-
try?

Around 56% of respondents said their country lacks fund-
ing programmes or incentives for ATES (Fig. 4). This rises
to 82% in countries with no installed ATES systems, com-
pared to 46% in countries with ATES.

ment level (Table 1) and the question’s topic when using a signifi-
cance level of 0.05. Sects. "Existence of ATES policies" to "Access
to technical knowledge and qualified workers for ATES installation".
describe the results of some questions in more detail

Access to technical knowledge and qualified workers
for ATES installation

Survey question 19: To what extent does your coun-
try have access to enough technical knowledge and
qualified workers for the installation of ATES systems?
(for mature & growing markets and emerging markets
only)

Around 69% of respondents state that there is access
to sufficient technical knowledge and qualified workers
‘to some extent’ or ‘to a large extent’ (Fig. 4). ATES mar-
ket development level has a significant influence on the
responses reflected in more ratings ‘to a large extent’ from
mature & growing markets.

Country comparison

This section provides a condensed comparison of the survey
results from the only mature (the Netherlands, 7 responses),
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Table 3 Comparison of survey results for the Netherlands (mature ATES market), Denmark (growing ATES market) and Germany (emerging

ATES market)

Netherlands Denmark Germany
Existence of policies Y (100%) N (100%) Y (50%)
N (50%)
Existence of laws & regulations Y (100%) Y (100%) Y (71%)
N (29%)
Legal & regulatory framework region dependent Region/state dependent Uniform across the country ~ Region/state
(50%) (100%) dependent
Uniform across the country (100%)
(50%)
Considered in municipal planning Y (83%) Y (50%) Y (60%)
N (17%) N (50%) N (40%)
Existence of funding programmes/financial incentives Y (50%) N (100%) Y (75%)
N (50%) N (25%)
Citizen/community energy cooperatives Y (60%) Y (80%) Y (17%)
N (30%) N (20%) N (83%)
Existence of industry standards/codes of practice Y (100%) N (100%) Y (60%)
N (40%)
Effectiveness in managing environmental risks + + o
Ease & speed application process o o -
Quantity of available information + o -
Quality of available information + o o
Public awareness — - -
Public acceptability + o
Access to technical knowledge & qualified workers +

Percentages indicate the shares of corresponding responses with regard to total response number for the respective question and country. The
lower half of the table shows results from the average ratings of all responses from the respective country (Y yes; N no;+high; o moderate;—

low)

a growing (Denmark, 7 responses) and an emerging market
(Germany, 15 responses). The sophisticated Dutch ATES
policy and accompanying beneficial conditions are acknowl-
edged by the Dutch respondents leading to the overall most
favourable and affirming responses (Table 3). Furthermore,
only in the Netherlands legally binding technical regulations
regarding drilling work and installation of the subsurface
and surface parts of ATES exist.

Conversely, despite being a growing market, no distinct
ATES policy, funding and industry standards exist in Den-
mark. Increasing Danish ATES numbers therefore may result
from economic and environmental benefits compared to
conventional types of heating and cooling (Schiippler et al.
2019; Stemmle et al. 2021; Vanhoudt et al. 2011). It might
also be related to Denmark’s historically progressive heat
planning strategies, which led to an internationally outstand-
ingly high share of district heating supply (Johansen and
Werner 2022; Werner 2017). This contrasts with the Neth-
erlands where there is a stronger focus on individual heat
and cold supply fostering the high adoption of decentralised
ATES systems. However, the Danish district heating systems
can also benefit from ATES on the ambitious way to full
decarbonisation by 2030 through integration of large-scale
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thermal storage into the heat grids and utilisation of unused
industrial waste heat (Johansen and Werner 2022). Thus,
while not specifically tailored towards ATES, the Danish
energy and climate protection policy appears to have created
a favourable environment for emerging sustainable technolo-
gies. This also reflects in a high share of responses stating
that citizen or community energy cooperatives play a role in
the Danish ATES market (Table 3). Cooperative ownership
of district heating grids ensured a local heating supply in
many Danish municipalities (Johansen and Werner 2022).
In contrast to policies, laws and regulations for ATES
exist in all three countries. The introduction of technology
regulation governing the installation and use of ATES thus
seems to be of higher priority than establishing a policy
stimulating ATES. For Germany, several survey respond-
ents mentioned the engineering standard on underground
thermal energy storage (UTES) VDI 4640 Part 3, developed
by the Association of German Engineers (German: Verein
Deutscher Ingenieure, VDI). Other than the Dutch indus-
try protocols, this technical standard for operational strate-
gies, system dimensioning and well drilling for ATES and
other types of UTES is only voluntary and recommended.
A legally binding framework for authorisation of planning,
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Table 4 Expert interviews: Participants, countries and organisation types

Interview participant(s) Country Organisation name

Organisation type

David Simpson Belgium AGT—Advanced Groundwater Techniques
Xiaobo Wu China CEEC Geothermal Co., LTD (China Energy
Engineering Corporation)
Rasmus Aaen & Denmark NIRAS A/S
Anders Juhl Kallesge
Teppo Arola Finland Geological Survey of Finland
Guillaume Attard France Ageoce Solutions
Christian Boissavy France Cabinet Boissavy
Paul Fleuchaus Germany tewag GmbH

Frank Agterberg Netherlands

Branchevereniging Bodemenergie Nederland

Private company: Hydrogeological consultancy

State-owned enterprise: Geothermal energy
engineering
Private company: Engineering consultancy

National geological survey

Private company: Geoscience consultancy
Private company: Geothermal energy consultancy
Private company: Geoscience consultancy
Industry/trade association

(Dutch shallow geothermal energy association)

Martin Bloemendal Netherlands Delft University of Technology

Bas Godschalk Netherlands IF Technology

Bjgrn Frengstad Norway NTNU Norwegian University of Science and
Technology

Horia Ban Romania Termoline

Vincent Badoux Switzerland GEOTEST Ltd

Edward Hough
Anonymous

United Kingdom British Geological Survey
United Kingdom N/A

Erick Burns USA N/A

University/academia
Private company: Geothermal energy engineering

University/academia

Private company: Renewable heating and cooling
Private company: Geoscience consultancy
National geological survey

Public sector organisation

Public sector organisation

installing and operating ATES in Germany is provided by
the German Water Resources Act (German: Wasserhaush-
altsgesetz, WHG). It is, however, embedded in a much
broader context and aims at protecting water as basis for
life, ecosystem and usable asset (Hdhnlein et al. 2011; Nei-
dig 2022). According to several respondents, an opportunity
to stimulate ATES in Germany is the existence of funding
programmes supporting the installation of energy-efficient
buildings and district heating networks with a high share of
renewable energies. These programmes consider technolo-
gies for large-scale heat storage including ATES. Neverthe-
less, the lower half of Table 3 shows that Germany has the
least favourable environment for growing ATES diffusion in
this comparison. For Denmark and the Netherlands progres-
sively improving conditions for ATES are indicated.

Results of expert interviews

16 interviews were conducted with select experts or practi-
tioners who had participated in the survey, to gather more
detailed information on ATES policies and regulations
and current obstructive and beneficial factors for ATES
deployment (Table 4). The expert interviews were limited
to countries with existing ATES, since the survey finds that
laws, regulations and policies for ATES are mainly absent
in countries without installations. The interview results are
synthesised in the following sections.

Current factors benefiting ATES deployment

Once again, Dutch interviewees confirmed the sophisti-
cated Dutch policy described in the introduction. Besides
this purposeful ATES policy, there are further factors ben-
efiting ATES in the Netherlands and partially in countries
with growing markets as well (Table 1). They include the
pre-existing expertise regarding the use of groundwater for
other purposes, such as drinking water production, which
has served as a technological driver for ATES implemen-
tation as stated during interviews with Dutch and Danish
experts. This led to a mostly high quality of early ATES
systems resulting in good reputation and growing awareness
amongst the professional field (e.g. policy makers, munici-
palities, heating and cooling sectors).

Policy drivers indirectly promoting ATES in mature
& growing markets are strict building energy efficiency
requirements, mandatory local heat planning and a general
focus on heat pumps and district heating. A sufficient work-
force and an overall open-minded or even favourable attitude
towards ATES among local authorities were also stressed
as benefiting factors. Increasing interest in ATES was also
attributed to rising gas prices and the desire for primary
energy savings.

For countries with emerging markets, several interview-
ees acknowledged the presence of suitable aquifers for ATES
and further beneficial factors (Table 5). Interviews with
French and Finnish experts revealed existing water and envi-
ronmental acts already largely suitable for handling ATES.
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Table 5 Some beneficial and obstructing factors for increased ATES deployment reported during expert interviews

Mature & growing markets

Emerging markets

Beneficial factors

Obstructive factors

Beneficial factors

Obstructing factors

Suitable aquifers
Suitable laws and regulations
Uniform legislation (Netherlands,

Denmark)
Fast permit processes (Nether-

No coordinated planning (Nether-
lands, Belgium)

Slow permit process (Denmark,
Belgium)

No industry standards (Denmark,
Belgium)

ASHP as a strong competitor

Suitable aquifers

Suitable laws and regulations in
some countries

Some existing demonstration
systems

Funding available (some coun-

Region-dependent legislation in
some countries
Slow permit process

Technical problems with early
systems

No funding available (some coun-

lands)

Abundance of available informa-
tion

High awareness in professional
field

High quality of systems
Industry standards (Netherlands)

Sufficient workforce

Favourable attitude and expertise
in local authorities

High building efficiency require-
ments

Pre-existing expertise in ground-
water utilisation

Focus on related technologies

tries) tries)

Pre-existing expertise in ground-  Lack of available information
water utilisation

Low awareness in professional field

Lacking workforce

Lacking capacity and expertise
within local authorities

Focus on other types of renewable
energy

For some emerging markets, such as Germany, available
funding options for individual systems and ATES research
were reported as means to initiate a phase of growing ATES
utilisation.

Current barriers to ATES deployment

Obstructing factors to an increasing use of ATES are found
to be more numerous in emerging ATES markets than in
mature & growing markets (Table 5). For example, inter-
viewees from Norway and France described insufficient
installation quality of early ATES systems causing technical
problems and bad publicity. The few systems in emerging
markets typically face lengthy permit procedures, sometimes
more than a year, which reduces the appeal of ATES. Lack-
ing availability of information on ATES, low awareness
among practitioners, such as heat pump sellers and heating
engineers, as well as missing financial incentives were fur-
ther highlighted as barriers which effective ATES policies
should address. Some structural problems pointed out dur-
ing interviews include lacking capacity and expertise within
local authorities and insufficient planning and installation
workforce. The greater policy focus on other renewable tech-
nologies, such as wind and solar power, also contributes to
low ATES uptake in emerging markets.
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An exemplary barrier mentioned by experts from the
Netherlands and Belgium reflecting the already more wide-
spread ATES application in these mature & growing markets
is the prevailing individual approach of ATES planning and
permission. Especially in dense urban areas, this might lead
to inefficient subsurface utilisation in the future compared to
a coordinated district-level approach. Despite growing num-
bers of ATES installations in Denmark and Belgium, inter-
viewees from these countries criticised the slow permitting
process and missing industry-wide installation and operation
standards. The much faster growth of air source heat pumps
(ASHP) as a competing option for meeting building energy
requirements was also pointed out as an impeding factor in
these markets.

Policy recommendations

Based on the online survey results and the insights from the
expert interviews and complemented by relevant literature,
this subsection develops policy recommendations on how to
overcome legislative, regulatory and socio-economic barri-
ers to a wider international ATES deployment. The follow-
ing sections cover a variety of important elements constitut-
ing a sophisticated ATES policy (Fig. 5). For each of these
elements, recommendations as well as key actions to achieve
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Fig.5 Recommendations for a
sophisticated ATES policy con-
sisting of different policy ele-
ments. Detailed key actions for

each element are described in
the text. The arrow indicates a
coarse practical order of actions,
which provides the structure to
the following subsections
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them are presented. Where available, relevant quotes from
the interviews introduce new aspects which are discussed
below the quotes.

Legislation and regulation of ATES

The online survey revealed suitable legislation for and regu-
lation of ATES as one of the most important market factors
(Fig. 3). A lack of a reliable legislative framework and suit-
able regulations has previously been described as a threat
to technology introduction, increasing diffusion and wide-
spread economic application in the context of ATES and
SGE in general (Drijver and Godschalk 2018; Garcia-Gil
et al. 2020; Neidig 2022).

Recommendation 1: Creation of a suitable legislative frame-
work for ATES In many countries, ATES is legally governed
by national water acts and environmental protection acts,
accompanied by various regional or local laws and direc-
tives. Being not specifically designed for ATES, these laws
commonly cover all types of groundwater actions which
have varying requirements for a suitable legislation. In a
first step, it is therefore necessary to check, if existing water
and environmental protection acts sufficiently address spe-
cific requirements of ATES, such as handling re-injection of

heated and cooled groundwater. With only few installed sys-
tems, Finland represents an exemplary country where ATES
is considered a niche technology and no specific legisla-
tive framework is in effect. Nevertheless, existing Finnish
water and environmental acts proved suitable in providing
necessary tools governing the first ATES applications. In
countries where this is not the case, a legislative reform of
existing laws or the purposeful creation of a specific ATES
legal framework are necessary. The latter happened in the
Netherlands in 2013 when existing acts were combined
and improved upon creating a single Geo Energy Systems
Amendment which governs the thermal use of groundwater.

"The harmonisation [...] made it much easier to get
the permits.” — Martin Bloemendal, Delft University
of Technology, Netherlands.

A suitable ATES legislation should allow for an easy and
rapid permitting. This was repeatedly highlighted as a criti-
cal point during the interviews. Half of all survey respond-
ents pointed out regional or federal differences in the legal
framework including permit procedure variations. A uni-
fied procedure across an entire country holds great poten-
tial to reduce permit duration and complexity. Harmonising
scattered permitting rules directly affects potential system
adopters and benefits consultancies and public authorities
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in decision making and thus can contribute to a favourable
perception of ATES among all relevant stakeholders.

Recommendation 2: Creation of consistent and reliable
ATES regulations A successful set of ATES regulations
must ensure a high ATES installation quality and opera-
tional performance as well as addressing environmental
risks. Detrimental impacts of ATES on the environment
can result from mixing of groundwater with different physi-
cal-chemical composition (Bonte et al. 2011; McClean and
Pedersen 2023; Possemiers et al. 2014; Regnier et al. 2023).
Changes in groundwater temperature can further alter physi-
cal-chemical properties and geochemical equilibria with
adverse implications for drinking water quality (Hihnlein
et al. 2013). Temperature changes can also affect the eco-
logical conditions and biological processes of groundwater
ecosystems and their respective ecosystem services (Blum
et al. 2021; Griebler and Avramov 2015; Koch et al. 2021;
Ni et al. 2016).

Risk management should therefore include preliminary
evaluations of the expected extent of thermal impact. A
regulatory framework for ATES should also address inef-
ficiencies in the permission procedure due to approval of
excessively large capacities often not fully used and thus
hindering future installations (Bloemendal et al. 2014;
Garcia-Gil et al. 2020; Perego et al. 2022). While based on
a countrywide harmonised set of regulations, permission
procedures should ideally contain some reasonable flex-
ibility and public authority discretion in approving storage
temperatures in already thermally influenced urban aquifers
(i.e. subsurface heat islands, SUHI) (Hihnlein et al. 2013;
Menberg et al. 2013). System operation monitoring and
reporting should be made mandatory in any ATES regula-
tory framework to control operational compliance with per-
mitted temperature limits, extraction volumes and energy
balance requirements.

"It took us a couple of years to get to the point where
we are.” — Martin Bloemendal, Delft University of
Technology, Netherlands.

At the same time, it became clear from the interviews
that the regulatory regime should not be too restrictive and
burdensome. Overly complex and lengthy permit proce-
dures could otherwise hinder an increasing ATES deploy-
ment. This was realised in the Netherlands, where regulatory
maintenance and monitoring requirements were originally
introduced for environmental protection purposes. Over
time, Dutch ATES regulations were expanded and com-
plemented by legally binding industry standards aiming for
high system installation and operation standards. Despite
the extensive regulations, rapid permission times of eight
weeks are common and lightweight permit procedures for
smaller systems (<50 m>/h) lower bureaucratic barriers for
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potential system owners (Drijver and Godschalk 2018). This
way, the reasonable and reliable Dutch regulatory framework
supports decisions and actions among planners, installation
companies and local authorities alike.

ATES regulations should account for the country-specific
ATES market development level (Table 1) and include space
for dynamic adjustments. Past changes in Dutch regulations
due to an increasing number of ATES installations serve as
a good illustration. Currently, newly created systems must
adhere to strict rules stating that extraction temperatures of
already existing neighbouring systems cannot be affected
by more than +0.5 K. Especially in dense urban areas this
might hinder further ATES deployment in the long term. A
Dutch interviewee accordingly hoped for further adjustments
introducing a more flexible approach towards system spac-
ings and a coordinated planning of multiple systems which
can achieve an overall higher system performance in dense
urban settings (Bloemendal et al. 2018; Sommer et al. 2015).

Recommendation 3: Provision of financial incentives
for ATES Space heating and cooling with ATES is com-
monly subject to higher upfront capital costs than other
types of heating and cooling such as ASHPs, gas boilers
or compression chillers (Schiippler et al. 2019). The high
importance of economic feasibility as an ATES market fac-
tor was underlined in the online survey responses (Fig. 3).
The availability of funding schemes tailored towards ATES
can significantly reduce financial risks and can constitute a
crucial part of ATES policies to attract financial interest of
potential system owners. Besides decentralised ATES sys-
tems for single building complexes, centralised ATES feed-
ing into district grids can profit from funding, too.

"If you lower the costs, that will remove one of the
main barriers." — Rasmus Aaen, NIRAS A/S, Den-
mark.

Funding schemes for individual installations might cover
different ATES deployment stages. Besides subsidising sys-
tem installation, funding for site-specific feasibility studies,
hydrogeological exploration and thermo-hydraulic simula-
tions can lower financial barriers during system planning.
Other financial allocation mechanisms such as low-interest
loans and reduced electricity prices for heat pump operation
are also conceivable. Funding of ATES research projects and
demonstration sites can further help in stimulating a broad
ATES market uptake.

The specific design of financial incentives for ATES pro-
vided through national funding programmes or tax deduc-
tion schemes is subject to the country-specific fiscal policy
and institutional environment. It can also be adapted over
time as happened in the Netherlands where financial sup-
port during the start-up phase of market implementation in
the 1990s was granted for early ATES systems through a
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market uptake programme by the Dutch Ministry of Eco-
nomic Affairs (now the Ministry of Economic Affairs and
Climate Policy). Today, however, in the context of a mature
and fully commercialised ATES market, no financial incen-
tives specific to ATES are available or required any more.

Besides ATES-specific funding, more general fund-
ing schemes and financial incentives supporting building
energy efficiency, high-efficiency heat pumps, seasonal ther-
mal storage or storage systems feeding into heating grids
can indirectly foster a higher ATES deployment rate. In this
case, ATES should specifically be included in a technology
portfolio eligible for funding.

Role of ATES in the municipal energy transition

Municipalities are key actors for a successful heat transi-
tion in the built environment (Beauchampet and Walsh
2021). Municipal engagement with energy includes holistic
municipal energy planning, building energy retrofitting and
the uptake of sustainable technologies such as low-carbon
district heating grids and high-efficiency heat pumps, all of
which can facilitate increased ATES deployment (Coy et al.
2021; Herreras Martinez et al. 2022).

Recommendation 1: Establishing a suitable political envi-
ronment National governments are responsible to cre-
ate the right policy framework for the heat transition and,
in this course, establish political drivers encouraging an
increased ATES implementation. This starts with clearly
communicating climate protection targets, the heat transi-
tion’s urgency and suitable transformation strategies for the
built environment (Herreras Martinez et al. 2022; Sillak
2023). Reliable and consistent governmental strategies and
information on suitable technological solutions are crucial
for long-term planning security of municipal, business and
private stakeholders.

Mandatory municipal heat planning is an important
example for legally binding instruments supporting the
leading role of local authorities in the heat transition (Her-
reras Martinez et al. 2022). Local empowerment facilitated
by central governments can further encourage this leading
role (Coy et al. 2021, 2022; Vringer et al. 2021). This way,
municipalities can substantially engage in the transforma-
tion of the heating and cooling infrastructure reflected by
their own transformation from solely consumers of heat
and cold to active prosumers, i.e. a combined role of pro-
ducers and consumers. A supporting central governance
should clearly outline the energy planning role of munici-
palities and increase municipal competences in finding the
best technological solutions accounting for local oppor-
tunities and barriers. The unique Danish energy policy
granting far-reaching autonomy to municipalities in mak-
ing long-term decisions on their supply of thermal energy

could potentially serve as an exemplary practice model for
other countries (Bulkeley 2010; Chittum and @stergaard
2014; Johansen and Werner 2022; Sperling et al. 2011).

Recommendation 2: Establishing building energy effi-
ciency requirements Increasingly strict building energy
efficiency requirements are considered an integral part
of an overarching policy framework for sustainable space
heating and cooling concerning building energy retrofit-
ting as well as the construction of new buildings.

"That [building energy efficiency] policy worked
out quite well to increase market demand." — Martin
Bloemendal, Delft University of Technology, Neth-
erlands.

As pointed out by several interviewees in the Netherlands
and Belgium, strict efficiency standards of newly constructed
buildings can effectively foster a widespread ATES deploy-
ment since ATES is a well-suited technology to substantially
reduce the primary energy consumption for space heating
and cooling. ATES and its energetic and cost benefits should
therefore be promoted within the portfolio of efficient tech-
nological solutions.

Recommendation 3: Integrating ATES into municipal energy
planning Municipal energy planning accounts for local
chances and barriers in advancing the energy transition at
a local level. Accompanying the increasingly decentralised
and climate friendly generation and supply of electricity
and thermal energy, municipal energy plans aim to find the
right technological solutions district by district (Brandoni
and Polonara 2012; Sperling et al. 2011). Seasonal thermal
storage can be an important component of municipal energy
plans (Kauko et al. 2022; Paiho et al. 2017) which therefore
might stipulate increased ATES deployment including the
integration of ATES into DHC grids.

National or regional governments can assist municipali-
ties in considering ATES in municipal energy planning by
providing information services, energy planning guides and
tools. These could include government-operated online map
applications that show suitable regions for ATES across the
country including some preliminary statements on site-spe-
cific feasibility and existing installations including opera-
tional information such as permitted extraction volumes.
This can also benefit early design considerations of indi-
vidual systems. The freely accessible services in Belgium
(www.dov.vlaanderen.be/portaal/?module=verkenner) and
the Netherlands (www.wkotool.nl) can serve as inspirations
for similar services in other countries. Free and easy online
access to hydrogeological subsurface data can also facilitate
consideration of ATES in municipal energy plans.
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"The municipalities can make a kind of [ATES] master
plan." — Bas Godschalk, IF Technology, Netherlands.

Accompanying the legal obligation for municipalities to
prepare energy plans, a holistic and coordinated approach
of managing ATES and other shallow geothermal systems
is to be encouraged as it can prevent thermal interferences
between installations early on or even intentionally allow
them to achieve overall higher system performance on the
district level (Bloemendal et al. 2018; Sommer et al. 2015).
Especially in countries with higher installation densities
such as Belgium and the Netherlands, interviewees stressed
the advantages of such a coordinated planning over indi-
vidual system planning. Structural expertise building in local
authorities might be necessary to adequately address this
level of urban energy planning potentially involving heat
transport modelling and other sophisticated management
measures.

ATES awareness and expertise

While not being rated as important market factors for an
increased ATES uptake in the online survey (Fig. 3), the low
level of public ATES awareness and lacking hydrogeological
and technological expertise regarding ATES were repeat-
edly stressed during several interviews as severe barriers
to a broader ATES development. This is in line with past
experience with other renewable energy technologies, such
as photovoltaics, solar thermal energy, ASHPs and ground
source heat pumps (GSHPs) (Briggs et al. 2022; Karytsas
and Theodoropoulou 2014; Pefialoza et al. 2022; Seethara-
man et al. 2016).

Recommendation 1: Raising awareness of ATES A sophisti-
cated and thorough ATES policy in a given country should
make a wide variety of stakeholders aware of ATES, such
as potential consumers, energy planners, installation com-
panies, the national heating, ventilation and air condition-
ing (HVAC) and heat pump industry as well as regional and
local authorities. Indeed, relevant policy makers have to be
aware of ATES for this to happen in the first place, which
is often lacking. As some interviewees pointed out, initial
awareness raising initiatives could therefore come from
governmental energy agencies, national heat pump associa-
tions or national geothermal associations. These organisa-
tions can take a crucial role in increasing awareness in the
responsible governmental bodies.

"You need to talk about ATES and [...] improve aware-
ness."” — Anonymous interviewee, public sector organi-
sation, UK.

Awareness building measures raised by interview-
ees include workshops, conferences and online courses
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organised by governmental energy and environmental agen-
cies in cooperation with industry associations or universi-
ties. Aiming at different target audiences, these events can
explain ATES operation principle and suitable use cases as
well as stressing its benefits. Informing the public can help
reducing adverse impressions of an overly high technologi-
cal complexity of ATES linked to the widely unfamiliar term
‘aquifer’.

"Go and advertise it." — Teppo Arola, Geological Sur-
vey of Finland, Finland.

Another great leverage effect in raising public awareness
can be attributed to existing ATES installations, both dem-
onstration projects and pioneering commercial systems, the
existence and benefits of which should be communicated to
all stakeholders (Fleuchaus et al. 2021). National or regional
geological surveys and energy agencies can provide informa-
tion about existing systems via web pages and similar distri-
bution channels. The unique example of fagade plaques for
Dutch buildings highlighting space heating and cooling with
ATES could also set a precedent in illustrating a subsurface
technology that is otherwise not visible.

"Energetically, ATES is the best source of a heat pump,
including [...] passive cooling." — Frank Agterberg,
Branchevereniging Bodemenergie Nederland, Neth-
erlands.

In recent years, heat pumps have been a central part of
many energy transition strategies in the building sector and
corresponding supportive national and international policies
(Grubler and Wilson 2014; IEA 2022). Besides presenting
ATES as a distinct new technology, ATES policies could use
this ongoing political and societal focus on heat pumps as a
starting point to promote heat stored in the underground as
the ideal heat source for heat pump operation. Communicat-
ing the environmental and economic benefits due to primary
energy savings compared to other heat sources, such as the
outside air, could help increasing ATES popularity. This
includes stressing its capability of passive cooling during
summer, i.e. without running the heat pump’s compressor
(Fleuchaus et al. 2018; Schiippler et al. 2019). Benefits of
centralised ATES application as storage components of dis-
trict heating grids should be emphasised as well.

Recommendation 2: Building up ATES expertise The
online survey results presented in Fig. 3 illustrate the high
importance of knowledge and expertise among relevant
stakeholders in industry and government authorities.
Especially in emerging ATES markets, skill shortages and
insufficient training and qualifications were often pointed
out as significant barriers to a wider ATES deployment.
This problem is not unique to ATES and can be observed
for other related areas as well, such as building energy ret-
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rofits, photovoltaic and heat pump installation (Branford
and Roberts 2022; Briggs et al. 2022; Jagger et al. 2013;
Zekira and Chitchyan 2019).

"There are courses and trainings for people to get
into this business." — Bas Godschalk, IF Technology,
Netherlands.

Policies fostering a coordinated approach of govern-
ment and industry to build up sufficient education and
training capacities are needed for a rapid workforce
upskilling (Briggs et al. 2022). Governmental education
programmes and training infrastructure can take the form
of information campaigns and skills boot camps focusing
on various groups in the workforce along the supply chain
of ATES deployment.

"They don’t see the opportunity, even if they are situ-
ated on top of it." — Teppo Arola, Geological Survey
of Finland, Finland.

Government-controlled capacity building initiatives
should also address knowledge on subsurface utilisation
opportunities and basic hydrogeological processes that is
often lacking amongst energy planners, building architects
and heat pump sellers since these groups arguably have
the highest impact on promoting ATES commercialisation.

"A lot of those [...] who do similar things could be
re-trained." — Erick Burns, USA.

Additionally, a higher number of qualified personnel
could potentially be generated by a systematic skill shift
in technologically related sectors. Especially in countries
with a high share of groundwater resources in drinking
water production, such as Germany and Denmark, ATES
education and training could benefit from already existing
expertise and high-quality standards in the water industry.
This skill shift might also be conceivable for pre-existing
expertise in hydrocarbon exploration in some countries.
Speeding up permission procedures for ATES requires
capacity development in government authorities as well
since a robust knowledge on reasonable system spacing
and temperature limits is necessary including special con-
siderations in already thermally affected urban aquifers.

"Hopefully you plant some seeds [in the universities]
and it starts to grow in five or ten years." — Bjgrn
Frengstad, Norwegian University of Science and
Technology, Norway.

Besides upskilling amongst practitioners and public
authorities, adjusted education in relevant disciplines at uni-
versities can also build up ATES expertise in the long term.

"The market follows the successful projects.” —
Teppo Arola, Geological Survey of Finland, Finland.

Especially in emerging markets, the importance of suc-
cessful ATES systems early on was stressed during several
interviews due to the pioneering role of early lighthouse
projects. Industry standards and codes of practice in the form
of guidelines on ATES design, installation and operation can
ensure system quality. Ideally policy makers should imple-
ment such standards as legally binding protocols as enforced
in the Netherlands in 2013. These protocols are designed to
dynamically incorporate new research findings to further
improve ATES quality. The Netherlands can also serve as a
best practice model in establishing mandatory national cer-
tifications for specialist companies active in ATES consulta-
tion, design and construction. Such certifications can pose
an integral element of a sophisticated ATES policy lead-
ing to higher system quality, decreasing installation costs,
increasing reputation and ultimately fully commercialising
the ATES market.

Recommendation 3: Establishing ATES knowledge trans-
fer Policy-initiated expertise development for ATES as
described above could be supplemented by establishing dif-
ferent platforms for knowledge exchange, both on national
and an international level.

"Owners of ATES systems have unified themselves in
the user platform." — Martin Bloemendal, Delft Uni-
versity of Technology, Netherlands.

Again, the Netherlands provides an example for a suc-
cessful knowledge exchange platform among individual
ATES users. This platform (gebruikersplatform.bodemener-
gie.nl) by the Dutch industry association for geothermal sys-
tems consists of an online member forum and a knowledge
platform offering consultation for end users and webinars on
a regular basis providing valuable information on optimal
system operation.

"We are open for [international] collaboration." — Bas
Godschalk, IF Technology, Netherlands.

ATES knowledge transfer on the international level is
currently mostly limited to academic research projects.
Technical assistance or collaboration programmes could
address a more systematic transfer of ATES expertise and
knowledge on a broader level. Such transfer could take place
in the frame of existing structures, such as the Technology
Collaboration Programme on Heat Pump Technologies
(HPT TCP) by the International Energy Agency (IEA). As
pointed out during some interviews, national geological sur-
veys could also significantly contribute to ATES knowledge
transfer between different countries generating important
shared expertise especially between neighbouring coun-
tries with similar hydrogeological subsurface characteristics.
Examples of this already happening are the Nordic countries
Norway, Sweden and Finland. However, this exchange was
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described as being limited and rather unstructured indicating
potential for a more systematic exchange between geologi-
cal surveys. This is also true for collaborations and research
projects between national heat pump associations organised
under the auspices of the European Heat Pump Association
(EHPA), which could be expanded for topics more specific
to ATES.

"It’s easy to copy and paste this legislation." — Horia
Ban, TermoLine, Romania.

Besides addressing technical challenges and research
findings on ATES, insights into suitable and practically
proven ATES legislation and regulation could also be part
of international knowledge transfer. Especially countries
with emerging ATES markets and countries that have yet
to see first ATES installations could benefit from already
implemented and successful legislative and regulatory
ATES frameworks from other countries. In the long-term,
this might also encourage a harmonised ATES legislation
across national borders, for example, in the context of the
European Union.

Social engagement with ATES

Active participation of citizens in transforming the energy
system is often described as a meaningful part of the energy
transition and a way to increase acceptance of renewable
energies. Such social engagement allows meaningful citi-
zen interactions with the energy system and thereby empow-
ers formerly marginalised actors (Beauchampet and Walsh
2021; Hartmann and Palm 2023; Wiistenhagen et al. 2007).
In some countries, citizen-led community initiatives have
already contributed to a wider acceptance and larger share
of renewable energies in electricity supply (Fouladvand et al.
2022; Hartmann and Palm 2023). This can serve as a model
for social engagement with sustainable heating and cool-
ing solutions as well. It should be noted, however, that the
research participants provided very little information about
social engagement with ATES during the online survey and
the interviews.

Recommendation: Stimulation of social engagement
with ATES A common form of collective social engagement
is a citizen energy cooperative which describes local com-
munities with joint investments in technologies to generate
and consume or sell renewable energy (Déci et al. 2015; Fou-
ladvand et al. 2022). Since ATES is not commonly applied
for individual residential buildings, especially large-scale
ATES applications feeding into heating and cooling grids
are conceivable for energy cooperatives. Integrating ATES
into these grids allows for a flexible use of locally generated
renewable energy and available waste heat increasing local
value added (Todorov et al. 2020). The sense of ownership
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provoked by such an energy system collectively owned by
the consumers themselves might serve as a key motivation
for social engagement with ATES.

A sophisticated ATES policy should encourage local
authorities to explicitly create space for citizen engagement
in their urban heat planning. Creating awareness of the citi-
zen energy business model in municipalities and local gov-
ernments contributes to a supportive mindset and promotes
the involvement of the local community early on (Hartmann
and Palm 2023). Some other policy measures mentioned
above are also relevant for increasing social engagement
coordinated in citizen energy cooperatives. The importance
of public awareness raising and provision of necessary infor-
mation on ATES to different groups of stakeholders must be
reiterated here since a proper information basis allows citi-
zens to make informed decisions. Citizen workshops, infor-
mation campaigns and community energy roadshows can
bring citizen energy cooperatives and ATES to the public
attention (Coy et al. 2022). In addition, financial incentives
specifically designed for collective community engagement
such as citizen energy cooperatives can reduce financial
barriers.

Conclusions

This study presents an international comparison of ATES
policies regarding their existence and suitability to over-
come legislative, regulatory and socio-economic barriers to
a wider international ATES deployment. For this, an online
survey of experts and practitioners in relevant sectors, such
as universities, private companies and government authori-
ties from a total of 30 countries, was conducted. Additional
information was collected through 16 semi-structured expert
interviews. For the survey evaluation, countries were aggre-
gated to three distinct groups to identify similarities and dif-
ferences between different ATES market development levels.

Across all market development levels, geological feasibil-
ity of ATES as well as suitable laws and regulations were
rated as the most important market factors. The existence
of laws and regulations governing ATES was confirmed by
56% of all survey respondents. In contrast, a mere 33% of all
respondents stated that there are policies designed to support
increased ATES deployment in their respective countries.
Especially survey participants from countries with a mature
or growing ATES market predominantly confirmed distinct
ATES policies and a legislative and regulatory framework.
A dependence on the ATES market development level could
also be inferred for other aspects such as public awareness
and access to sufficient technical knowledge and qualified
workers.

The expert interviews confirmed the overall favour-
able conditions for an increased use of ATES in mature or
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growing markets. This applies to both ATES policy ele-
ments as well as indirect drivers benefiting ATES deploy-
ment including existing widespread utilisation of ground-
water technologies for other purposes and strict building
energy efficiency requirements. In contrast, interviewees
from emerging ATES markets pointed out many obstruct-
ing factors, such as lengthy ATES permit procedures, low
awareness among relevant stakeholders and a general lack
of expertise and skilled workers for planning and installing
ATES systems. Overall, the online survey and expert inter-
views revealed significant shortcomings in many coun-
tries regarding the existence and suitability of policies and
regulations for reducing market barriers and promoting
benefits of ATES.

Based on our findings from the online survey and expert
interviews, policy recommendations were developed
which can reduce identified barriers and advance ATES
market development. The recommendations cover legis-
lative and regulatory topics on the governance of ATES
and highlight ways of raising awareness of the technology,
its application cases and benefits. A sophisticated ATES
policy should furthermore acknowledge the potentially
substantial role of ATES in the municipal energy tran-
sition and therefore include measures to promote ATES
in local urban and energy planning as well as encourage
social engagement with ATES. We hope that our proposed
ATES policy can contribute to establishing suitable leg-
islative, regulatory and socio-economic conditions for a
wider international ATES deployment.

Appendix A Online survey questionnaire

All online survey questions and possible answers are listed
below:

1. Before receiving this survey, were you aware of aquifer
thermal energy storage (ATES)?

e Yes
e No

2. Have aquifer thermal energy storage (ATES) systems
been installed in your country?

e Yes
e No
e Don’t know

3. Do you think that ATES is a promising technology that
could be widely deployed in your country?

Yes

No

ATES is already widely employed in my country
Don’t know

4. At the present time and in your view, how important
are the following market factors in influencing the
uptake of ATES in your country?

— Technical (engineering) feasibility

— Geological feasibility including presence of suitable
aquifers

— Lack of (limited) subsurface space due to other sub-
surface uses

— Economic feasibility including investment and oper-
ational costs

— Policy support

— Laws and regulations

— Industry knowledge and skills

— Public awareness

— Public trust and acceptability

e Five-point scale from ‘not important’ to ‘very
important’
e Don’t know

5. Are there any policies being applied currently in your
country to increase the installation and use of ATES?

e Yes
e No
e Don’t know

6. If known, please provide brief details about any poli-
cies being applied currently in your country to increase
the installation and use of ATES.

7. Are there any laws or regulations currently in effect or
active in your country to govern the installation and
use of ATES systems?

o Yes
e No
e Don’t know

8. Is the legal and regulatory framework concerning
ATES uniform across the country or are there differ-
ences between regions?

e Uniform across the country

e Region/state dependent
e Don’t know
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9. In your country, how do you rate the effectiveness
of planning laws and regulations to manage environ-
mental risks (e.g. groundwater quality impacts or sub-
surface temperature changes) associated with ATES
installation and use?

e Five-point scale from ‘very low or none’ to ‘very
high’
e Don’t know

10. In your country, how do you rate the ease or difficulty
and speed of the application process to gain planning
permission for new ATES installations?

¢ Five-point scale from ‘very poor’ to ‘very good’
e Don’t know
e Not applicable

11. Is ATES considered as part of municipal or local
authority heat (energy) plans in your country?

e Yes

e No

e My country does not have municipal or local author-
ity heat (energy) plans

e Don’t know

12. How do you rate the quantity (amount) of informa-
tion about ATES available to the public and system or
energy planners in your country?

e Five-point scale from ‘very low or none’ to ‘very
high’
e Don’t know

13. How do you rate the quality of information about
ATES available to the public and system or energy
planners in your country?

¢ Five-point scale from ‘very poor’ to ‘very good’
e Don’t know

14. How do you rate the level of public awareness of ATES
in your country?

e Five-point scale from ‘very low or none’ to ‘very
high’

e Don’t know

15. How do you rate the level of public acceptability of
ATES in your country?

@ Springer

e Five-point scale from ‘very low or none’ to ‘very
high’
e Don’t know

16. Are there any currently active funding programmes or
financial incentives which provide support for ATES
systems in your country?

o Yes
e No
e Don’t know

17. 1If known, please provide brief details about any cur-
rently active funding programmes or financial incen-
tives for ATES in your country, particularly on what is
funded or incentivised.

18. Do citizen or community energy cooperatives play a
role in your country’s ATES market?

o Yes
e No
e Don’t know

19. To what extent does your country have access to
enough technical knowledge and qualified workers for
the installation and operation of ATES systems?

e Five-point scale from ‘Not at all’ to “To a very large
extent’
e Don’t know

20. Are there any industry standards or codes of practice to
manage the quality of ATES installations and operation
in your country?

o Yes
e No
e Don’t know

21. If known, please provide brief details about any indus-
try standards or codes of practice to manage the quality
of ATES installations and operation in your country.

22. Optional: If known, please state the/an approximate
number of ATES installations in your country.

If respondents answer ‘no’ or ‘don’t know’ to question
2, they are presented a smaller number of partially slightly
modified questions:

3.aeYes
e No
e Don’t know
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4.a At the present time and in your view, how important are
the following market factors in influencing the potential
adoption of ATES in your country?

— Technical (engineering) feasibility

— Geological feasibility including presence of suitable
aquifers

— Lack of (limited) subsurface space due to other sub-
surface uses

— Economic feasibility including investment and oper-
ational costs

— Policy support

— Laws and regulations

— Industry knowledge and skills

— Public awareness

— Public trust and acceptability

e Five-point scale from ‘not important’ to ‘very
important’
e Don’t know

5.a Are there any policies being applied currently in your
country to encourage the adoption and use of ATES?

o Yes
e No
e Don’t know

6.a If known, please provide brief details about any policies
being applied currently in your country to encourage the
adoption and use of ATES.

7.a Are there any laws or regulations currently in effect or
active in your country to govern the installation and use
of ATES systems?

e Yes
e No
e Don’t know

9.a To what extent do you think that planning laws and regu-
lations in your country are adequate to support the adop-
tion of ATES systems?

e Five-point scale from ‘Not at all’ to “To a very large
extent’
e Don’t know

11.a Is ATES considered as part of municipal or local
authority heat (energy) plans in your country?

e Yes

e No

e My country does not have municipal or local author-
ity heat (energy) plans

e Don’t know

12.a How do you rate the quantity (amount) of informa-
tion about ATES available to the public and system or
energy planners in your country?

e Five-point scale from ‘very low or none’ to ‘very
high’
e Don’t know

13.a How do you rate the quality of information about
ATES available to the public and system or energy plan-
ners in your country?

e Five-point scale from ‘very poor’ to ‘very good’
e Don’t know

14.a How do you rate the level of public awareness of
ATES in your country?

e Five-point scale from ‘very low or none’ to ‘very
high’
e Don’t know

16.a Are there any currently active funding programmes
or financial incentives which provide support for ATES
systems in your country?

o Yes
e No
e Don’t know

17.a If known, please provide brief details about active
currently active funding programmes or financial incen-
tives for ATES in your country, particularly on what is
funded or incentivised.

Appendix B Expert interviews guide

Questions used as an interview guide for the semi-structured
expert interviews are listed below:

I. How would you describe the current situation and
history with respect to the deployment and installa-
tion of ATES in your country?

II. To what extent do you think ATES has potential to
be more widely deployed in your country?

III. In the survey you indicated that [...] and [...] are the
most important market factors influencing whether
ATES could be more widely deployed in your coun-
try. Could you explain your reasons for this?

IV. Inthe survey you indicated that [...] and [...] are the
least important market factors influencing whether
ATES could be more widely deployed in your coun-
try. Could you explain your reasons for this?

@ Springer
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VL

VIL

VIIIL.

IX.

XI.

XIIL

XIII.

XIV.

XV.

XVL

XVIIL

[If relevant policies exist] How effective have any
policies been in increasing the installation and use
of ATES in your country?

[If relevant policies do not exist] Which types of poli-
cies could be effective for encouraging wider deploy-
ment and use of ATES in your country?

[1If funding programmes or financial incentives exist]
How effective are any funding programmes or finan-
cial incentives in supporting the installation of ATES
systems in your country?

[If funding programmes or financial incentives do
not exist] How do you think funding programmes or
financial incentives could be designed to effectively
support the installation of ATES in your country?
[If relevant laws or regulations exist] How effective
are any laws or regulations in governing the instal-
lation and use of ATES systems in your country? To
what extent could this legal and regulatory frame-
work be improved?

[If relevant laws or regulations do not exist] How
could laws or regulations be designed to effectively
govern the installation and use of ATES systems in
your country? What could an effective legal and regu-
latory framework for ATES look like?

[If legal and regulatory framework is region or state
dependent] How do regional or state differences in
laws and regulations relevant to ATES affect the ease
or difficulty of installing it?

[If applicable] In the survey you indicated that ATES
is considered as part of municipal or local authority
heat (energy) plans in your country. Can you explain
more about how ATES is considered in these plans?
Can you explain more about the quantity, quality and
types of information available to the public and sys-
tem planners about ATES in your country?

[ survey response to question 14 or 14.a was ‘very
low’ to ‘moderate’ ] How could the level of public
awareness of ATES in your country be improved?
Are there any strategies in your country to maximise
public trust and acceptance of ATES?

[If citizen or community energy cooperatives play
a role] What role do citizen or community energy
cooperatives have in ATES deployment in your coun-
try?

[If survey response to question 19 was ‘to little
extent’ or ‘to some extent’] How could jobs, skills
and technical knowledge for ATES design, installa-
tion and use be further developed in your country?

XVIL[If survey response to question 19 was ‘to a large

extent’ or ‘to a very large extent’] In the survey, you
indicated that your country has a high level of access
to technical knowledge and qualified workers for
ATES installation. To what extent is this a result of
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XIX.

XX.

XXI.

XXII.

particular initiatives to develop skills, knowledge and
labour for ATES, or inherited from other industries
already existing in your country?

[For emerging markets only] Have you or others in
your country benefited from knowledge transfer from
countries with greater experience in ATES, and if so
from which countries?

[For mature or growing markets only] Do you or
other ATES specialists in your country provide
knowledge transfer to other countries, and if so which
ones?

[1If industry standards or codes of practice exist] How
effective are any industry standards or codes of prac-
tice in managing the quality of ATES installations
and operation in your country?

[If industry standards or codes of practice do not
exist] How do you think industry standards or codes
of practice could be designed to effectively manage
the quality of ATES installations and operation in
your country?

XXIII.Is there any requirement for the performance of ATES

systems to be monitored after installation?

Appendix C Response rate of online survey

Country Invitations Responses Response rate
[%]
Albania 2 1 50
Australia 5 5 100
Austria 12 5 42
Belarus 1 0 0
Belgium 11 3 27
Bosnia and Herzego- 4 0 0
vina
Bulgaria 5 0 0
Canada 7 0 0
China 3 1 33
Croatia 8 0 0
Cyprus 1 0 0
Czech Republic 4 1 25
Denmark 26 7 27
Estonia 5 1 20
Finland 8 2 25
France 15 3 20
Germany 32 15 47
Greece 4 1 25
Hungary 7 2 29
Iceland 7 0 0
Ireland 6 0 0
Italy 9 2 22
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Country Invitations Responses Response rate
[%]

Japan 2 0 0
Kazakhstan 1 0 0
Kosovo 2 0 0
Latvia 2 0 0
Lithuania 5 1 20
Moldova 1 0 0
Montenegro 1 0 0
Netherlands 17 7 41
North Macedonia 2 0 0
Norway 10 2 20
Poland 7 1 14
Portugal 5 2 40
Romania 2 1 50
Russia 5 1 20
Serbia 3 1 33
Slovakia 3 1 33
Slovenia 5 1 20
South Korea 4 2 50
Spain 10 1 10
Sweden 19 2 11
Switzerland 15 5 33
Turkey 0 0
Ukraine 3 0 0
United Kingdom 16 4 25
USA 7 1 14
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