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HEATSTORE (170153-4401) is one of nine projects under the GEOTHERMICA — ERA NET Cofund aimed
at accelerating the uptake of geothermal energy by 1) advancing and integrating different types of
underground thermal energy storage (UTES) in the energy system, 2) providing a means to maximise
geothermal heat production and optimise the business case of geothermal heat production doublets, 3)

addressing technical, economic, environmental, regulatory and policy aspects that are necessary to support
efficient and cost-effective deployment of UTES technologies in Europe.

This project has been subsidized through the ERANET cofund GEOTHERMICA (Project ** * **
n. 731117), from the European Commission, RVO (the Netherlands), DETEC * *
(Switzerland), FZJ-PtJ (Germany), ADEME (France), EUDP (Denmark), Rannis *****

(Iceland), VEA (Belgium), FRCT (Portugal), and MINECO (Spain).
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About HEATSTORE

High Temperature Underground Thermal Energy Storage

The heating and cooling sector is vitally important for the transition to a low-carbon and sustainable energy
system. Heating and cooling is responsible for half of all consumed final energy in Europe. The vast majority
— 85% - of the demand is fulfilled by fossil fuels, most notably natural gas. Low carbon heat sources (e.g.
geothermal, biomass, solar and waste-heat) need to be deployed and heat storage plays a pivotal role in this
development. Storage provides the flexibility to manage the variations in supply and demand of heat at different
scales, but especially the seasonal dips and peaks in heat demand. Underground Thermal Energy Storage
(UTES) technologies need to be further developed and need to become an integral component in the future
energy system infrastructure to meet variations in both the availability and demand of energy.

The main objectives of the HEATSTORE project are to lower the cost, reduce risks, improve the performance
of high temperature (~25°C to ~90°C) underground thermal energy storage (HT-UTES) technologies and to
optimize heat network demand side management (DSM). This is primarily achieved by 6 new demonstration
pilots and 8 case studies of existing systems with distinct configurations of heat sources, heat storage and
heat utilization. This will advance the commercial viability of HT-UTES technologies and, through an optimized
balance between supply, transport, storage and demand, enable that geothermal energy production can reach
its maximum deployment potential in the European energy transition.

Furthermore, HEATSTORE also learns from existing UTES facilities and geothermal pilot sites from which the
design, operating and monitoring information will be made available to the project by consortium partners.

HEATSTORE is one of nine projects under the GEOTHERMICA — ERA NET Cofund and has the objective of
accelerating the uptake of geothermal energy by 1) advancing and integrating different types of underground
thermal energy storage (UTES) in the energy system, 2) providing a means to maximize geothermal heat
production and optimize the business case of geothermal heat production doublets, 3) addressing technical,
economic, environmental, regulatory and policy aspects that are necessary to support efficient and cost-
effective deployment of UTES technologies in Europe. The three-year project will stimulate a fast-track market
uptake in Europe, promoting development from demonstration phase to commercial deployment within 2 to 5
years, and provide an outlook for utilization potential towards 2030 and 2050.

The 23 contributing partners from 9 countries in HEATSTORE have complementary expertise and roles. The
consortium is composed of a mix of scientific research institutes and private companies. The industrial
participation is considered a very strong and relevant advantage which is instrumental for success. The
combination of leading European research institutes together with small, medium and large industrial
enterprises, will ensure that the tested technologies can be brought to market and valorised by the relevant
stakeholders.
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1 Introduction

Six demo sites were initially planned within the HEATSTORE project (see Table 1). They covered a wide range
of technologies: Aquifer Thermal Energy Storage (ATES), Borehole Thermal Energy Storage (BTES) and Mine
Thermal Energy Storage (MTES), final users and amount of heat to be stored. As reported in Table 2, some
demo sites experienced changes during the project.

This report aims at giving a status overview of the HEATSTORE demo sites as they stand at the very end of
the project (October 2021). Besides, case studies (started before the HEATSTORE project and/or not funded
by the HEATSTORE project) are also presented. Based on the technical feedback and an analysis of the
challenges faced by the demo sites and cases studies, general recommendations for UTES implementation
are given.

Table 1: Pilot demonstration projects within the HEATSTORE project, as initially proposed.
Country Concept of pilot demonstration Storage TRL"

capacity & advance
volume

Geothermal heat doublets combined with Aquifer Thermal 5-10 MW

Energy Storage (max 90°C) integrated into a heat network 20 GWh

used by the horticultural industry

Solar thermal combined with a Borehole Thermal Energy kWrange 5to8

Storage (55°C) with lateral heat recovery boreholes 100 MWh
The development of a deep Aquifer Thermal Energy Storage ~ ~4 MW to5-6
Geneva system (>50°C) in Cretaceous porous limestone connected to
a waste-to-energy plant
S\lvd=g=nel | Surplus heat storage underground (200 - 500m, max 120 °C) ~1.7 MW to5-6

Bern in existing district heating system fed with combined-cycle,
waste-to-energy and wood fired plants.

Germany Mine Thermal Energy Storage pilot plant for the energetic 45 kW to 8
reuse of summer surplus heat from Concentrated Solar 165 MWh
Thermal (max. 80°C; At: 50-60 K) for heating buildings in
winter.

Belgium Demand side management (DSM) of a geothermal heating 9,5 MW™ DSM:7 to
network, including assessment of adding thermal storage 3 GWhiy™ 9

www.heatstore.eu
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Table 2: Pilot demonstration projects within the HEATSTORE project, as implemented. Status of
October 2021.
Country Concept of pilot demonstration Storage TRL"

capacity & advance
volume

NEpcienels | Geothermal heat doublets combined with Aquifer Thermal  10-12 MW
Energy Storage (max 85°C) integrated into a heat network 20 GWh

used by the horticultural industry

France Solar-assisted Borehole Thermal Energy Storage to avoid 100 MWh 5t0 8
thermal depredation of the ground
S\ilv4sidzlel s The development of a deep Aquifer Thermal Energy ~4 MW to5-6
Geneva Storage system (>50°C) in Cretaceous porous limestone
connected to a waste-to-energy plant
S\iedsid=ne | Surplus heat storage underground (200 - 500m, max 120  ~1.7 MW to5-6
Bern °C) in existing district heating system fed with combined-

cycle, waste-to-energy and wood fired plants.

Germany Mine Thermal Energy Storage pilot plant for the energetic = 20-30 kW to7
reuse of summer surplus heat from Concentrated Solar 50-90 MWh
Thermal power plant (max. 60°C; At: 50-60 K) for heating

buildings in winter.

Belgium Demand side management (DSM) of a geothermal 9,5 MW™ DSM:7 to 9
heating network, including assessment of adding thermal 3 GWh/y™

storage

www.heatstore.eu
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2 Demonstrator and case study synthesis

2.1 Technology-independent aspects

2.1.1 Integration of the UTES into DHN: general considerations

An important aspect of UTES, independent of their technology, is its integration into local District Heating
Networks (DHN). UTES can provide a buffer storage for short-term heat storage and peak shifting or long-term
seasonal heat storage. The heat source could be surplus heat from industry, waste incineration plants,
combined heat and power (CHP) or from solar thermal collectors. UTES avoid the consumption of expensive
and high carbon-emissions energies during the winter period while consuming relatively cheap surplus low-
carbon energy during the summer storage. The energy demands, specification of the network (inlet and return
temperatures) and characteristics of heat sources must be assessed in order to design a profitable heating
and storage system. The efficient integration of UTES in district heating asks for a match between the
requirements of the clients (e.g., demand profiles, temperature profiles), the specifications of the network (e.g.,
size, base load, peak load, supply and return temperatures) and the characteristics of the geothermal source
(i.e., production temperature, flow rate). The charging period of the storage to the designed temperature levels
needs to be included in the system integration. In addition, to be the most efficient, the return temperature at
the hot well should be as low as possible (cut-off temperature).

Figure 1 illustrates how geothermal energy stored (here case of an ATES) can feed a DHN depending on the
hot well temperature and DHN inlet temperature and maximum geothermal flowrate. When the hot well
temperature cannot warm the heating network water to the inlet temperature, non-geothermal available
energies are used (left column). In addition, the geothermal well flow rate cannot exceed a maximum allowed
flowrate, which can also limit the possible geothermal power delivered to the network (top row). Non-
geothermal available energy sources are used both directly on the network as an additional energy source to
geothermal power, and to warm the geothermal brine to its storage temperature during the summer (Figure 2).

Whatever the technology, UTES should consider the subsurface storage and the heating network as a single
system in order to make proper energy analyses. Numerical simulations allow estimating the network’s energy
mix and the geothermal energy use over time. Demand Side Management System (DSM) within the
HEATSTORE project was implemented in the Balmatt demo site (Belgium) to demonstrate the capabilities of
smart control both on building and on network level, in order to reduce peak heat loads and consequently
increase the share of geothermal heat delivered to the consumers.

www.heatstore.eu
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Figure 2: Example of the energy mix of a district heating network during the different cycles of heat
storage and unloading (source: Reveillere et al, 2013).
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2.1.2 Optimization of DHN operation: The example of the Mol demo site
(Belgium)

2.1.2.1 Demo site description

The district heating network in Mol is a high temperature network that provides heat to approximately 45
buildings (offices, laboratories and warehouses). In 2021, the network expanded further to the North in order
to heat a newly renovated residential area nearby. Currently, the heat is provided by 3 gas-fired boilers with a
total installed capacity of 22.5 MWi. Heat from a geothermal doublet will be used as primary heat source on
the DHN.

. Central heat production

V4 O Heat consumer / building

Prodem (PRDM) ___

Central heat and power plant M" = : P

Maln offce (HKT) ﬁ,

= L

Figure 3. Map of the demosne W|th Iocatlon of heat productlon umts and heat consumers where the
Storm controller is applied.

A Demand Side Management System (DSM) was installed to demonstrate the capabilities of smart control
both on building and on network level. An overview of the heating network with an indication of the 5 pilot
buildings is given in Figure 3. Within the HEATSTORE project the primary target of the system is to reduce
peak heat loads and consequently increase the share of geothermal heat delivered to the consumers. The
experiences and lessons learned from the implementation of this DSM platform are described further in this
deliverable.

When implementing a demand side management system on a heating network, many aspects have to be
considered. As soon as the control objective of DSM is clear, an implementation trajectory can be set up. This
trajectory can be split up in different phases:

Drafting the baseline situation & technical audits
Defining an implementation strategy
Implementation and configuration

Monitoring and response tests

System online and operational

agrwNE

This process is mapped on a timeline for the Belgian HEATSTORE demonstrator in Figure 4.

www.heatstore.eu
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Figure 4. Implementation timeline for the Belgian demonstrator.

Before the platform was installed, an extensive technical audit on the heating network was performed. In this
audit the connectivity of a building is assessed (e.g. internet connectivity, sensor data, sensor types, BMS
specifications). Based on the results of this audit and the available information, the necessary hardware is
selected. Next, the devices are installed, tested and connected to the data platform. From this point all data is
collected in a central location and the buildings can be monitored. The following step is to perform response
tests. During these tests the response of a building’s HVAC system on control signals coming from the
controller are evaluated. After a certain period, when enough data is available (typically a few weeks, preferably
longer to increase accuracy), the forecaster algorithms can be trained and validated and the system is ready
to operate.

The main challenge of implementing the Storm Controller on the district heating network in Mol proved to be
dealing with the legacy equipment installed. First of all the network and the buildings already have a certain
age and many HVAC controllers inside the buildings were not updated yet. The documentation is not always
available (control strategy and parameters) and the older HVAC controllers are more difficult to reprogram
since specific hardware and software is needed. Also, older types of heat meters are often battery powered or
do not offer the possibility to exchange data. Therefore, a number of heat meters had to be replaced first. On
the contrary, some building management systems were renewed recently and can be considered state of the
art.

Another barrier was that certain measurement data was simply not available. As a result, additional hardware
had to be installed. For example, the total heat output of the heating plant was not recorded (sub meters on
the heat generation units were inaccessible), therefore an ultrasonic clamp on flowmeter with heat meter and
IOT gateway was installed (Figure 5).

lj\“ ‘l-a'\“ '_‘“i ‘n.

. R ¥ = :
Figure 5: Left: Installation of an ultrasonic flowmeter, heat meter with 10T gateway on a DN250 DHN
pipe. Right: New substation for the residential area.
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The indoor temperature in one of the office buildings is monitored in detail (Figure 6). The building is equipped
with one (or multiple depending on the size of the room) temperature sensor in each office (16 in total) to have
a better overview on heat distribution in the building and on user comfort. This data is very useful to better
understand how the building responds to changes in the operational settings of the heating system (e.g. when
decreasing supply temperature).

Two different implementation methods for connecting the buildings with the IOT infrastructure were evaluated,;
a sensor override solution and a full BMS integration. The sensor override solution proved to be a fast and
simple method to connect the buildings to the data platform. This approach was used in 5 buildings and it
typically takes half a day per installation. The BMS integration is more complex since some reprogramming is
necessary but the main advantage is that the control functionality becomes virtually unlimited.

2.1.2.2 Recommendation for further test operation

While the Storm controller was initially designed to unlock and activate thermal flexibility on building level, tests
have indicated that also on the supply side important improvements can be made in relation to the general
supply temperature of the network. During next heating season the Storm Controller will operate autonomously
on the heating network to demonstrate its capabilities for peak shaving and supply temperature optimization,
this will work on two levels:

- Building level (activate thermal flexibility inside the buildings),
- Central heating plant (optimize the supply temperature and activate the thermal flexibility within the
heating network)

VITO will build further on optimizing the entire district heating network by implementing the Storm controller in
other buildings connected to the heating network. During the second semester of 2021, the largest building
will also be integrated in the Storm framework, which will drastically increase the available thermal flexibility.

In addition, VITO’s technical services, responsible for the infrastructure on the domain, learned from the
HEATSTORE demonstrator that the data platform that comes with the Storm Controller offers significant added
value regarding monitoring, fault detection, administration and other operational aspects. Therefore, the data
platform will also be used to connect all digital meters (heat, water and electricity), which will further increase
the value of the system.

o 0 1 1t 0 & ¢

—=
§_

}H\ {(8 1A i H\ﬁ“

() I
\v““( |} RS U 1 Lifh

Figure 6: Data visualization and monitoring platform (Noda Smart Heat Grid)

2.1.3 Legal framework

The legal framework is country-dependant and is often linked to the depth of the targeted formation. However,
in most EU countries, not all the existing acts are specific to UTES but to conventional geothermal systems.
Adapting the regulation to the UTES features would decrease the uncertainty associated with regulation. The
legal framework is extensively described in HEATSTORE report D6.2 “Regulatory and policy boundary
conditions”. Here we give an overview of the main points.

www.heatstore.eu
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2.1.3.1 France

Geothermal resources are classified as "mines" and their exploration and exploitation are regulated by the
Mining Act (Code Minier). Originally, the Mining Act considered three types of geothermal resources according
to their temperatures measured at the wellhead during the production tests:

(i) high temperature resources (T> 150°C),

(i) Low temperature resources (T<150°C). Two mining titles are necessary to exploit these resources:
one for the exploration phase and one for the exploitation phase.

(i) Shallow aquifers with temperature less than 25°C, which are used for heating or cooling by using heat
pumps. These geothermal resources are so-called "Geothermal resources of minimal importance” or
"Shallow geothermal resources". These shallow aquifers can be exploited through close-loop
geothermal systems or through open loop systems with a production well and a reinjection well. The
permitting process is simplified and no mining title and operating permit are requested for exploiting
these shallow aquifers. The relevant criteria are the following:

- Boreholes less than 200 m deep,

- Power extracted less than 500 kWi,

- Water temperature below 25 °C,

- Flow rate less than 80 m3/h for open loop system,

- Water must be reinjected into the same aquifer it was produced from for open loop systems.

Since 2019, the permitting procedure related to both exploration and exploitation of geothermal resources for
depth over 200 m has evolved. During the exploration phase operators can choose between two procedures:
- aResearch Authorisation (AR) more appropriate for areas already geologically well known. The lease
is attributed by the Departmental authority for a 3-years period,
- an Exclusive Research Permit (PER) more appropriate in areas where there is less geological
knowledge. The lease is granted by the Ministry of Environment for a period of 3-5 years.

During the exploitation phase, there are two types of mining permits based on the installed power (lower or
greater than 20 MW). This limit in the power installed has replaced the initial temperature threshold (150 °C).
- <20 MW: Exploitation permit (PEX) managed by the Departmental authority for a maximal initial period
of 30 years that can be renewed for a period of maximum 15 years,
- > 20 MW: the operator gets a concession granted by the State Council for a maximal initial period of
50 years that can be renewed by periods of maximum 25 years.

The timeline of legal procedure is about 3 years but can be longer according to the project and includes ~5
months of prefeasibility and feasibility studies, ~18-24 months of studies including the authorization report, the
instruction by the authority and the consultation of the enterprises and ~7 months of drilling and testing.

Currently there is no specific legal framework for UTES. In case of shallow geothermal, the maximum
temperature change at 200 m from the well should be lower than 4°C and the maximum temperature injection
should be kept below 32°C (40°C for closed loop system). For intermediate to deep geothermal energy, there
is currently no legal obligations (limits) on temperature reinjection expect in the case of deep geothermal
targeting drinking water resources (e.g. Albian aquifer in Paris Basin) where the temperature reinjected must
not be greater than the initial temperature of the aquifer (microbiological issues).

The operator must also demonstrate in the AR or PER that the operation will not affect other neighbouring
operations during the exploitation phase (a maximal impact of 1 bar in pressure is admitted, the temperature
of the injected fluid must not affect the other operations).

2.1.3.2 Switzerland

The legal framework is Canton-specific and also depends on federal law according to the depth of the UTES.
For example in Bern Canton, above 500 m depth, the Canton level applies while below 500 m the Federal
level applies.

For the Geneva Canton, the mining titles are very similar to those applying for France for deep geothermal
with 3 permits needed:
- aprospecting permit (surface exploration like geophysical acquisition): 1 to 2 years of instruction,
- an exploration permit (drilling of exploration wells): 1 year of instruction, and the testing of the horizons
of relevance.
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- an exploitation permit: 1 year of instruction.

The Switzerland Federal law on groundwater states that the difference of temperature must be limited to 3°C
at 100 m from the injection well.

2.1.3.3 Netherlands

In Netherlands, two laws apply: the Water Act for UTES to maximum 500 m depth and the Mining Act for
activities in the subsurface at 500 m depth or deeper. In the first case, the maximum injection temperature is
25°C and the permit is much easier to acquire, when compared to the Mining Act. Like in France, there are no
specific rules applying for HT-UTES (>25°C).

Currently a new guideline is in development to make it easier to apply for injection temperatures above 25 °C.
Actual HT-ATES projects are permitted by addressing them as pilot-projects, while they are in fact full scale
projects. In order to get a permit, a discussion is needed with the authorities about the conditions and still the
general permitting rule is applied that the HT-ATES system should not negatively influence other groundwater
users or interest. In order to monitor the impact of an HT-ATES on the subsurface and surrounding, an
extended monitoring program is applied to monitor the chemical and biological changes in the groundwater.

2.1.3.4 Germany

For the legal approval of a MTES, it is necessary to determine which field of law needs to be applied, as this
is the basis for determining the competent authority for the application process. Regardless of the competent
authority, the approval procedure is characterized by a comprehensive concentration effect. This means that
if a project affects several different fields of law, these are considered by the authority dealing with the main
proposal, so that the applicant only interacts with one legal entity. With regard to the utilization of geothermal
energy and the subsequent possible thermal energy storage, the mining and water authorities are the two main
legal departments responsible for such application [Weil3 2016].

In all procedures, the aspect of environmental compatibility also needs to be considered, which is enforced by
the Environmental Impact Assessment (EIA) and defined in the Environmental Impact Assessment Act. An
EIA is not performed as an independent procedure, but is part of the administrative approval process, if the
regulative necessity is given. A preliminary evaluation for a storage system might be necessary, if the
circulation volumes exceed 100.000 m3/a and adverse effects on the groundwater-dependent ecosystems are
to be expected.

In accordance with § 3 para. 3 of the Federal Mining LAW (BBergG) geothermal energy is considered a natural
resource without concession status. Therefore, a mining permit is required for the exploration of geothermal
energy and a mining approval is needed for the extraction of geothermal energy in Germany.

In 2006, North Rhine-Westphalia issued a decree which regulates the statewide utilization of geothermal
energy and also distinguishes between different storage applications. Within the MWME decree, it is clearly
stated that the injection and extraction of thermal energy into the ground for storage purposes does not
resemble the extraction of geothermal energy with regard to the above-mentioned reference to the German
Mining Act. This also includes the transfer of thermal energy into the subsoil, as well as the withdrawal of
artificially introduced thermal energy into the ground. Also, the injection of thermal energy into the earth's body
does not fulfil the relevant mining law definition of “containerless deep storage” [MWME 2006]. In summary, it
can be stated that the mining law is only applicable when a negative heat balance is anticipated, which is
governed by the fact that more heat is produced than stored into the underground, which is the case for the
exploitation of a geothermal resource. However, this is not the case for a MTES, in which continuously more
thermal energy is injected than extracted from the subsoil and therefore constitutes to a positive heat balance
over a long duration.

Accordingly, the mining law does not have primary responsibility for the approval of a MTES in an abandoned
colliery and would only be integrated within the approval process, if boreholes with a depth of over 100 m bgl
(8 127 BBergG) are necessary for the implementation of the storage concept. This circumstance should be
highlighted as the reversal of evidence is enacted under the mining law, which means that for mining related
damages, the burden of proof is within the responsibility of the operator and not the aggrieved party.
Consequently, the water authority is the active legal department for handling the approval (either permit or
authorization) of a MTES application, due to the fact that the extraction, production, injection and discharge of
groundwater is listed in the Water Resources Law (WHG) under § 9 para. 1 No. 5 WHG.
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For the implementation of a MTES system, the issue of the legal liability has to be settled with the current mine
owner. Despite the fact that the mine is closed, the mine owner remains within the legal responsibility of the
previous mining operation. For instance, if subsidence appears, the mine owner will be liable to mitigate those
damages.

2.1.3.5 Denmark

The regulation of geothermal energy is based on different acts according to the purpose of the installation.
Deep geothermal energy is regulated pursuant to the Danish Subsoil Act (LBK nr 1533 af 16/12/2019) under
the administration of the Danish Energy Agency, while shallow geothermal energy is regulated pursuant to the
Danish Environmental Protection Act (LBK nr 1218 af 25/11/2019) and permissions are issued by the
Municipalities. An agreement between the Municipalities and the Danish Energy Agency has been made, that
if planned boreholes for geothermal energy are deeper than 250 m, the Energy Agency must be consulted to
clarify whether the installation is subject to the Subsoil Act or not. There is no specific regulation for UTES.

ATES systems down to a depth of 250 m for heating and cooling are regulated by a Ministerial Order on “Heat
extraction plants and groundwater cooling systems” (BEK no. 1716 of 15/12/2015) supplemented by the
Danish Water Supply Act (LBK nr 1450 af 05/10/2020), according to which extraction permits are granted by
the Municipalities. If heat is supplied to a heating network, a permit according to the Danish Heat Supply Act
(LBK nr 1215 af 14/08/2020) is needed as well. Finally, drilling and mandatory reporting of borehole data to
GEUS is regulated by a Ministerial Order on “Onshore drilling” (BEK no. 1260 of 28/10/2013).

BTES systems for heating and cooling (Borehole Heat Exchangers, BHE) down to a depth of 250 m are
regulated by a Ministerial Order on “Ground Source Heating Systems” (BEK nr 1260 af 28/10/2013). If heat is
supplied to a heating network, a permit according to the Danish Heat Supply Act (LBK nr 1215 af 14/08/2020)
is needed and drilling and mandatory reporting of borehole data to GEUS is regulated by a Ministerial Order
on “Onshore drilling” (BEK no. 1260 of 28/10/2013).

PTES is regulated pursuant to the Danish Environmental Protection Act (LBK nr 1218 af 25/11/2019) and if
heat is supplied to a heating network, a permit according to the Danish Heat Supply Act (LBK nr 1215 af
14/08/2020) is needed.

For ATES, water passing the injection valve must not exceed 25°C and in monthly average it must not exceed
20°C. Furthermore, injected cooled water must have a monthly average temperature of at least 2°C. No
distance requirements to other wells are given, but it must initially be assessed by numerical modelling that
temperatures in neighbouring water supply wells will not rise more than 0.5°C.

For BTES systems, they must keep a distance of up to 300 m to existing drinking water wells and 50 m to
other similar systems.

For both ATES, BTES and PTES, the developer or a consultant must produce the required material and submit
it to the municipality. From this material the municipality will produce a scope for an EIA screening, hear
neighbours and organisations affected by the project and involve other authorities responsible for elements of
the project. If needed, a full EIA will be conducted. An EIA permission with specific requirements and
permission related to other legislation will be granted.

2.1.4 Social acceptance and local stakeholder commitment

The social acceptance should be taken into account in the early phase of the project implementation as it may
have future positive or negative impact for the project development. Social acceptance is not specific to UTES
but also to conventional geothermal operation. This is particularly true in dense urban areas, for deep drilling,
and in particular context like fractured reservoirs or mines. The main apprehensions concern the potential
surface impacts of drilling, well testing and heat storage operation (e.g. ground movement and their potential
impacts on the existing infrastructures, gas emissions and/or groundwater heating/pollution and their impacts
on the environment and human health).

Therefore, efforts should be made towards awareness of the local population. For example, in Switzerland,
the Geneva demo site team has organised “open days” during the drilling phase.
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Bern demo site team has organized different communication levels to publicize the project:
1. astrong internet presence on the ewb website,
2. open stakeholder events to which the broader public was invited, including presentations of the project
by the team and the management of ewb, followed by Q&A sessions,
3. avisitor platform was installed and the drilling site is being included in the guided tours of the power
plant.

To document the possible impact of the project, the following monitoring has been started and is being
continued:

1. a baseline measurement to record ground elevation and repeated measurement throughout the
execution phase. The baseline measurement included a documentation of existing damage on
adjacent buildings,

a continuous seismic monitoring in the preparation phase and throughout the execution phase,

a continuous video surveillance of the site with pictures taken and filed in fixed intervals,

a baseline measurement of a nearby water well, for the quality of the water and continuous

measurement thereafter,

5. installation of fibre optic cables on both casing strings for temperature, acoustic and strain
measurements.

rpODN

In Denmark DHN are mostly consumer-owned and they are sensitive to “green” and costs arguments. It is
normal practice with a hearing period of 8 weeks, where people can take notice of the project and submit
objections. The projects are then presented to the town council, where it can be approved. Municipalities then
do the environmental impact assessment. Early contact with people close to the installation is therefore very
important. For Breedstrup BTES, the concern of the municipality was the risk of heating up the groundwater,
as experienced in previous BTES projects. Taking into account this concern led to install extra boreholes to
monitor the temperature of the groundwater below and next to the BTES, and TRNSYS calculations also were
carried out to show that the groundwater temperatures around the storage would not exceed 20°C [ForskEL
2013].

The project should also be thought in close cooperation with local stakeholders that are potential future end-
users. For example, in Bochum where the MTES is planned to feed into the local DHN of the University in the
future, a close collaboration with the public services of Bochum (DHN owner) is already established or in the
Netherlands where greenhouses owners will benefit from the geothermal energy. Therefore, in order to
successfully facilitate these projects an overall acceptance with the support of the different local stakeholders
and population should be considered right from the beginning of the planned implementation.

2.1.5 Importance of proper planning

Typical duration for the different phases of a UTES project is at least 3 years for ATES and MTES. Enough
time should be allocated for the different phase. The process to get all authorizations may take at least 12
months, and even more if an environment impact assessment is needed.

2.2 ATES
2.2.1 Middenmeer HT-ATES Heatstore Demo site

2.2.1.1 Short site description

The HT-ATES system at ECW stores surplus geothermal heat delivered by a district heating grid during the
summer at ~85 °C and delivers the stored heat to greenhouses after recovery in winter. The heat is stored in
an unconsolidated aquifer at 360 — 380 m depth.

2.2.1.2 Pre-investigation and feasibility studies

To investigate the subsurface, a first exploration well was drilled in 2019. It was later used as a monitoring well.
During drilling of the exploration well two target storage aquifers where encountered, the deepest of which
exhibited a high content of gas and unsatisfactory flow properties. Therefore, a design was made for HT-ATES
in the shallowest aquifer, using the information of the test drilling. After the realisation of the HT-ATES system,
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a pumping and build-up pressure test was performed. Water was produced at a constant flow rate for 4 hours
after which the pump was shut down. Dataloggers in piezometers registered hydraulic heads in and around
the wells with high frequency during the test. From the results a hydraulic conductivity of about 12-13 m/d (17
Darcy) was found. The risk of sand production was found to be low, even at high flow rates. The grain size of
the aquifer was determined by sieve analysis on cuttings during the drilling process of the wells. A core
sampling was initially programmed but failed.

Chemical fluid composition was monitored during well testing and thermo-chemical simulations were
conducted using Toughreact and PHREEQC. Simulations suggested that calcite precipitation would not occur
at the aimed storage temperature of 85°C. In order to prevent calcite precipitation, CO2 will be dosed. At the
abstracted groundwater, CO2 will be dosed with a fixed amount per m® groundwater. The injected groundwater
is enriched with CO2. Actual measurements will monitor the CO2 concentration (HCOz") in the groundwater
and also gas-analyses are performed on the groundwater to monitor the CO2 content. The measurements will
be used to improve the model and to predict the risk of calcite precipitation, which contribute to the optimization
of the dosing method.

Thermo-hydraulic modelling was conducted using HST3D software from IF Technology to optimize the
distance between the future hot and cold wells for the energy recovery from the HT-ATES. The simulations
results show that a distance of 220 m is optimal for both the thermal recovery efficiency and the thermal
interference between the hot and cold wells. This well distance corresponds to approximately 2.2 times the
thermal radius of the hot storage.

2.2.1.3 Design and construction

The HT-ATES is composed of three boreholes, a doublet (one ‘cold’ and one hot well) and a monitoring well
(initial exploration well). The three wells target a sandy formation at approximately 360-380 m depth (shallow
geothermal ATES). The wells are aligned with a distance of 220 m between the cold and hot wells and the
monitoring well is located at 30 m from the hot well. The hot and cold wells are designed identical with
submersible pumps as they will work as reversible wells. An overview of the site and the position of the wells
is shown in the figure below. The wells are drilled between the greenhouse (left side) and the canal (right side).

@ cCold well
@ Warm well
(

/

) Monitoring well

Figure 7: Picture of the site and well location.

The vertical wells are drilled with the reversed rotary drilling technique with air lift. After the drilling, the filter
screen and piping has been installed, together with a optic-fibre attached to the pipes for future temperature
measurements. The borehole was filled with sand and clay, restoring the original lithology around the well
pipes. Piezometers were installed at various depths to facilitate groundwater sampling for chemical and
microbial analysis in the storage aquifer and shallower layers. An image of the configuration of well and
piezometer of the wells and the monitoring well is given in Figure 8. At the same level as the clay layers, the
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borehole is cemented with swelling clays in order to prevent hydraulic short cuts from one aquifer to another
aquifer. This is a requirement from the drilling protocol.

NW< >20
Depth Cold well Monitoring well Warm well

ﬁo %ﬁoﬁ%ﬁ.
1?

Clay

Fine sand
Moderate sand
Coarse sand
Gravel

Blind screen
Open screen

Figure 8: Vertical schematic scheme of the well design.
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The casings of the wells are in Epoxy to avoid corrosion and the well screen are stainless steel. There is a
specific wellhead design to allow high wellhead pressure due to change of temperature in the hot well. A picture
of the well head is presented in Figure 9. On the right side a nitrogen buffer is installed to condition the pressure
in the well head. On the left the well head is presented, where the bigger tube is the well and the smaller tube
(middle) is the transport pipe to the technical room. The red cable is the glass fibre cable for temperature
measurements.

I':igure 9: Well head deSIQh.

2.2.1.4 System operation, monitoring and maintenance

The flowrate for heat loading is 150 m3/h with a temperature of 85°C and the discharge flowrate will vary from
a minimum of 30 m%h to 150 m3/h with a cut-off temperature of 55°C. The injection temperature at the cold
well is 30°C. Electric submersible pumps (EPS) will be used for both wells. There will be continuous
measurements of flowrate, temperature, pressure, energy and water amounts, pH, oxygen and conductivity.
In year one, the water quality of the abstracted groundwater is sampled each two months. At the same moment,
the water quality of the monitoring well in the target aquifer is sampled. The water will be analysed on macro
and micro elements, gas content and qualitative DNA analyses of bacteria (Next Generation Sequencing
Analyses).

A part of the analyses is demanded by the permit requirements but at a lower frequency. Also, more
measurements are planned in order to get a better understanding of the working of the system and how to
tune the operations. Within the HEATSTORE project, but also in the Warming-Up program more research will
be done. The first loading cycle has started in June 2021 at full capacity. The government has approved the
installation.
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2.2.2 Koppert Kress case study

2.2.2.1 Short site description

Koppert Cress is a horticulture company situated in the western part of the Netherlands. To provide sustainable
heating and cooling, an ATES system was installed with 4 warm and 4 cold wells (see Figure 10 left). As part
of a Dutch pilot and research project the LT-ATES was converted to a HT-ATES pilot [Bloemendal et al. 2020].
To obtain insights in the heat spreading and water quality changes associated to the HT-ATES, the site is
intensively monitored.
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Figure 10: Left: Overview of warm well locations Koppert Cress. Right: subsurface layering and
monitoring infrastructure around warm well 1 from the Koppert Cress ATES system.

Local subsurface composition is provided (see Figure 10 right), together with the locations of the ATES well
screens and the subsurface monitoring infrastructure in place. The ATES system utilizes 2 aquifers with
screens up to +170m depth. The ambient groundwater flow is close to 0, there is virtually no hydraulic gradient
in the area. The heating loads to/from and temperature of the warm wells is depicted in Figure 11. This
illustrates the strong imbalance in heating and cooling demand of the system. The distance of the temperature
front is referred to as the thermal radius (Rw), and is due to the imbalanced operation not larger than 15 m.

120

Heat deliverd from wells [GJ] —— Heat stored in wells [GJ]
Warm welll temperature [C] ’ J_ Thermal Radius Warmwells [m]:
i i

|

IR
I

Il

100

oo
o

(o2
o

Heat [GJ/d]

, | 'MMA n\nﬂu W M'

aug-17 nov-17 feb-18 mei-18  aug-18 nov-18 feb-19 mei-19 aug-19 nov-19 jan-20

E
o

Temperature [C]/ thermal radius [m]

n
o

Figure 11: Example of the available data for the Koppert Cress pilot site. Daily heat to and from the
warm ATES wells, well temperature and size of the thermal radius in the 2.5 year period from august
2017 to March 2020 is shown.
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2.2.2.2 Challenges and Highlights during implementation

Highlights

- Higher storage temperatures resulted in larger amounts of heat to be stored and hence considerable
lower GHG emissions.

- The limited increase in groundwater temperature did not lead to growth of the investigated
opportunistic pathogens.

- Water quality effects are dominated by mixing effects, important changes in salinity, arsenic and
sulphate are all contributed to the mixing of groundwater from the 2 different aquifers. No change in
water composition is caused by changes in temperature, due to the fact that temperature changes are
limited and only locally around the wells.

Challenges

The greenhouse of Koppert Kress exhibits a strong imbalance in heating and cooling demand. As a result the
warm groundwater in the warm well is completely depleted each winter. Figure 12 shows the temperature
increase in the shallow aquifer at two different distances from the warm well during 2020. This confirms the
observation that the temperature inside the aquifer as well as in the confining layers returns towards ambient
conditions during winter, due to the imbalanced use of the ATES system. The temperature change contour of
5°C illustrates how the confining layers slowly heat-up during summer and cool-down during winter.
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Figure 12: Temperature increase in the shallow aquifer over time, at 2.5 and 8.5 m distance.

The anticipated magnitude and extend of the temperature change contour were much larger than was realised
in practice. This resulted in various challenges:

- The location of the monitoring well for taking groundwater samples assessing groundwater quality was
beyond the extent of the thermal radius. Therefore, it was impossible to measure water quality effects
due to temperature change from this monitoring well (PB-1 in see Figure 10 left). It was decided to drill
a new monitoring well (PB-3) at 5 (m distance from the warm well to ensure thermal impact on the
groundwater, when taking samples. Despite the small distance to the well, still required to take sample
at the right moment to sample affected groundwater and measure changes in water quality due to
temperature change.

- The harvesting of heat appeared to be more challenging. Due to large temperature difference between
sources of heat also pollution of the higher temperatures could not be avoided. Still, the lower
temperature heat contributed to the increased performance, but it would have been better to have had
better management and control on exergy levels of the heat stored in the wells.

- Despite the quite extensive data collection on subsurface characteristics, well flows and temperature
and subsurface temperature, it is always difficult to fit field data in model. Also, different monitoring
data provided contradicting information on the distribution of the flow across the different well screens.
The model was calibrating using the DTS (Distributed Temperature Sensing) data.
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2.2.2.3 Lessons learned from problems within the implementation phase

Transition from LT-ATES to HT-ATES for Koppert Cress case study

When the Koppert Cress pilot was initiated, it was expected that over the years enough additional heat sources
would be available to seasonally store large amounts of heat, resulting in storage of heat at temperatures
between 30-40 °C. However, analysis of the system showed that the yearly heat demand of the greenhouses
of Koppert Cress still exceeds the amount of heat stored in the wells. Also, the temperature of the available
heat is limited because it is harvested from environmental sources. This results in an imbalanced ATES system
that only stores heat at temperatures >25 °C during the hottest days of the years. A considerable part (25-
20%) of the stored heat is retrieved within a day or week.

In spite of these conditions, with respect to energetic performance and greenhouses gas emissions savings
the Koppert Cress (HT-)ATES system is highly successful, according to Bloemendal et al. (2020). By allowing
storage temperatures >25°C, Koppert Cress was able to use their heating and cooling system more efficiently.
More sources of heat were included over the years, which resulted in more heat storage in the warm wells.
The increase in AT between the cold and warm wells led to a strong increase in yearly produced heat. Overall,
the transition from LT-ATES to HT-ATES resulted in a decrease of 30-70% of GHG emission (depending on
the electricity source). While the GHG emission decreased significantly, the costs of operating the ATES
system decreased with 10%.

Expected performance of the Koppert Cress HT-ATES system at increased storage temperature and volume
balance

The analysis of operational data of Koppert Cress in this research showed that the HT-ATES is not only used
for seasonal heat storage, but is also frequently used as a night/day buffer. This results in highly efficient short
cycle storage of heat. The generic modelling approach does not take this short cycle behaviour into account.
This shows us that pumped volumes and recovery efficiencies are reasonably expected to be higher than is
computed/expected based on the generic seasonal modelling approach. Also, the effect of the volume
imbalance is shown to have a positive effect on the modelled recovery efficiency of the warm well.

2.2.2.4 Recommendation for further test operation

Future improvements on the HT-ATES of Koppert Cress could focus on:
- optimal HT-ATES pumping strategy (short cycle? Imbalanced?)
- further improve heat harvesting and injection temperature.

Improve control and distribution of different temperatures of heat into different well, to have warm wells at
different temperature levels.

2.2.3 NIOO Case study

2.2.3.1 Short demo site description

The building complex of the Netherlands Institute of Ecology of the Royal Netherlands Academy of Arts and
Sciences (NIOO-KNAW) in Wageningen, the Netherlands was built in 2010 inspired by the ‘cradle to cradle’
philosophy that mimics the regenerative cycles in nature. It was built with the highest sustainability level
feasible at that time and has served as a demonstration site for sustainable buildings in the Netherlands. The
building complex was inspired by nature using three principles: 1. Use energy from the sun, 2. Close all cycles
where possible (water, materials) and 3. Stimulate biodiversity. Goal was to build a research complex of 9
buildings including greenhouses and climate control rooms that could operate without fossil gas. To enable a
sustainable climate control system, two ATES systems have been installed that are coupled to store and supply
both heath and cold to the entire building complex. The first (shallow) groundwater system is a regular (low
temperature) 25 °C ATES system in a coarse sand aquifer at 80 m depth and is the main source of cooling in
summer. The second (deep) ATES system is a high-temperature heat storage system in a low permeability
aquifer at 300 m depth. The HT-ATES system of NIOO has been realized in 2010 and is used to store heat
with temperatures up to 45 °C from solar collectors.

It consists of a cold and a warm well with infiltration temperatures of respectively 26 °C and 45 °C.
Temperatures and groundwater composition have been monitored from the start. Together with the monitoring
programme of the HEATSTORE programme, this now offer a unique 10-year field data series. In the framework
of the HEATSTORE project the initial dataset was augmented and used to investigate the effects of HT-ATES
on the subsurface; both initially after construction as well as over time. The NIOO case study was focused on
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temperature effects as well as chemical and microbial effects relevant for water quality. This is of particular
interest in areas in which fresh groundwater is used as source of drinking water, as is the case in large parts
of the Netherlands. For a detailed description of the project and the findings, we refer to the NIOO case study
report, which is delivered within task 5.2 of the HEATSTORE project.
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Figure 13: Left: Top view of the HT-ATES, monitoring and LT-ATES wells and location of the cross
section. Right: Cross section over the HT-ATES and monitoring wells.

2.2.3.2 Challenges and Highlights during implementation

The experience with designing and operating HT-ATES systems in 2010 was very limited. Expectations were
mainly based on the experience of existing LT-ATES systems and coarse model calculations. Because of the
limited experience with HT-ATES and the related (bio)chemical effects, getting permission to use fresh water
aquifers was (and is) not straightforward. The interests of the Netherlands water boards concerned with water
quality and drinking water supplies are high and the regional authorities were reluctant to give permission to
construct HT-ATES systems. Based on its research and demonstration function, NIOO received a special ‘pilot
status’ permit coupled to a specific monitoring programme. At the location of NIOO in Wageningen, the shallow
groundwater is fresh and potentially suitable for drinking water production. Furthermore, the hydraulic
conductivity and the groundwater flow velocity in the more shallow aquifers are relatively high, which adversely
affects the recovery efficiency and makes these aquifers less suitable for use as a storage aquifer for HT-
ATES. Therefore, the NIOO HT-ATES was planned in a deeper, more fine grained aquifer that was expected
to contain brackish to saline groundwater. These deeper aquifers are typically not used for drinking water
production or industrial cooling due to the high salt content and LT-ATES is generally applied in more shallow
aquifers. As a consequence, the amount of information that is available on these deeper aquifers is limited in
many cases. At NIOO, this was also the case.

When the wells for the NIOO HT-ATES system were drilled the subsurface conditions proved to differ from
what was expected. One of the main challenges was that the observed drawdown (13 m at 30 m3/h) was much
larger than expected (3.6 m at 48 m?¥h). The main question in such a case is whether this drawdown is due to
the properties of the subsurface, or caused by clogging of the well during the construction phase (e.g. by
drilling mud remnants) or a combination of both. In case (a significant part of) the extra drawdown is caused
by drilling mud remnants, additional well development is advised. However, if the extra