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Abstract

Aquifer thermal energy storage (ATES) is an energy efficient technique to provide sustainable thermal energy
to buildings in a temperate climate. Around 40% of worldwide energy is used for heating and cooling, which
is mainly provided by burning fossil fuels. Because of the negative effects of burning fossil fuels, alternatives
like ATES are needed. The principle of ATES is to temporary store thermal energy in aquifers in a warm and
cold well in order to use this thermal energy for heating and cooling in the next season.

ATES is an increasingly popular approach to meet heating and cooling demand, especially in the Nether-
lands. Because the available subsurface space is limited, congestion problems can occur in areas with high
ATES density. In these areas a conflict of interests exists between private parties who want to achieve max-
imum efficiency by avoiding negative influence of other systems, and the public interest to maximize the
amount of thermal energy stored in the aquifer. Current policy is aimed at protecting the interests of private
parties by applying large safety margins which limits the amount of systems that is placed in a certain area.
Another problem with ATES systems is to achieve thermal balance to prevent cooling or heating of the subsur-
face. Therefore regeneration is needed to balance the system. Extra energy is required for this regeneration,
reducing the performance of the system.

A proposed solution for these problems is to reduce the distance between wells of the same temperature.

One thermal zone is formed which is advantageous for the efficiency of individual wells. Because wells are
placed closer together more systems are installed in a certain area. Accepting imbalance in individual systems
can be accepted in this approach, provided that thermal balance is met for a group of systems. This can
prevent the regeneration of wells.
The main goal of this research is to quantify the change in performance of ATES systems when their thermal
zones are connected. The performance parameters are the thermal recovery efficiency and the pumping
energy of the groundwater system. A model study is used to gain insight in the effect of connecting ATES
systems. The results from this study are then applied to asses a case study.

The main findings of this research are as follows: Connecting the thermal zones of wells of the same tem-

perature increases the thermal recovery efficiency of individual systems. For average systems with a storage
volume of 250.000 m3/year this increase is around 8-20%. Systems with a small storage volume have the
highest increase in thermal recovery efficiency, around 15-40% for systems with a storage volume of 50.000
m?3/year. The main factor determining the increase in thermal recovery is the reduced ratio between the area
of the thermal zone and the volume of the thermal zone, also called the A/V value.
The drawdown in the wells increases when thermal zones are connected and wells of the same tempera-
ture are both injecting or extracting. This leads to extra energy needed for pumping. The combined effect
of increased thermal recovery efficiency and the increase in pumping energy is positive when a small dis-
tance between wells of the same temperature is taken. The distance between wells of the same temperature
should be small, around 0.5 times the thermal radius of the wells. Thermal zones are connected while the
extra pumping energy is limited. The distance between wells of opposite temperature should be larger than
3 times the thermal radius of the wells to avoid negative effects of mutual interaction.

Imbalance could be accepted for individual systems if balance is required for a group of systems. Thermal
energy is exchanged between wells of the same temperature if their thermal zones are connected, avoiding
the need for regeneration. Ambient groundwater flow can be used to transport thermal energy between wells
of the same temperature, if the wells injecting a larger volume are placed upstream.

Due to the positive effect on thermal recovery efficiency and the imbalance of the system, it is found that
placing wells of the same temperature together will increase system performance. Because of the reduced
distance more systems can be placed in a certain area. Therefore this approach is suitable to maximize indi-
vidual efficiency and store as much energy as possible.
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X Nomenclature
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Introduction

1.1. Sustainable thermal energy with ATES

Aquifer thermal energy storage (ATES) is a form of seasonal thermal energy storage. The main reason for the
implementation of seasonal storage of thermal energy is to provide sustainable thermal energy for heating
and cooling of buildings. The thermal energy is currently provided by burning fossil fuels which leads to the
emission of greenhouse gasses and rising of the average global temperature.

Heating and cooling accounts for a large part of the worldwide energy consumption. Estimations vary be-
tween 40% for the Netherlands (Harmsen and Harmelink, 2007) (Bloemendal and Hartog, 2018) and 50%
(REN21, 2017) worldwide.

If heating and cooling is made more sustainable, a large amount of greenhouse gas emissions is prevented.
First the demand for thermal energy should be reduced, for example by installing better insulation for build-
ings and optimal building design. Sustainable technologies are needed to provide thermal energy. This cor-
respond to the policy of the Dutch government to reduce the fossil fuel consumption for heating of buildings
(Ministerie van Economische Zaken, 2016).

One sustainable option to provide thermal energy is aquifer thermal energy storage (ATES). It is applied in
temperate climates where both heating and cooling is needed throughout the year (Bloemendal et al., 2015).
In these climates a seasonal offset exists between supply and demand of thermal energy. Heating capacity is
abundant in the summer while it is needed in the winter. Cooling capacity is available in winter and is needed
in the summer. ATES systems overcome this problem by temporary storing thermal energy in aquifers so it
can be used later. In the next season thermal energy is extracted and used for low temperature heating and
high temperature cooling.

3

Summer Winter

Building system

5-10% 1

'water system

Figure 1.1: Basic working principle of ATES systems. In summer direct cooling is used. In winter a heat pump is needed to provide
sufficiently high temperatures for heating.
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ATES systems operate by seasonal storage of warm and cold water in aquifers in two separate wells. The
most common form is a doublet. The warm and cold wells are placed in the same aquifer with sufficient dis-
tance between wells, see Figure 1.1. The systems are called open because they infiltrate water in the aquifer to
extract it in the next season. In the warm well water is stored at 12-25°C and in the cold well water is stored at
6-12°C. Due to the high heat capacity of water (4.2% 108 J/kg/K) alarge amount of thermal energy is stored de-
spite the small difference in temperature. These systems are called low temperature ATES systems (LT-ATES),
which represents 99% of all ATES systems. In summer cold water is extracted for cooling of the building. A
heat exchanger is used to transport thermal energy from the groundwater system to the building system. The
heated groundwater is then infiltrated in the warm well. During winter the flow is reversed. Warm water is
extracted and used to heat the building, often in combination with a heat pump because building heating
systems cannot operate on the low temperatures of the warm well.

The system requires some external energy for the operation of the well pumps and the heat pump. The en-
ergy needed for operation is small compared to the amount of thermal energy delivered an ATES system. If
electricity from sustainable sources like solar panels is used for the well- and heat pumps, no greenhouse
gasses are produced in the utilisation of ATES, making it a sustainable option to provide heating and cooling.

1.2. Suboptimal use of ATES potential

Besides being a sustainable option, ATES is also cost effective compared to fossil fuels. Therefore many ATES
systems have been constructed. In the Netherlands around 2500 open systems are in operation according
to Fleuchaus et al. (2018). This is around 85% of all systems operational worldwide. Although the number
of systems has grown considerably over time, some problems regarding ATES are present today including
congestion of the subsurface and imbalance in systems. These problems are discussed in the next paragraphs.

The first problem is the suboptimal use of available aquifer space. In some urban areas the amount of
ATES systems has grown to congestion levels (Bloemendal et al., 2018). The congestion is partly caused by
the amount of ATES systems in a particular area. The congestion is further increased by the current planning
and permitting approach, which requires large distances between wells. The recovery of stored thermal en-
ergy needs to be as high as possible. Therefore the aim of the local authorities is to protect the interests of
existing systems against negative effects of interaction between warm and cold wells. As a result, large safety
margins are applied regarding the distance between the wells. The distance depends on the radius of the
thermal zone. In general a distance of three times this radius is required between systems (NVOE, 2006), see
Figure 1.2 a.

Besides safety margins, ATES systems on average use less than 50% of their permitted capacity (Bloemendal
et al., 2018) to cover uncertainties in the design, leading to even larger distances between wells.

While this approach maximizes efficiency of individual wells, it limits the maximum number of systems in a
certain area. Fewer buildings can install ATES systems reducing economic potential of ATES and limiting sav-
ings on greenhouse gas emissions. This indicates a misalignment between the private interests of optimizing
individual system performance and the public interest of storing as much thermal energy in the subsurface
as possible. The aquifers where the ATES systems are placed can therefore be considered a common-pool
resource with a natural limit for sustainable exploitation (Jaxa-Rozen et al., 2015).

Besides suboptimal use in the horizontal plane, the available aquifer thickness is also used suboptimal. In
some cases only a part of the available aquifer thickness is used. The screen length of the well does not al-
ways penetrate the whole aquifer. During the design a certain ratio between the screen length and the thermal
radius is taken into account to limit losses (Bloemendal and Hartog, 2018). The screen length is also limited to
reduce installation cost. Finally the total storage volume is limited by the pumping capacity and the amount
of thermal energy required by the buildings. All these factors lead to well screens that do not fully penetrate
the aquifer, leading to suboptimal use of the underground.

Another problem is the imbalance in individual systems. Buildings can have an dominant heating or cool-
ing demand over the year. If there is a structural excess need for heating or cooling for a longer period of time,
the warm or cold well keeps growing while the other is depleted every season. This is called imbalance in the
system. To prevent unsustainable use of the aquifer, thermal balance is often required to prevent the aquifers
from heating up or cooling down. Imbalance in the systems could be mitigated by regeneration of heat or
cold from other sources. This increases both energy consumption and operational cost (Bozkaya and Zeiler,
2018).
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1.3. Connecting thermal zones of ATES systems

The problems mentioned earlier are summarized in a goal for the utilisation of ATES systems. The goal is to
store as much thermal energy as possible in the aquifers, while the efficiency of individual systems is suffi-
ciently large.

Several possibilities exist for optimizing the utilisation of available subsurface space and to improve indi-
vidual performance of ATES systems. One possibility is to apply larger temperature differences between the
wells which leads to the storage of more thermal energy in a smaller volume of soil (Lieten et al., 2012).
Another option is to keep the distance between wells of the same temperature small, as illustrated in Figure
1.2 b and c. This can lead to lower losses to the surroundings and therefore to a better recovery of thermal
energy. Because wells are placed close together, more systems can be placed in a certain area. Placement of
wells of the same temperature can lead to clusters of wells of the same temperature (Figure 1.2b). Using ATES
planning wells of the same temperature can also be placed in lanes (Sommer et al., 2015), see Figure 1.2c.
Another option is to require the use of systems with a large storage volume. Several buildings are connected
to one large system. Like placing wells of the same temperature together, this would increase the recovery of
thermal energy because losses are lower for larger systems. The radius of the thermal zone does not increase
linearly with system volume, so more thermal energy can be stored in a certain area. Requiring the use of
large systems can also lead to the use of the whole aquifer thickness. It would however complicate applying
ATES for individual building owners.

a) b) <)

Figure 1.2: Arrangement of wells of four ATES systems. a) Random placement with a distance of 3R;j;, between wells. b) Random
placement with a distance of 3R;j, between wells of opposite temperature and 1R, between wells of the same temperature, leading
to clusters of the same temperature. c) Placement in lanes with a distance of 3R;;, between wells of opposite temperature and 1Ry,
between wells of the same temperature.

This research focuses on the effect of placing wells of the same temperature together. The placement of
wells of the same temperature together can have a positive effect on the recovery of thermal energy. Bakr
et al. (2013) observed both increase and decrease in efficiencies of ATES systems due to mutual interaction,
with a positive effect when wells of the same temperature are placed close together. The reduced distance
also increases the total amount of thermal energy that is stored in a certain area. Individual building owners
will be responsible for their individual ATES systems while the thermal zones are connected. This approach
leads to extra investment cost compared to the case that several buildings are connected to one big system. It
is however easier to implement because a partnership regarding responsibility for the system is not needed.
Therefore this approach is taken more often in practice.

Currently individual ATES systems have to operate under thermal and volumetric balance (Lieten et al.,
2012). If the thermal zones of several wells are combined, it is expected that imbalance could be tolerated for
individual systems, while balance is required for a group of systems. Thermal energy is exchanged between
wells of the same temperature. Warm water can be transported from a building with a larger cooling demand
to a building with a larger heating demand, while the cold water is transported from the building with a larger
heating demand to the building with larger cooling demand. This approach avoids regeneration of the wells
which leads to a lower energy consumption and reduced investment and operation cost.
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1.4. Goal of research

Placing wells of the same temperature together is already applied in practice. Research focused on the effect
of this concept on geohydrologic and thermal performance is however still limited. The goal of this research
is to assess the geohydrologic and thermal effects of applying the concepts for connecting ATES systems and
identify a generic design and planning approach. This leads to the main research question:

How does connecting the thermal zones of ATES systems affect performance of individual ATES systems?

To answer the main research question the following questions will be answered:
* How does the thermal performance of individual ATES systems change when the thermal zones of ATES
systems are connected underground?
e Canimbalance in individual systems be accepted when the thermal zones of ATES systems are connected?
* Can more systems be implemented in a certain area by connecting the thermal zones of ATES systems?
* How does the geohydrologic performance of individual ATES systems change when the thermal zones of
ATES systems are connected?

1.5. Approach

The research questions will be answered using a generic approach and a case study. The generic approach
takes into account characteristics of Dutch ATES systems. For the case study some individual cases at the TU
Delft campus area are assessed.

In Chapter 2 the characteristics of ATES systems are described. The current situation in the Netherlands is
explained in addition to the characteristics of the case study site. Finally the current literature on connecting
ATES systems is described. Chapter 3 contains the methods and materials used in this study. The research
approach is presented and the assessment framework is described. Chapters 4 and 5 contain the results of
the generic and the case study, followed by the discussion and conclusions in Chapters 6 and 7.



Literature study

This literature study summarises the current research on ATES systems. The history of research on ATES is
briefly covered to show why low temperature ATES is mostly applied. Several ATES characteristics which are
important for this research are described. Next the characteristics of ATES and the case study area are given.
Lastly the current research on interaction between multiple ATES systems is explained.

2.1. History of ATES research

Research on ATES systems started around 1960. In this part the development according to Fleuchaus et al.
(2018) is summarised.

The first known application of ATES was in China. Groundwater was used to meet industrial cooling de-
mand. To reduce land subsidence due to long term pumping of groundwater, artificial recharge was im-
plemented. Research indicated that the water temperature was preserved for several months in the aquifer.
Eventually these systems were forced to stop operating due to their unsustainable design. Especially clogging
of wells and heat exchangers were among the encountered problems as well as imbalance of the systems due
to the constant addition of thermal energy to the subsurface.

In the 1970’s more theoretical research on ATES was conducted. The focus of this research was on the stor-
age under high temperatures (HT-ATES). Practical experience revealed several operational problems. These
problems included the scaling and clogging of wells and heat exchangers, corrosion of wells, buoyancy flow
and thermal breakthrough, imbalance between stored heat and cold and the swelling of clay materials (Fleuchaus
etal., 2018). Research in the years after proved that most problems are avoided by pre-investigation and oper-
ational management. Because less problems were encountered at lower storage temperatures, focus shifted
to low temperature ATES (LT-ATES) with temperatures below 40 °C. Scientific focus shifted towards opti-
mization of individual ATES systems, focused on the influence of ambient groundwater flow, buoyancy flow,
dispersion, aquifer heterogeneity and building integration (Fleuchaus et al., 2018). Consensus is reached on
many of the engineering problems for individual systems, leading to increasing implementation of the tech-
nology.

2.2. ATES characteristics

Working principle

ATES systems operate by seasonal storage of thermal energy in aquifers in two separate wells. The warm well
stores water of 12-25°C and the cold well stores water of 6-12°C. In summer cold water is extracted for cooling
of the building. A heat exchanger is used to transfer the thermal energy from the groundwater system to the
building system. The heated water is then stored in the warm well. In winter the flow is reversed. Warm water
is extracted and used to heat the building, often in combination with a heat pump because building heating
systems cannot operate on the low temperatures of the warm well.
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Conditions for ATES
Application of ATES systems requires several conditions (Bloemendal et al., 2015). Firstly a suitable aquifer
with sufficient water is needed to temporary store thermal energy. Secondly the buildings should have an
heating and cooling demand over the year, because ATES systems operate in equilibrium. Therefore temper-
ate climates with a seasonal offset between supply and demand of thermal energy are suited for the applica-
tion of ATES systems.

Thermal radius

When water is infiltrated in the aquifer it is assumed that the infiltrated water is stored in the shape of a
cylinder. The diameter of this cylinder is called the hydraulic radius. When the water is infiltrated the thermal
energy is stored in both the water and the soil particles in the aquifer. Thermal energy is exchanged between
the water and the soil particles. The water at the edge of the hydraulic radius will adjust to the temperature
of the ground. Therefore the transport of heat is retarded compared to the water transport. This leads to a
smaller zone where the temperature is equal to the temperature of the well, also called the thermal zone. The
radius of the thermal zone is called the thermal radius, defined by Equation 2.1.

Vsc
Ry = _sw @.1)
\/ CagntL

with R;, the thermal radius [m], V the seasonal storage volume %], ¢,, the heat capacity of water [J/m3/K],
cs volumetric heat capacity of saturated porous medium [J/m?/K], L the well screen length [m] and n the
porosity of the soil [-].

Hydraulic radius (Rn) [m]

Thermal radius (Ri) [m]

‘Well screen length (L) [m]‘

Figure 2.1: Cylinders representing the hydraulic radius (Rj,) of water around the well and the thermal radius (R;j,) of the thermal zone
around the well. The height of the cylinder is the wells screen length L.

Temperature range

The temperature difference between the warm and cold well for ATES systems depend on several conditions.
The temperature of the warm well is limited by problems occurring at high temperatures (> 40 °C) like scaling
or corrosion (Fleuchaus et al., 2018) of wells and energy losses due to buoyancy (van Lopik et al., 2016). The
maximum temperature is limited by current policy in the Netherlands based on the problems occurring at
higher temperatures as described in Section 2.1. The injection temperature of the warm well depends on the
characteristics of the building heating system, because for cooling no heat pump is used.

The temperature of the cold storage is limited by the freezing point of water (0 °C) and current policy (5 °C)
to prevent freezing of water in the system (Lieten et al., 2012). In heating mode a heat pump is often used.
The set point of the heat pump determines the injection temperature of the cold well and is therefore more
constant.

Building system

A heat pump is needed because the temperature of the warm well is not sufficiently high to heat a building.
Heat pumps transport heat from a low temperature region to a high temperature region, in this case the warm
water from the heat exchanger and the building heating system respectively. Energy in the form of work is
needed for the transport of thermal energy. The work is done by a compressor. A common parameter to
assess the performance of a heat pump is the coefficient of performance (COP). This is the ratio between the
delivered thermal energy by the heat pump and the energy consumed by the compressor. Because thermal
energy is extracted from the water in the groundwatersystem, the temperature of the water decreases. This
water is stored in the cold well. The water in the building system is heated to operating temperatures of 35



2.2. ATES characteristics 7

- 45°C. This water is used in low temperature heating systems inside the building. These systems consist
mostly of floor or wall heating. These low temperature heating systems differ from conventional systems
whose temperature is in the range of 70-90 °C.

External energy

While ATES system provide sustainable thermal energy, still some energy is needed for the pumps and the
heat pump. For the whole system the COP is also used, expressed as the ratio between delivered thermal
energy and the energy consumption of the well pumps and heat pump. More common is to determine the
COP over a whole season, also called the seasonal performance factor (SPF) (Gao et al., 2017).

Losses and the thermal recovery efficiency

Not all energy stored in the aquifer is recaptured. Different processes contribute to the losses in the system.
Due to ambient groundwater flow some of the thermal energy is transported away from the well.

At the edges of the thermal front losses to the surroundings occur. Due to a temperature difference heatis lost
to the surroundings by conduction. Because the soil is never homogeneous on a small scale due to varying
pore structure, losses due to differences in particle velocity occur. This process is called dispersion. Bloemen-
dal and Hartog (2018) found that conduction losses dominate dispersion losses.

In case the distance between the wells of opposite temperature is not sufficiently large, mutual interaction
between the warm and cold well can lead to losses. Mixing of the warm and cold water leads to a zone which
temperature is equal to the average temperature of the two wells, which is often the ambient groundwater
temperature. The warm water will cool down in this zone, while the cold water is heated up. This leads to
losses in both wells.

Due to the losses not all energy is recaptured from the subsurface. This is expressed by the thermal recovery
efficiency (1,y), the percentage of the thermal energy that is injected in the aquifer that is extracted in the
next period. The thermal energy injected and extracted is calculated with respect to the natural temperature
of the aquifer.

Over time efficiency of ATES systems increase (Doughty et al., 1982) because the soil is adjusted to the tem-
perature of both wells. In the first cycles a large part of the thermal energy is used to adjust the temperature
of the soil. A part of this energy cannot be extracted. In the next cycle the temperature of the soil is closer to
the temperature of the well, leading to lower losses.

Volume and shape of the wells

The volume and shape of the thermal zone influence the thermal recovery efficiency. Losses occur at the
boundary of the thermal zone. Minimizing the area of this boundary minimizes the losses. Therefore the
ratio between the area of the thermal zone and the volume of the thermal zone (A/V) should be minimal.
Bloemendal and Hartog (2018) found that systems with a large storage volume have a high thermal recovery
efficiency due to a low A/V value, which leads to a high efficiency. Figure 2.2 shows the relationship between
well screen length and A/V for different storage volumes. An optimal well screen length exists where A/V is
minimal. The minimal A/V value is small for systems with a large storage volume and is less sensitive to the
well screen length. A lower A/V leads to a higher efficiency, as shown in figure 2.3. The efficiency increases
linearly with decreasing A/V values under similar conditions. The different relation found in different studies
is due to difference in parameters and model set-up.
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Figure 2.3: Relationship between the A/V value and the thermal

Figure 2.2: Relationship between the well screen length and the recovery efficiency (Bloemendal and Hartog, 2018).

A/V value for different well sizes (Bloemendal and Hartog, 2018).
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Minimizing the A/V ratio leads to an optimal ratio between the well screen length and the thermal radius
(L/Rp). The thermal radius is the theoretical radius of the thermal zone in the aquifer and is defined by
Equation 2.1. Wells with a large L/R;j, value are shaped like a long cylinder, while wells with a small L/R,
value are shaped like a disk.vBloemendal and Hartog (2018) found an optimal ratio of 2 based on minimizing
the area of the thermal zone. Doughty et al. (1982) found a different value by taking into account the different
mechanisms for losses towards the confining layers and losses towards the surrounding aquifer. The value
found in this research is L/ R;;, = 1.5, although this optimum was flat.

The A/V and L/ Ry, value for different well volumes and well screen length is presented in Figure 2.4

100 590

. ! / )
/
e
S 60 / LA 1.000
qJ /
c 67|
g —
E 40 ———0.500
8 =
3 S o
; /
L 0.250 —
/
0 —— L/Rth g
——— 02
--= optimal A/V
0+ !
0 100000 200000 300000 400000

Storage Volume [m3]

Figure 2.4: Values of A/V and L/Ryy, for different storage volumes and well screen length.

Thermal and volumetric balance

Every ATES system has to achieve thermal and volumetric balance in order to prevent heating or cooling
of the soil. Volumetric balance means that the injected and extracted volume are equal. Equal flow does not
guarantee equal amounts of energy, because the temperature difference between the aquifer and the injected
water can differ. Therefore the energy balance or thermal balance is used.

When the volumetric balance is large, thermal breakthrough can occur. This happens when the system is not
in equilibrium. The warm or cold well will grow in volume. This will continue until the water of one well is
withdrawn at the other well. This is called thermal breakthrough, it has a large negative influence on system
performance. Therefore both the volume of water and thermal energy stored in the wells should be equal
over larger periods of time. When imbalance is present, one of the wells should be regenerated. This is often
done with dry coolers or cooling towers when extra cooling capacity is needed. When extra heating capacity
is needed solar heaters or thermal energy from surface water can be considered.

Research regarding the balance of ATES systems is limited. The energy balance ratio (eq 3.24) of ATES systems
in the Netherlands is on average -0.02 for all systems. For individual systems the energy balance ratio varies
between 0.22 and -0.22 for individual systems (Willemsen, 2016). This means that overall the balance is met
while unbalance can occur in individual systems. The energy balance ratio per year depends on the variation
in weather over the season. A strong correlation is found between the amount of thermal balance and the
yearly temperature.

ATES systems in groundwater flow

In many aquifers the groundwater is flowing due to difference in hydraulic heads. The flow of ambient
groundwater poses problems for the utilization of ATES. The movement of the water leads to displacement
of the injected water, and therefore displacement of thermal energy. During extraction the well is unable to
extract a part of the injected energy.

Groundwater flow in the Netherlands range between 0 - 200 m/year. With an ambient groundwater flow
above 25 m/year, advection losses are dominant over conduction losses (Bloemendal and Olsthoorn, 2018).
The extra losses lead to a decrease of the efficiency of the wells.

One option to mitigate the effect of ambient groundwater flow is to limit the well screen length of the wells.
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Bloemendal and Olsthoorn (2018) found an optimum value for L/Ry;, of 0.5 for systems experiencing high
ambient groundwater flow. Another option is to apply multiple doublets in the direction of the ambient
groundwater flow. In this case the upstream wells can infiltrate the water. After displacement by the ambient
groundwater flow, the water is extracted downstream by the extraction wells. The distance between the wells
depends on the ambient groundwater flow. An optimal distance of 0.4 times the ambient groundwater flow
was found. The pumping scheme determines the distribution of extracted volume over the two wells. Some
water is extracted at the injection wells during peak demand. Large systems or systems with high ambient
groundwater flow should minimize the amount of water extracted at the infiltration well.

2.3. ATES in the Netherlands

A large number of systems has been installed in the Netherlands. Currently around 2500 open systems are
in operation in the Netherlands according to Fleuchaus et al. (2018), around 85% of all systems operational
worldwide.

The preconditions for ATES are very favourable in the Netherlands (Bloemendal et al., 2015). Almost every

part of the subsurface in the Netherlands is suitable for ATES (Technology, 2006). Generally thick aquifers
consisting of sand at a depth of 70-200 m are present. These aquifers have a high permeability with low am-
bient groundwater flow. The combination of thick aquifers and high permeability enables wells to discharge
large quantities of water. The low ambient groundwater flow leads to higher efficiencies for individual wells
(Bloemendal and Olsthoorn, 2018) because no water is transported away from the well.
The Netherlands has a moderate climate. Buildings have both cooling and heating demand. The average
temperature in the Netherlands is around 10 °C (KNMI, 2018) with a large deviation in summer and winter.
The mismatch between supply and demand of thermal energy makes seasonal storage an interesting option.
Current policy and acceptance in the Netherlands contributes to the success of ATES. The process of apply-
ing for a permit is generally short, around two months (Fleuchaus et al., 2018). Current policy is aimed at
protection of individual systems, guaranteeing system performance over longer periods of time. Therefore a
minimal distance of 3R;;, between wells is applied (NVOE, 2006). ATES is accepted as a sustainable and eco-
nomic way to supply thermal energy. Therefore ATES is considered as a suitable technology for new energy
systems.

ATES is mainly applied at office buildings and large utility buildings. These buildings have both a large
cooling demand and heating demand. A certain scale is needed to implement ATES economically. For smaller
buildings investment cost like well drilling are relatively high. Furthermore the thermal recovery efficiency is
higher for larger storage volumes. Therefore most ATES systems are installed for larger buildings, visualised
in Figure 2.5. ATES could be applied at smaller buildings when a large systems is installed in combination
with a low temperature heating network but this approach is not common practice.
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Figure 2.5: The reversed relation between building size and ATES ~ Figure 2.6: System size and L/Rth-ratio for systems in the Nether-
coverage. lands (Bloemendal and Hartog, 2018)
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The distribution of storage volume and shape (L/R;j, values) of systems in the Netherlands with volumes
between 0 —400.000 m®/year is presented in Figure 2.6. The data represents around 15% of all systems in
the Netherlands. Additionally, 62 systems with a storage volume larger than 400.000 m3/year were found.
This figure is based on well size data obtained by Bloemendal and Hartog (2018). In this research the average
storage volume was 244.000 m?>/year. The L/Rth-ratio is generally between 0.25 and 1.

2.4. ATES in case study area

For the case study the campus area of the Delft university of technology (TU Delft) is considered. In this area
a large number of ATES systems is already in use, see Figure 2.7. The systems are used to meet heating and
cooling demand of large utility buildings. Many systems are already operational, but plans are made for the
construction of even more systems. Due to the many systems planned in the area, an ATES plan was made to
guide future well placement in a checker-board configuration. The goal of this plan is to avoid negative effects
of mutual interaction between wells of opposite temperature and to facilitate as much systems as possible.
The checker-board was chosen over lanes because of concerns regarding changes in water level in the aquifer.
Due to the low ambient groundwater flow this configuration is possible. The placement of systems within the
checker-board will lead to clusters of wells of the same temperature. The thermal zones will be connected if
the wells are placed close together. It is therefore of importance for the TU Delft to know how the placement
of wells can improve the system performance.
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Figure 2.7: Systems currently in operation at the TU Delft campus area and planned systems (dashed). The red circles are warm wells,
the blue circles cold wells. Cross section of the subsurface lithology is taken at intersection A-A’

Table 2.1: Characteristics of ATES systems in the TU Delft campus area based on measurement data during the start of operation until
January 2019.

System Volume By T; T;
3M 14.500 02 94 152
3ME 56.000 -0.24 83 154
Applicon 16.000 0.14 7.0 15.0
Exact 38.000 -0.06 9.8 13.8
EWI 171.000 021 6.0 17.0
Haagse Hogeschool = Unknown

Pulse* 50.000 0 8 15
TNW Zuid 149.000 024 7.0 17.0
UB 39.500 -0.02 7.8 17.2
Yes!Delft 44.000 -0.3 70 17.0

*based on design

The characteristics of current systems is described in Table 2.1. A total of 10 systems are in operation in
the TU Delft campus area. The system of Deltares is situated just outside the campus area. System size varies
between 14.500 m3/ year to 149.000 m®/ year. Balance varies for the different systems but neither positive or
negative imbalance is dominant. The temperature range is between 7 and 9.4 for the cold well and between
13.8 and 17.2 for the warm well. Some of the systems are placed close together. Both the warm wells and the
cold wells of Exact and 3M are clustered. The warm wells of 3ME and Pulse are also placed together. The TNW
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Zuid system has three wells for one system due to the high discharges. This system uses both aquifer 2A and
2B. In Appendix G the thermal zones at the TU Delft campus area are shown.

The subsurface lithology in the case study area consists of several layers. Figure 2.8 shows the soil layers

at the TU Delft in cross section A-A’ as shown in Figure 2.7. The model of the underground is taken from the
database REGIS II (TNO, 2019b). The first aquifer is used for considerably groundwater extraction 2 km north
of the study area. This extraction leads to considerable groundwater flow in the first aquifer. This extraction
will be reduced over the following years.
The second aquifer is locally divided by a confining clay layer which extends around 1 km to the north. ATES
systems are mainly placed in the top layer of aquifer 2. In this case referred to as aquifer 2A. The aquifer has
an average thickness of 30 meter and lies between -40 to -70 N.A.P. The flow in the second aquifer due to the
flow in the upper layer is approximately 5 m/s in NNW direction based on the contour lines in TNO (2019a).
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Figure 2.8: Subsurface lithology of the TU Delft campus area over cross section A-A’. The bright yellow layers PZWAz2 and PZWAz3 make
up the second sandy layer which is locally divided by a clay layer.

2.5. Background and literature review on the connection of thermal zones

The high number of ATES systems in the Netherlands also leads to problems. In Chapter 1 the current prob-
lems with ATES in congested areas is described. Connecting individual ATES systems is proposed as a solution
to these problems. This approach provides advantages for the total amount of thermal energy stored in an
area and on the performance of individual systems. It could also have advantages by allowing imbalance in
individual systems.

When implementing ATES in congested areas the misalignment between private and public interests has
to be taken into account. Private parties want to optimize individual system performance by avoiding nega-
tive effects of mutual interaction while the public interest is to store as much thermal energy as possible.
Existing literature mainly focuses on avoiding the negative effects of mutual interaction. Mutual interaction
is defined as the combination of effects of multiple wells where the thermal and geohydrologic effects are re-
inforced or cancelled. van Oostrom and Bakr (2012) describe how mutual interaction is often seen as negative
by policy makers because of the focus on decreased thermal efficiency and suboptimal system performance.
Mutual interaction could also have a positive effect if the efficiency of individual wells increases or if prob-
lems with groundwater are mitigated. This approach is often neglected in current literature.

Sommer et al. (2015) showed that positive effects of mutual interaction can increase thermal recovery effi-
ciency by placing wells of the same temperature in lanes. By placing wells of the same temperature in lanes,
one thermal front is created with a small surface area. Because losses occur at the boundary of the thermal
front, a smaller area of the thermal front limits the losses. The aim of the research is to maximize the total
amount of energy stored in a certain area. He showed that allowing a certain decrease in efficiency due to
mutual interaction between wells of different temperatures maximizes the amount of thermal energy stored.
Between 30 and 40% more energy could be provided compared to the case where all negative effects of mu-
tual interaction is avoided. Therefore negative effects of mutual interaction can be accepted if the goal is to
maximize total energy storage. The research of Sommer et al. (2015) found optimal distances between wells
of 2.8-3.3 Ry, between lanes and 0.41-0.56 R;j, for wells in a lane.

The placement of wells of the same size in lanes is however not sufficient for practical use because practical
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limitations like varying well size were not taken into account (Bloemendal et al., 2018). It could even lead
to lower application of ATES because the first systems are placed at suboptimal locations. Bloemendal et al.
(2018) therefore propose a stepwise policy approach depending on the allocated aquifer space in a certain
area. Self planning using certain design rules is proposed at first. After a certain threshold is reached ATES
planning can be implemented.

By using simple design rules, mutual interaction could increase thermal recovery efficiency of individual sys-
tems if the location of other wells is taken into account. Bakr et al. (2013) found positive and negative mutual
interaction for wells in the area of Den Haag. There was no ATES planning in this area. By reducing the re-
quired distance between wells of the same temperature clusters were formed, see Figure 2.9. The change
of system efficiency due to interaction found by Bakr et al. (2013) is presented in Figure 2.10. Overall most
wells had higher thermal recovery efficiencies due to positive effects connecting thermal zones. The positive
effects of mutual interaction is caused by creating thermal zones with bigger volumes with lower A/V values.
Therefore losses to the surroundings and to thermal zones with different temperature are lower, leading to
higher efficiencies.
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Figure 2.9: Temperature of the thermal zones of systems in Den Haag (Bakr et al., 2013).
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Figure 2.10: Effects of mutual interaction on thermal recovery efficiency in Den Haag (Bakr et al., 2013). A positive interference means
the efficiency of the individual well is increased due to the presence of the other wells.

A method to quantify the effects of mutual interaction in a model study was proposed.The efficiency of
the well assuming no other wells are present is used as a base case. The efficiency of the well with other wells
present is calculated and the change in thermal recovery efficiency is calculated. This parameter is called
interference in this research and is expressed as a percentage.

This study assess the effects of mutual interaction in a case study area with fixed well position. It does not
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vary these positions to find optimal distances between wells. No research is currently focused on optimizing
thermal recovery efficiency using the positive effects of mutual interaction.

Effect on imbalance

When thermal zones are connected imbalance in individual systems can be accepted, provided that balance
is required for a group of systems. In this case heat and cold are transported between wells.

In the Netherlands, systems have to operate under thermal equilibrium to avoid temperature changes of the
subsurface in order to protect future interests. In many cases regeneration of the cold or warm well is needed
to guarantee balance of the system. Regeneration often leads to higher costs and a higher external energy
consumption of the system. Research currently focuses on ways to optimize regeneration technologies, or to
find alternative regeneration technologies. Combining systems with opposite imbalance to avoid regenera-
tion is not considered in current literature.

Current research on the transport of heat in aquifers is currently limited. The Master Thesis of Jiang (2017)
proved heat could be transported in aquifers using injection and extraction wells in combination with pro-
tection wells. The focus was on the efficiency of transport of high temperature water from a source to a sink.
It did not consider transport of excess heat between wells in a group of ATES systems.

Effect on head during pumping

Placing wells with the same temperature together can have a positive effect on the thermal recovery efficiency
and could allow for some imbalance in individual systems. The placement of wells together also has an influ-
ence on the head in the aquifer. Due to pumping at the well the head in the aquifer is lowered near the well.
The drawdown at the well depends on the discharge of the well and on the transmissivity of the aquifer. Due
to the drawdown at the well a gradient exists in the aquifer, leading to flow towards the well. The opposite
effect occurs when the well is infiltrating.

When multiple wells are present in an aquifer the effects on the head of multiple wells is added using su-
perposition. The total effect on the head is the combined effect of individual wells. In case that one well is
extracting and one well is infiltrating, the effect on the head of individual wells is mitigated. This is shown in
Figure 2.11. The red lines represent the individual effect on the head. The green line represents the effect of
both wells on the head. In this case the drawdown at the well is reduced.

In the case that both wells are extracting or infiltrating the change in the head in increased, see Figure 2.12.
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Figure 2.11: Example of the change of the head in the aquifer due  Figure 2.12: Example of the change of the head in the aquifer due
to the combined effect of two wells with opposite discharge. to the combined effect of two wells with the same discharge.

The change in the head has an influence on many aspects of ATES design. Wells of the same temperature
extract or infiltrate in the same seasons, while wells of different temperature always operate in opposite di-
rection.

Placing two wells with the same temperature near each other will lead to a larger drawdown at the wells. This
increases the amount of energy needed for pumping. Wells have a certain maximum injection pressure to
avoid bursting of confining layers. Placing wells of the same temperature together increases the injection
pressure in each well. Lastly changes in pressure can lead to changes in consolidation of the soil.

Because of of the mentioned aspects it is important to know how placing wells near each other influences the
head in the aquifer. Two wells within one system will have a positive influence while two wells of the same
temperature of different systems will have a negative influence.






Methods and materials

In the methods and materials the research approach is explained. In order to answer the research question
as stated in Chapter 1 this research is split into a generic and a case study. The generic study will give insight
in which parameters determine whether connecting ATES system leads to better system performance. The
case study is used to gain insight in system performance under real circumstances. The governing processes
of groundwater flow and heat transport are described as wells as the simulation tools. In the last part the
parameters used to assess system performance are explained.

3.1. Research approach generic study

In the generic study three main subjects are distinguished. First the effect on the thermal recovery efficiency
is assessed. The in the second section the effect of imbalance is assessed. The last part explains the effects of
connecting ATES systems on the geohydrologic performance.

3.1.1. Effect on thermal recovery efficiency

Two wells

First the distance between two wells is varied between 0 and 4 times the thermal radius . The change in recov-
ery efficiency is assessed for every distance. In this case both the effect of two wells of the same temperature
and two wells with opposite temperature is taken into account. The size and shape of the wells are constant
in this simulation. The storage volume is 250.000 m?, which is an average size for system in the Netherlands
according to Bloemendal and Hartog (2018). This volume is injected in one season and extracted in the next
season. The flow is distributed over the year by a sine function, so that the total volume is equal to the storage
volume. The shape is determined by the ratio between the screen length and the thermal radius (L/R;;). In
this case a ratio of 1.35 is taken. The temperature of the cold wells is 7 °C and the temperature of the warm
wellis 17 °C, representing common temperatures for ATES systems in the Netherlands. Fully penetrating well
screens are used with an aquifer with a thickness of 60 meter. The aquifer is confined with confining layers
of 20 m to take into account losses to the confining layers. The effect of well distance is assessed using the
ratio for the change in recovery efficiency as described in Section 3.5, Equation 3.16. It shows how much the
thermal recovery efficiency is changed due the to interaction with other wells.

Figure 3.1: Definition of distance between wells of the same temperature (D;) and the distance between wells of opposite temperature
(Do)

Two doublets

ATES operates by using a doublet. Therefore the wells of opposite temperature are always present at a limited
distance. In the next part the influence of placing another doublet near the first doublet is taken into account.
The thermal recovery efficiency of the warm well of the first system is calculated. The efficiency is calculated

15
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taking into account a certain distance between the wells of the same temperature (D) and a certain distance
between wells of opposite temperature (D,). The efficiency is compared to the efficiency of the warm well of
system 1, assuming the other wells are not present. This results in a ratio describing the change in recovery
efficiency as defined in Section 3.5, Equation 3.16.

This process is repeated for different values of D, and D, to show the effect of different combinations of the
distance on the thermal recovery efficiency. The value for D, is varied between 0 and 4 and the value for Dg
is varied between 0 and 5.5 times the thermal radius.

Figure 3.2: Definition of distance between wells of the same temperature (D) and distance between wells of opposite temperature () D)
for two doublets.

Storage volume and system shape

Secondly the storage volume, representing the size of the well, and the L/ Ry, value is changed to determine
the effect of storage volume and shape of the thermal zone on the maximum change in thermal recovery
efficiency. The wells are placed close together because the maximum effect is expected when the distance
between wells of the same temperature is minimal. For the L/R;h values between 0.25 and 4 are taken into
account. The optimal value of L/ R;j, is 2 based on minimizing the surface area over volume ratio (Bloemendal
and Hartog, 2018). Doughty et al. (1982) found an optimum of 1.5 because the losses to the confining layers
are different than the losses to the rest of the aquifer. This optimum was however flat, so a L/ R, between
1 and 4 should be acceptable. Bloemendal and Hartog (2018) found that many systems have lower values
of L/Ry;, because of limiting aquifer thickness or due to the appliance of shorter screen to reduce drilling
costs. The storage volume is varied between 0 and 350.000 m?® based on storage volumes in the Netherlands
(Bloemendal and Hartog, 2018).

Finally 12 combinations of storage volume and L/R;, values are taken and the distance between the wells
is varied as described in Figure 3.2. The distance taken are Ds = 1 —3R;;, and D, = 2.5 —-5Ryj, to reduce
computation time. The values for L/R;;, are 0.25, 0.5, 1 and 2. The volume are 50.000, 100.000 and 200.000
m3/year.

For all systems the recovery efficiency and the theoretical A/V value is calculated, both in the individual
and combined case. The these parameters are plotted together to see the relationship between A/V and the
efficiency.

3.1.2. Effect on head in well

To asses the geohydrologic performance the drawdown at the well is taken into account. This is an indication
for the head in the rest of the aquifer. Analytical methods are used to calculate the drawdown at the wells.
Analytical methods are suitable because the objects only consist of wells in a theoretical finite aquifer without
other objects. A finite difference method would need a grid at the well with a grid size equal to the diameter
of the well. This would require a very small grid. Also boundary conditions need to be specified in the case of
a finite difference method.

The following approach is taken to asses the effect of placing wells together. First the drawdown of the wells
is calculated, assuming one system is in operation with a certain distance between the wells of opposite
temperature. The same system characteristics as in Section 3.1.1 are taken. It is assumed that the diameter of
the well is 0.3 meter and that the discharge is equally distributed over the season.
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Another system is placed at a certain distance between wells of the same temperature. The drawdown in the
wells of the first system is calculated and the increase in drawdown is calculated. The distance between wells
of the same temperature (Ds) is varied between 0 and 4 Rth and the distance between wells of the different
temperature is varied between 0 and 5.5 Rth.

The exact value of the drawdown of the well depends on aquifer properties like hydraulic conductivity and
aquifer thickness and on the discharge from the well. The change in the drawdown does however not depend
on aquifer properties or discharge, see Equation 3.3.

The increase in drawdown will have a negative effect on system performance because well pumps need more
energy to extract and infiltrate the groundwater. The pumping energy is needed to overcome the change in
drawdown in both the injection and extraction well and to overcome losses in the pipes and heat exchanger.
The change in pumping energy due to the connection of thermal zones will have a negative effect of the sys-
tem performance while the change in thermal recovery efficiency could have a positive effect. The combined
effect is assessed by subtracting the increase in pumping energy (expressed as a factor) from the change in
the thermal recovery efficiency. This is done for the various combinations of the distances between wells.

It is assumed that the efficiency of the pump is the same for different heads. Furthermore a well radius of 0.3
meter and constant losses in the pipe system of 20 meter is assumed.

3.1.3. Effect on imbalance

Connecting thermal zones could provide advantages for systems under imbalance. In the case that two sys-
tems have an opposite imbalance, energy can be exchanged between the systems without the need for pipes.
Therefore the amount of energy transported between the wells is important in this case. The following ap-
proach is taken to assess the effect of placing systems with opposite imbalance together.

Effect of systems with imbalance placed together

First the general effects of placing systems with a certain imbalance together is assessed. Again a system with
a certain storage volume (250.000 m®) and shape (L/R;;, = 1.35)is chosen. The distance between wells are
D =1.5R;, and D, = 5R;j,. The thermal radius is calculated based on this average storage volume. A certain
volumetric balance is chosen based on average values of thermal imbalance in the Netherlands (Willemsen,
2016). In this case a volumetric imbalance is chosen because a thermal imbalance is needs an iterative mod-
elling approach. The volumetric balance is 0.15 for system 1 and -0.15 for system 2. Based on the storage
volume and the volumetric imbalance the flow in each season is calculated. A sine wave function is used for
the distribution of the flow over the season. The simulation time is 20 years because it is expected that some
time is needed before the water from one well reaches the other well. The time step is 10 days.

The efficiency of the wells in system 1 are calculated. System 2 is not considered because the results for sys-
tem 2 will be the same as system 1 due to symmetry . The thermal recovery efficiency is influenced by the
imbalance of the system. In this case the warm well of system 1 injects more water than it extracts, leading
to a low efficiency. Therefore the efficiency is normalized to the amount of water extracted at the well, see
equation 3.21. The normalized efficiency provides information about the difference between the injection
and extraction temperature with respect to the ambient groundwater temperature. The amount of energy
extracted at each well is calculated to see if exchange of energy takes place. To visualise the processes the
temperature in the aquifer is plotted. A conservative tracer is injected in the warm well of system 1 to see how
the water moves in the aquifer.

Distance between wells

Secondly the effect of the distance between wells is assessed. Wells of the same temperature have to exchange
energy. Therefore the distance between wells of opposite temperature (Do) is kept constant at five times the
average thermal radius of both wells, while the distance between wells of the same temperature is varied. The
distances considered in this research are shown in Figure 3.4.

The effect of the distance on the thermal recovery efficiency, the normalized recovery and the extra amount
of energy extracted after 20 years of operation is displayed as a function of the distance between the wells.
The same is done for varying distance between wells of opposite temperature (D,). In this case the distance
between wells of the same temperature is taken at Ds = 1.5R;j,. Evaluation of all combinations of D, and D
on the effect of imbalance like is done in Section 3.1.1 is not done in this case because simulation times are
considerably longer.



18 3. Methods and materials

A = i
Y L R
= ]
s g |
S E o :
7 |
| [ g !
Do Do £ i
[ [ 23 |
£ |
@
} } > g i
X CER !
| | et 1
<] 1
2 |
| | 5 ,
o 11 |
o 1
c 1
D 2 i
-+ S_ a 1
0 T 1 T T
0 1 2 3 4
Distance wells of same temperature (Ds) [xRth]

Figure 3.4: Combinations of distance D, and Dj taken into ac-

Figure 3.3: Definition of Ds and D, between two doublets for two X
count for the effects of imbalance.

systems under imbalance

Amount of imbalance

The effect of the degree of imbalance is taken into account.The distance between wells is kept constant at
D, = 1.5R;;, and D = 5.0Ryy,, see Figure 3.4. The degree of imbalance is varied between By = 0 and By =0.3.
The change in the thermal recovery efficiency is calculated and compared to the case where only one system
is present.

Groundwater flow

Another aspect is the effect of ambient groundwater flow on the performance of ATES for systems with im-
balance. Ambient groundwater flow transports water and therefore thermal energy away from the wells. In
the case of imbalance the ambient groundwater flow could have a positive effect on the performance off the
wells. Wells with a larger injected volume are placed upstream. The surplus of thermal energy is transported
by the ambient groundwater flow to the wells that extract more water. This way the transport of thermal
energy from wells with an energy surplus to the wells with an energy deficit enhanced due to the ambient
groundwater flow. The new configuration is more complex and is shown in Figure 3.5. In this case it is as-
sumed that the wells are placed in the direction of the flow. The effect of ambient groundwater flow in other
directions is not taken into account. The velocity of the ambient groundwater flow is varied between 0 and
200 m/year. This range represents the values for the groundwater flow in the Netherlands (Bloemendal and
Olsthoorn, 2018). The effect on the efficiency of both wells is assessed.
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Figure 3.5: Placement of wells in case of ambient groundwater flow. The wells that infiltrate a larger volume are placed upstream, wells
that extract a larger volume are placed downstream.



3.2. Research approach case study 19

3.2. Research approach case study

The case study is split in two parts. The case Exact and 3M mainly looks into the effect on the thermal perfor-
mance of connected systems. For the case Echo and Schoemakerstraat the focus is on the effect of imbalance
when systems are connected.

3.2.1. Exact and 3M

The fist case considers the systems of Exact and 3M. These systems are small and both the warm and cold
wells are placed close together. It can therefore be expected that connecting the thermal zones of these sys-
tems could lead to a better system performance due to the connection of the thermal zones. The system of
Exact is constructed four years before the system of 3M. Therefore we could expect a deviation from the trend
of the yearly efficiency of Exact over time due to the presence of the new system of 3M.

Monitoring data is available for both systems. The following approach is therefore taken. First the current
performance of both systems is analysed based on monitoring data. Based on these data several model pa-
rameters are determined. The model parameters are used to model the theoretical performance of the sys-
tems. The expected performance of the system is then compared to the model results.

First the monitoring data is used to assess system performance and to determine the model parameters.
The available monitoring data are the absolute value of the flow in the system, the pressure in the warm well
and the pressure in the cold well (expressed in kPa or mwc) and the temperature in both wells. The data is
available at 8 minute intervals and is obtained from Lift monitoring system. Because the flow was available
in absolute values, the direction of flow had to be determined based on the pressure difference between the
two wells. In case the pressure was higher in the cold well, it is assumed that the cold well was injecting
and the warm well was extracting. This assumption is valid as the natural gradient in the aquifer is small.
The injected and extracted energy could then be calculated per time step using Equation 3.17 — 3.20. The
normalized efficiency can then be calculated for every year using Equation 3.16 and 3.21.

The model parameters determined are the injected and extracted volume at each well and the injection
temperature at each well. The injected and extracted volumes are determined based on the direction of flow,
the flow in the system and the interval time between measurements. The injection temperature is calculated
by rewriting Equation 3.18 and 3.19 or 3.20 in order to calculate the average infiltration temperature. The
ambient groundwater temperature is determined based on measurements from test drills in the area and
verified based on the extracted water at Exact during the first extraction. The hydraulic conductivity and the
thickness of the aquifer are obtained from the database REGIS II (TNO, 2019b).

Besides the real distance between the wells, another configuration is modelled with a shorter distance be-
tween the cold well to see whether this has effect on the expected efficiencies.

The model is run using the model parameters. It is assumed that the average yearly infiltration and extrac-
tion is distributed as a sine wave function.

3.2.2. Echo and Schoemakerstraat

The case of Echo and Schoemakerstraat considers two systems currently in the planning phase. This case is
interesting because both systems will have a large volumetric and thermal imbalance. Schoemakerstraat is
built for housing and has a dominant heating demand. This leads to the infiltration of more cold water over
time, cooling down the subsurface. Under current legislation cooling down of the subsurface is allowed. In
the current configuration the cold well is placed upstream of the warm well. Combined with the imbalance
this could lead to thermal breakthrough between the wells.

The new building of Echo will be used by the university and is expected to have a dominant cooling demand.
Due to legal requirements no excess warm water can be infiltrated in the subsurface. Echo will therefore use
dry coolers to regenerate the cold well during winter.

Connecting the thermal zones underground could prevent the need for Echo to regenerate the cold well while
preventing thermal breakthrough in the wells of Schoemakerstraat by exchanging energy between wells of the
same temperature.

The effect of connecting the thermal zones of systems under imbalance is assessed by a model study. The
design parameters for both systems are used as well as local soil characteristics. Echo is designed with a
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storage volume of 50.000 mm?/year for both wells in the case of regeneration of the cold well. In case regen-
eration is not applied it is assumed 31.879 m3 is extracted from the cold well. The infiltration temperature of
the cold well is 7 °C, the infiltration temperature of the warm well is 15 °C. The whole system infiltrates in
aquifer 2A.

Schoemakerstraat has a design extraction of 114.000 m®/year from the warm well and 62.000 m?/year from
the cold well. The infiltration temperature of the cold well is 8 °C, the infiltration temperature in the warm
well 16 °C. Both aquifer 2A and 2B will be used by the system. It is assumed for this case that the discharge
is equally split over the filter screen length in both aquifers, which is 12 meters for aquifer 2A and 13 meter
for aquifer 2B (Buro Bron, 2018). Therefore 54.720 m?is extracted form the warm well every year and 29.760
m?/year from the cold well.

Figure 3.6: Configurations of wells of Echo (circles) and Schoemakerstraat (squares) for configuration 1-4, displayed from left to right.

Several configurations are modelled to see the effect of well placement, see Figure 3.6. In the first configu-
ration the wells are placed at the locations proposed by current plans. In this configuration the checker-board
configuration of the TU Delft is further extended outside the campus area. With the wells in configuration
1, two separate models are used. In the first (1a) it is assumed Echo will operate under volumetric balance.
In the second (1b) case it is assumed Echo will extracts more water from the cold well. In the second config-
uration the warm and cold well of Schoemakerstraat are switched. The distance between wells of the same
temperature is 5.5 times the thermal radius. In the third configuration the wells of Schoemakerstraat are
placed at a distance of 1.0 times the thermal radius from the wells of Echo. In the last configuration the wells
are placed in lanes in the flow of the ambient groundwater flow. The wells with a larger infiltrated volume are
placed upstream of the wells with a larger extracted volume.

3.3. Governing processes

In order to determine the thermal and geohydrologic effects of ATES several processes are important. In this
section the processes regarding groundwater flow and heat transport are explained.

Groundwater flow

ATES systems operate by extracting groundwater from one well and simultaneously infiltrating the ground-
water in the other well. Pumping influences the hydraulic head at the wells which leads to flow in the
aquifer. The three-dimensional movement of groundwater trough porous material is described by the partial-
differential equation 3.1 (Harbaugh, 2005). Here the flow is calculated based on gradients in x,y and z direc-
tion, discharge at the sources or sinks and the storage in the aquifer.

i(k %)+i(k %)+i(k %)+W—S% (3.1)
ox\ “ox) oy ay) o6z\ *oz ~ ot ’
This is rewritten into:
oh
V(KVh)=S8—-W (3.2)

ot

with kyy, ky, and k., the hydraulic conductivity along the x, y and z axes [m/d]; h the hydraulic head [m];
W the the volumetric flux per unit volume, representing sources and/or sinks of water, [d~']; Sy the specific
storage of the porous material [m~']; t the time [d] and V the gradient is x, y and z direction; k the hydraulic
conductivity[m/d].
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The analytic solution for the head around the a well in an infinite confined aquifer is given by:

__Q
2nkH

with h the head [m]; Q the discharge [m3/day], k the hydraulic conductivity of the soil [m/d], H the thickness
of the aquifer [m], and r the distance from the well [m]

When multiple wells are considered the effect of individual wells is added using the principle of superposi-
tion. In the case of two wells with opposite discharge this leads to the equation:

Inr (3.3)

hzzankiHlnr,- ) Qi=0 (3.4)
with Q; the discharge of well i (positive for extraction, negative for injection) [m3/d]; and 1; the distance
to well i [m]

Heat transport

The transport of heat is described by advection, conduction, diffusion and dispersion. Advection is the trans-
port of heat by bulk motion. In this case water is used as a transport medium. Dispersion describes the
uneven flow due to the heterogeneity of the soil matrix. Conduction is the transport of heat due to collisions
between molecules in both the water and the soil. Energy is transported by conduction from a high tem-
perature region to a low temperature region. Diffusion is the transport of water molecules due to random
collisions. Diffusion leads to a transport of energy from high temperature to low temperature regions.

Heat is mainly transported to and from the well by advection. Water is infiltrated into the aquifer and
extracted in the following season. Transport of this water leads to the transport of heat. Heterogeneity of the
soil leads to uneven transport of heat at the local level. This process is called dispersion.

During infiltration the water flows into the aquifer, which has a different temperature than the infiltrated
water. Due to conduction the thermal energy is distributed over the water/soil matrix. The soil matrix will
adjust to the temperature of the infiltrated water. At the hydraulic front the infiltrated water will adjust to the
initial temperature of the soil matrix, which is equal to the ambient groundwater temperature. The thermal
front will therefore move slower from the well and is called retarded with respect to the hydraulic front.
Conduction also transports heat away from the thermal front. Heat loss therefore occur at the boundary
of the thermal zone. Bloemendal and Hartog (2018) proves heat losses are dominated by conduction. The
transport of heat depends on the temperature gradient. The transport of heat due to conduction is described
by Fourier’s law for heat transport:

bg=—krVT (3.5)

with ¢4 the local heat flux [W/m?]; k, the material thermal conductivity [W/m/K]; T the temperature [K].

In the soil the heat is distributed over the soil and the water. Soil and water have different heat capacities.
An average heat capacity is used for the aquifer using the porosity, the density of the soil and the water and
the heat capacity of soil and water. The thermal conductivity of the soil and water differs as well. Therefore
the bulk thermal conductivity k7p,;x is used. krpyix is calculated using the arithmetic mean (Equation 3.6)
or geometric mean (Equation 3.7). The value used for the bulk thermal conductivity is given in Table 3.1

krpuik =0 - krfiuia + (1 —0) krsolia (3.6)

_ 10 1-6
krbutk = Ky pruia Krsotia 87

The heat transport equation for heat transport in a porous medium is described by Equation 3.8 (Langevin
et al., 2008).

1+ 1-6 ps Cpsolid)a(HT) _v. [9( krpuik

CI) ] )
tag | VT =V-(qT)-4sT, 3.8)
0 prcpriuial Ot 0p rcpfiuid (4T) - dsTs

with 0 the porosity of the soild [-]; ps the density of the solid [kg/ m?]; Pf the density of the fluid [kg/ m3];
Cpsolia the specific heat capacity of the solid [J/kg/K]; cpriuiq the specific heat capacity of water [J/kg/K];
K7puix the bulk thermal conductivity of the aquifer material [W/m?]; a the dispersivity tensor [m]; q the
specific discharge [m/d]; qs the specific discharge of sources or sinks [m/d]; T the temperature [°C]; T the
temperature of sources or sinks [°C]
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3.4. Simulation tools

The processes described in Section 3.3 are solved using numerical methods. Numerical methods more suit-
able for modelling heat transport in aquifers because they are capable of solving both the flow and heat trans-
port equation. The effects of temperature on viscosity and density are taken into account. Numerical meth-
ods consists of a large number of simple equations, making them suitable to be solved by computer software.
In this section the software used for solving the numerical methods is described. Furthermore, the charac-
teristics of the model used in this study are given.

3.4.1. Software

The selected software to model the transport of heat is SEAWAT, which combines MODFLOW and MT3DMS.
It is designed to simulate three-dimensional, variable density groundwater flow and multi-species transport
(Langevin et al.,, 2008). It can also be used to simulate the transport of heat by treating heat as one of the
solute species. Python is used as an interface to construct input files and to process SEAWAT output using the
flopy package (Bakker et al., 2016). The code used for pre- and postprocessing is written by M. Bloemendal
and M. Jaxa Rozen based on code developed by T. Oolsthoorn. This code is adjusted for this study. The input
parameters in python are written in an excel file. In this thesis SEAWAT version 4, MODFLOW version 1.18.01
and MT3DMS version 5.20 are used.

MODFLOW

MODFLOW is a computer program that uses the finite difference method to solve the three dimensional
groundwater flow equation on a rectangular finite difference grid (Harbaugh et al., 2000). It is written in
FORTRAN and has a modular structure. The code is free and publicly available. MODFLOW is able to simulate
groundwater flow in multi-layer aquifer systems. The grid is adjustable in the horizontal plane, but each layer
consists of the same grid. The partial differential equation describing ground water flow (Equation 3.1) is
solved by MODFLOW. For this study MODFLOW 2005 is used.

MT3DMS

MT3DMS is designed to simulate solute transport. It is a modular three-dimensional multi-species transport
model. MT3DMS simulates advection, dispersion, sorption and reaction of solute species in the groundwater
(Langevin et al., 2008). The solute transport equation solved by MT3DMS is Equation 3.9. It expresses the
rate of change of concentration. To account for sorption of species to the soil material, a species-specific
retardation factor is used. This retardation factor is multiplied with the rate of change.

PbKd) 5(60)
1 _
( "o ) o

=V [Q(meg)-vc] ~V-(qC) - 4.Cs (3.9)

with p; the bulk density of the soil [kg/m?]; K, the distribution coefficient [m3/kg]; 0 the porosity [-]; C
the concentration of the solute [kg/m?]; t the time [d] D,, the molecular diffusion coefficient [m?/d]; a the
dispersivity tensor[m]; q the specific discharge [m/d] q; the specific discharge of sinks and sources [m/d] Cg
the sink or source concentration [kg/ m3].

In this thesis the focus is on the simulation of heat transport in the soil. It is possible to simulate the
transport of heat with MT3DMS because the mathematical description of heat transport is identical to the
mathematical description of solute transport. This is shown by comparing the conductive heat transport
described by Fourier’s law (Equation 3.5) with Fick’s law of diffusion (Equation 3.10)

¢Gm=-DyVC (3.10)
with ¢, the diffusive mass flux [kg/ m2/d).

Heat transport can therefore be simulated with MT3DMS. The diffusion of particles is replaced by conduc-
tion of temperature the the aquifer. The sorption of solutes to the soils is replaces by heat transport between
the water and the soil. Advection and the dispersion are mathematically the same in the equation. In order
to use MT3DMS to simulate heat transport Equation 3.8 should be rewritten using the thermal conduction
Katemp [m?/d), the thermal distribution factor Dmtemp [m3/kg] and the bulk density of the soil pj, [kg/ m3].

P
Karomp = —22H2 (3.11)

PCpfluid
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krpuix
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Using these parameters equation 3.8 are rewritten into:
PrKatemp) 0(0T) q
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Equation 3.14 is mathematically similar to Equation 3.9. Therefore heat transport can be modelled in MT3DMS
as a species of solute transport. In this case the distribution coefficient K is replaced by the thermal distribu-
tion factor Kgyemp- The molecular diffusion coefficient Dy, is replaced by the thermal conductivity Dpzemp-

SEAWAT

SEAWAT combines MODFLOW and MT3DMS to calculate the flow and heat transport at every time step. It
is designed to simulate three-dimensional, variable density groundwater flow and multi-species transport
(Langevin et al., 2008). It includes the effect of viscosity changes with temperature, difference in density. The
flow equation used in SEAWAT is given in Equation 3.15 (Langevin et al., 2008).

dhy 0proC
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with p¢ the fluid density [kg/ m®]; wo the dynamic viscosity at reference concentration and temperature
[kg/m/s]; p the dynamic viscosity [kg/m/s]; Ko the hydraulic conductivity tensor of the material saturated
with the reference fluid [m/d]; hy the hydraulic head measured in terms of the reference fluid at reference
concentration and temperature [m]; po the water density at the reference temperature and concentration
[kg/m3]; z the elevation head [m]; Sy the specific storage [m™!]; t the time [d] and p; density of source or
sink [kg/m?®].

3.4.2. Model generic approach

Besides the characteristics of the model itself the mathematical approach and the model parameters have to
be specified. These model parameters consist of normal parameters like fluid density, the layout of the grid,
choice of the time step, initial conditions, boundary conditions and parameters describing the wells. The
choice of these parameters are described in the following section.

Mathematical approach
The Preconditioned Conjugate Gradient (PCG) package is used to solve the numerical equations This is the
most commonly used solver package because it is fast and does not require excessive memory.

Parameters

In the model the following parameters are specified. In the model several other parameters are calculated
based on these parameters. The porosity assumed to be 0.3. It is only used for the calculation of the other
parameters. For the different layers the porosity is specified in the model. The thermal conductivity is based
on saturated sand and saturated clay. The heat capacity of soil is based on quartz sand.
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Table 3.1: Model parameters used in this research.

Parameter Symbol  Value Formula Unit
Porosity 0 0.3 [-1
Specific storage Ss le-5 [m™1]
Thermal conductivity soil K75 3 [W/m/K]
Thermal conductivity clay K7, 1 [(W/m/K]
Thermal conductivity water K1 water 0.58 (W/m/K]
Heat capacity soil Cp,s 710 [J/kg/K]
Heat capacity water Cruw 4183 [J/kg/K]
Density soil Os 2640 [kg/m®]
Density water Pw 1000 [kg/m®]
Calculated parameter Symbol  Value Formula Unit
Thermal conductivity aquifer kt,aq krs*(Q1—-n)+krw*n W/m/K
Thermal conductivity aquitard kr,aq: krex(1-n)+kr,*n W/m/K
Bulk density soil ob ps*(1—n)+py*n [kg/m3]
Specific heat capacity aquifer Cp Cpsxps*(1=-m+Cpy*pwxn [J/kg/K]
Thermal distribution coefficient???  Kj;s¢ Cp,s!Pw!Cpw [kg/m®]
Grid

The three dimensional groundwater flow equation is calculated using a finite difference grid. In this study
multiple wells are considered. Therefore a rectangular grid is required. The default option to increase grid
size exponentially between wells is not suitable for this study because the thermal interaction between the
wells is of interest. Therefore a constant grid is used with a length and width of 400 meters determined by the
systems with the largest thermal radius and the largest distance between wells so that the theoretical thermal
radius of both wells is within the constant grid. Inside this constant grid the grid size is constant at 4 meters.
This discretization is within the minimum level of detail of 5 m to model the temperature field around ATES
wells (Sommer et al., 2014). A finer grid would lead to a limited accuracy increase but also leads to a long
runtime for the model. This has to be avoided because many configurations are taken into account in this
study, which makes the modelling process time consuming. Using this configuration the Courant number is
below 0.86 within the area around the wells.

Around the constant grid the grid size increases exponentially to 150 meters. The total length of this part is
1000 m on all sides to diminish effects of boundary conditions. The grid is presented in Figure 3.7.

The height of the grid cells is 5 meters everywhere. A homogeneous confined aquifer is considered. Therefore
the flow is expected to be equally distributed over the depth of the aquifer. Therefore the layers are a bit
coarse. The confining layers are 20 meters thick.
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Figure 3.7: The rectangular grid used in the generic approach. The grid is constant in the middle for 400 m and increases in size
exponentially towards the edges of the model.
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Time step

The time step is determined by balancing accuracy and calculation time. In this study the difference between
simulation results are more important than the actual thermal efficiency. Many configurations have to be
modelled to gain insight in the performance of the system. Therefore a time step of 30 days is used in this
study, although for some configurations a smaller time step is taken when short term effects are more impor-
tant. The results did not differ much for cases where a smaller time step of 10 days was taken.

The system is started in the winter and a total run length of 5 years is chosen. This is done because efficiency
is very low in the first years because the groundwater is not adjusted to the well temperature. After 5 years
90% of the final thermal recovery efficiency is reached (Sommer et al., 2013). The final efficiency is not neces-
sary because the increase of thermal recovery efficiency is more important than the exact value of the thermal
recovery efficiency.

Initial and boundary conditions

In this case a groundwater temperature of 12 °C is assumed. This value is suitable for the Dutch case. The
head is initially zero everywhere in the aquifer.

The boundary conditions are determined by the initial conditions. At the edges of the model the initial tem-
perature and initial pressure head is maintained. Sufficient distance between the wells and the edge of the
model is needed to guarantee the influence of the boundary conditions can be neglected.

Wells
The volumetric balance is assumed to be zero, unless explicitly indicated otherwise . This means that exactly
the same volume is injected and extracted from the cold and the warm well.

Density
Effect of solutes and temperature on the fluid density is taken into account by SEAWAT. Differences in density
can lead to buoyancy which affects the performance of the wells. Fresh water has the highest density at 4
degree °C and decreases as temperature increases. The relationship between the temperature and water
density in non-linear, see Figure 3.8 based on data from EngineeringToolbox (2003).
SEAWAT only considers a linear relationship between water temperature and water density. Therefore a linear
relation has to be assumed in the model. In this study only low temperature ATES systems are considered.
Therefore the temperature density relationship between 5 and 25 degrees is most important. The tangent of
the graph in this part has a slope of around -0.14 kg/m3/K. This value is used in the model.
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Figure 3.8: Relationship between water temperature and water density. MODFLOW uses a linear relationship which is shown with a
black line.

The effect of solute concentration on the density of the fluid is not taken into account in this study.

3.4.3. Model case study

The modelling approach of the model study is almost the same as the modelling approach of the generic
study. The same mathematical approach and the same parameters are used. The runtime is 20 years because
transport of energy in the aquifer between wells is expected to take a longer time. The time step is also shorter
to see the effects of imbalance during one season. The time step used is 10 days
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3.5. Assessment framework

The thermal and geohydrologic performance of the systems are assessed based on several criteria. The crite-
ria are listed below.

Thermal recovery efficiency

One of the most important parameters to assess the performance of an ATES system is the thermal recovery
efficiency (7). This is the percentage of the thermal energy injected in the subsurface that is extracted from
the subsurface in the next season. A 100 % recovery efficiency means all energy stored in a previous cycle is
extracted. The yearly thermal recovery efficiency is calculated using Equation 3.16.

The thermal energy is measured with respect to the ambient groundwater level. Both energy used for heating
and energy used for cooling is regarded as thermal energy. Therefore the definition of the AT is equal but
negative for cold wells.

E,
Neh = —-100% (3.16)
Einf
Eextr =f(QexterAT)dt (3.17)
Eing = [ QungeuATId1 (3.18)
For the warm well:
ATy =T- Tamb (3.19)
For the cold well:
ATe =—=(T = Tymp) (3.20)

Normalized thermal recovery efficiency

In case of volumetric imbalance the definition of the thermal recovery efficiency is less useful because the
extracted and infiltrated volumes are not the same. Therefore the recovery efficiency can be normalised by
dividing the thermal recovery efficiency 1t by the volume recovery ratio (ny) of the well.

Mth _ Vextr
v=—

Mth,norm = —» Vit (3.21)

Change in thermal recovery efficiency

In this thesis the thermal interaction between wells is of key interest. To quantify the effect on thermal recov-
ery efficiency a similar approach as proposed by Bakr et al. (2013) is followed. The change in thermal recovery
efficiency due to the influence of other wells is calculated, expressed by Fj,I. First the thermal recovery effi-
ciency of one wells is calculated, assuming no other wells are present. Then the thermal recovery efficiency
of the same well is calculated, assuming that the other wells are present. The change in thermal recovery
efficiency is calculated and expressed as a factor to avoid confusion between the thermal recovery efficiency
and the change of thermal recovery efficiency due to interaction with other wells.

If Fpyy is above 1 the presence of another well has a positive influence on the thermal recovery efficiency of
the well. If the Fj; is below 1 the presence of other wells has a negative influence on the thermal recovery
efficiency. In the case that the Fy;; is below 0 thermal breakthrough from another well occurs. In this thesis
the term change in recovery efficiency is used.

_ Nthall = Nthind +
Nth,ind

Fyrp 1 (3.22)

with Fpy; factor describing change in thermal recovery efficiency due to mutual interaction [-]; 74 the
thermal recovery efficiency of the wells with all other wells in operation [%] and 777,;,4 the thermal recovery
efficiency of the individual well with all other wells turned off [%].
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Coefficient of performance

The coefficient of performance is another important parameter. The goal of the ATES system is to provide
thermal energy temporary stored in the aquifer. Some additional energy is needed for the well pumps, heat
pump, regeneration and other parts of the installation. To give an indication about the ratio between the
provided thermal energy and the total energy needed for operation the coefficient of performance (COP)
is defined in Equation 3.23 as the thermal energy extracted from a source divided by the external energy
supplied to the system. In this case we are only interested in the groundwater system and the transport
network. Therefore only the pumping energy is considered in the calculation of the COP. Energy requirements
for heat pump and regeneration are not taken into account. When the COP is calculated over a whole year for
all system components, the COP is also called the seasonal performance factor or SPE

> Eextr
Ncor=<c7 (3.23)
ZEsystem

Thermal- and energy balance

The energy balance of the system is important to guarantee sustainable use of the subsurface. Thermal bal-
ance (energy balance ratio or Bg) is defined by the difference between the amount of energy extracted in
cooling and heating modes, normalised by the total extracted energy (Equation 3.24). An Bg of 0 indicates
a balanced system. Negative B indicates a prevailing heating demand of the system which means the sub-
surface is cooling down. A positive Bg indicates a prevailing cooling demand of the system which means the
subsurface is heating up. The value of Bg is between -1 and 1. Another parameter to describe imbalance is
the volumetric balance, equation 3.25. It is calculated in the same way as the energy balance but takes into
account the injected and extracted volume instead of energy.
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L/Rth and A/V

The parameters L/R;;, and A/V are important parameters. L/R;;, gives an indication of the shape of the
thermal zone. It is calculated by dividing the well screen length L by the thermal radius R;j, described by
Equation 2.1.

The A/V is also important because minimizing the A/V value minimizes losses to the surroundings. The A/V
value is calculated with equation 3.26.

A 2Ry +27Rpl 2 L2
|4 nRZ, L L Rin

(3.26)

Head in the well
Changes in groundwater level are taken into account in this study. Transport of heat by water can have
influence on the groundwater level and the hydrostatic pressure in the aquifer. In many cases changes in
groundwater level are restricted to prevent several problems. Therefore these values are part of the assess-
ment framework.

hzz%lnri, > Qi=0 (3.27)
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4.1. Increase in thermal recovery efficiency
4.1.1. Mutual interaction between two wells

In order to calculate the effect of placing wells together, two wells wit a storage volume of 250.000 m® and
an L/Ryy value of 1.35 are placed together. The distance D between the wells is expressed as a function of
the thermal radius of the wells. In this case the thermal radius is 45 m. The effect of the well distance on the
change in thermal recovery efficiency is given in Figure 4.1.

The red line indicates a decrease in thermal recovery efficiency due to placing two wells with of opposite tem-
perature together. The decrease in efficiency confirms the negative effects of mutual interaction as placing
wells of different temperature together results in an extreme decrease in thermal recovery efficiency. In this
case the maximum decrease in efficiency is a factor -1.5 when a cold and warm well are placed at the same
place. The cause of this extreme decrease is breakthrough of water between the wells, as shown in Figure 4.3
for D=0.1 R;;, and D=0.5R;;,. Wells in a doublet always operate in opposite direction. If placed close together
the water will flow directly from the infiltrating well into the extracting well. This leads to a negative efficiency
of the extracting well, leading to a factor for the change in recovery efficiency below 0.

Increasing the distance between wells with a different temperature prevents thermal breakthrough. The ef-
ficiency however is still lower because at the boundary between the warm and cold storage energy is trans-
ported due to conduction which leads to cooling of the warm water and heating of the cold water. This is
shown in Figure 4.3, at D =1 R;,,D=2R;j; and D=3R;j, . The influence becomes insignificant when the wells
are 5R;;, from each other. The change in thermal recovery efficiency for two wells with different temperature
is exponentially convergent from -1.5 at OR;j, to 1 around 5R;j,.
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The positive change in thermal recovery efficiency is small compared to the negative effect. This is ex-

pected because the positive effect of placing wells together is achieved due to the reduced area of the thermal
zone compared to the total volume. A smaller A/V ratio leads to a higher efficiency (Bloemendal and Hartog,
2018).
The positive change in thermal recovery efficiency is shown separately in Figure 4.2. In the case of a yearly
storage of 250.000 m® and a L/R;,value of 1.35 the maximum change in thermal recovery efficiency factor is
1.12 (12 % increase). The factor stays around 1.12 until a distance of 0.5Ry,. In this range the thermal zones of
the wells is regarded as one big thermal zone of a well with twice the volume, see the left image for D=0.1R;,
in Figure 4.3. At a distance larger than 0.5R;j, the change in thermal recovery efficiency decreases. The com-
bined thermal zone becomes an ellipse (D=0.5R;; and D=1R;;, on the left). The area of this shape is larger
than the area of a cylinder. Therefore more losses occur at the boundaries and which leads to lower thermal
recovery efficiencies. With increasing distance the thermal zones of the wells are separated until the change
in thermal recovery efficiency is zero.
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Figure 4.3: Visualisation of the thermal zone after 5 years at the end of the summer for 2 warm wells (left column) and for 1 warm and 1
cold well (right column) for different distances between the wells, expressed in terms of the thermal radius.
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4.1.2. Mutual interaction between two doublets

The previous results presented in Figure 4.1 and Figure 4.2 only considered two wells. Only the effect of
two wells of the same temperature or the effect of two wells with different temperature is taken into account.
In practice ATES systems are constructed as a doublet. In the next part two doublets are considered to take
into account the combined effect of wells of the same temperature and wells with a different temperature.
The distance between wells of the same temperature (Dg) is varied as well as the distance between wells
with a different temperature (D), see Figure 3.2. For each configuration the thermal recovery efficiency is
calculated and compared to the case where no other wells are present to calculate the change in thermal
recovery efficiency.

The results of these calculations are presented in Figure 4.4. The negative effects of mutual interaction are
clearly present when wells of different temperature are placed closer than Do = 2.5R;j, from each other. The
distance Dg between wells of the same temperature has a minor influence when well of opposite temperature
are placed close together. The efficiency is slightly lower when the wells of the same temperature are also
placed near each other. This is likely because the thermal radius of the combined wells is larger than the
thermal radius of individual wells. Doubling the volume by combining well leads to an increase of v/2 in the
thermal radius of the combined thermal zone. Therefore more distance is needed between the warm wells
and cold wells to avoid negative effects of mutual interaction.

Some configurations lead to an increase of thermal efficiency. The boundary between increase and decrease
of thermal recovery efficiency is visualised by the black line. Because this increase is small compared to the
decrease, a separate scale for the positive change in efficiency is presented in Figure 4.4.

Between Do = 2.5R;;, and Do = 4.5R;, the efficiency is increased if wells of the same temperature are placed
close to each other. The optimal distance Dg varies between 0-1.5 R;j. This optimum is likely because when
D; is zero one thermal zone with a large thermal radius is formed, which comes into contact with the large
thermal zone of the opposite temperature. When Dy is to large the thermal zones are not connected, leading
to lower efficiencies.

When Dy is larger than 4.5R;, the influence of wells with a different temperature can be neglected. The
change in thermal recovery efficiency only depends on Dg and has the same increase in recovery efficiency
as seen in Figure 4.2. The maximum increase in efficiency is around 12 % in this case. It is achieved when
wells of the same temperature are placed as close together as possible.
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4.1.3. Influence of storage volume and shape of thermal zone on maximum increase re-
covery efficiency

So far the effect of distance between wells has been studied. The storage volume and the shape of the thermal
zone are expected to have an influence on the change in thermal recovery efficiency because they influence
the A/V value. The shape of the well is defined by the ratio between the screen length L and the thermal
radius R;j,.

In this part the maximum increase in thermal recovery efficiency is calculated using varying volumes and
L/ Ry, values. First the efficiency of one well with a certain volume and L/ Ry, is calculated, see Figure 4.5. The
depth of the aquifer is the same as the screen length which is calculated using the volume and L/R;j,. Then
the efficiency is calculated for the case two wells with the same characteristics are placed together really close
to each other. The distance should be small because it is expected that this will lead to the highest increase in
efficiency. The results of various combinations of storage volume and L/ R;j,-values on the maximum change
in thermal recovery efficiency is presented in Figure 4.6.
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Figure 4.5 shows larger systems have a higher efficiency than smaller systems. Systems with larger storage
generally have a smaller A/V ratio which leads to lower losses (Bloemendal and Hartog, 2018) . The A/V ratio
decreases with a smaller rate as the volume increases, therefore the efficiency increases with a smaller rate.
The efficiency is higher when the L/R;j, value is closer to 1.5.

Systems with large storage volumes have a small increase in thermal recovery efficiency, see Figure 4.6. There-
fore connecting thermal zones of the same temperature is more advantageous for systems with a small stor-
age volume because the initial efficiency is low for individual systems.

Systems with higher L/ Ry, values have a higher increase in recovery efficiency. Wells with a high L/R;j; mainly
lose energy at the side of the thermal zone and less at the edge between the aquifer and the confining layers.
These systems have more advantage of placing another well nearby, because the area at the sides is reduced.
Systems with a small L/ R;;, loose to the surrounding aquifer, and little to confining layers. The effect of plac-
ing wells near each other is limited.

It is concluded that systems with a small volume and high L/R;;, value have the most advantages from com-
bining ATES systems.
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4.1.4. Distance between wells for different storage volumes and shape of thermal zone

The storage volume and and L/R;j; have an influence of the maximum increase in thermal recovery effi-
ciency, as shown in the previous part. The effect of distance between two wells of the same temperature is
assessed for 12 configurations of storage volume and L/Rth values. The same approach as seen in Figure 4.2
is taken. The results are presented in Figure 4.6.

The results are consistent with the results obtained in the previous section. Small storage volumes and large
L/ Ry, values have the highest increase in thermal recovery efficiency when wells are placed together.
Distance between wells has the largest effect on small storage volumes. The positive effect of placing wells
of the same temperature together decreases faster with increasing distance for small systems. The values are
relatively constant for distances between 0 and 0.5 R;j,.
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Figure 4.7: Influence of distance on the change in thermal recovery efficiency,expressed as a factor, for different storage volumes and
L/Ryy, values.

The effect of storage volume and L/R;j, values for different distances between wells is given in appendix
C. The results are presented similarly to Figure 4.4 for different combinations of storage volume and L/R;j
values. The largest increase is found for systems with a small storage volume and a high L/R;j, value. Although
the maximum increase varies for different configuration, the range of D, and D; where the change in recovery
efficiency is positive is approximately the same. When the distance between wells of opposite temperature
(D,) is larger than 3R, and the distance between wells of the same temperature (Dy) is limited, a positive
effect was found for all configurations. The distance D, where the maximum increase is found differs per
configuration. Systems with a large storage volume and a low L/R;j, value obtain the maximum increase
when D, = 3R;;. A low storage volume and large L/R;;, value means the distance should be increased to
around D, = 5.0R;j, to obtain the maximum increase. The L/R;j, value seems to be most dominant.
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4.1.5. Increase in thermal recovery efficiency in relation to A/V values

For the systems described in Section 4.1.3 the A/V value of the thermal zones and the efficiency are calcu-

lated for the individual and combined case. The results are given in Figure 4.8. As shown in previous research
the efficiency increases with decreasing A/V value. Besides the A/V value, the shape of the thermal zone is
of influence of the thermal recovery efficiency. The shape is defined by the L/R;, value. Systems with a low
L/R;j, value achieve a high efficiency for the same A/V value. The relationship between A/V and efficiency is
approximated as linear for systems with the same L/R;, value and for small A/V values.
The change in system efficiency and A/V value due to connecting thermal zones is presented by the dotted
black line between points. All systems have a decrease in A/V and an increase of the thermal recovery effi-
ciency. The largest reduction in A/V and the highest increase in efficiency is found in systems with a high A/V
in the individual case. Systems with a small A/V have a low reduction in A/V (see figure 2.4) and therefore a
small increase in thermal recovery efficiency. Systems with a large L/R, have a large decrease in A/V because
wells are connected side to side. This large decrease in A/V leads to a large increase in efficiency. At large A/V
values the relation between A/V and efficiency is not linear and converges towards zero, see appendix D.

The same approach was taken for the systems shown in appendix C. In this case 12 systems with different
volumes and shapes are considered. A/V and efficiency for individual and combined systems are calculated.
The distance between wells of opposite temperature is 5 R;j,. The results are shown in Figure 4.9. Connecting
the wells of two systems leads to a lower A/V and a higher efficiency. Overall the efficiency increases with A/V
value. For a certain well size there is however an optimal A/V value with a maximum efficiency. This optimum
is at a slightly higher A/V than the minimum A/V. This is likely due to difference in losses to the surrounding
aquifer and the losses to the confining layers, leading to an optimum L/Rth lower than 2 as found in other
studies. This lower L/Rth leads to a higher A/V as shown in Figure 2.4.
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4.2. Effect on head in well

Placing multiple wells together results in change in the head in the aquifer and the drawdown at the well.
In the previous section it was shown that wells of the same temperature should be placed close together to
increase efficiency. Because wells of the same temperature generally inject and extract at the same time, it is
expected that placing these wells close together effects the drawdown at the wells which negatively influences
the required pumping energy.
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Figure 4.10: Change of the drawdown at the warm well of system 1

Figure 4.11: Combined effect of change in recovery efficiency and
due to the presence of the other doublet, expressed as a factor.

the change in pumping energy at the warm well of system 1 due to
the presence of the other doublet, expressed as a factor.

The effect of distance between wells on the change in the drawdown is given in Figure 4.10. The factor in-

dicates the change in drawdown in the well due to the presence of the other doublet. A factor above 1 means
the absolute drawdown increases. The injecting well needs a higher head to infiltrate the same discharge.
The well extracting has a lower head. An increase of the absolute drawdown is seen as negative because more
more pumping energy is required. Therefore, values higher than 1 are displayed in red.
The figure shows the influence of placing a second doublet near the first doublet. This leads to a negative
effect because the well with the same discharge is closer than the well with the opposite discharge. Placing
wells of the same temperature close to each other leads to a large increase in the drawdown. The effect re-
duces exponentially with increasing distance between the wells (D). The distance between wells of opposite
temperature (D,) has a smaller influence. A larger distance leads to a larger increase in the drawdown.

The change in the drawdown leads to an increase of the required pumping energy. If the negative effect
due to increased pumping energy is subtracted from the positive effect of mutual interaction, Figure 4.11 is
obtained. Compared to Figure 4.4 the increase is somewhat lower. Increase in total system performance is
however still positive if the distance between systems is chosen right. A certain distance between wells of the
same temperature is needed. This distance is small because the increase in drawdown increases exponen-
tially with reducing distance between wells. A distance of 0.5 times the thermal radius seems to be best in this
case.
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4.3. Effect on imbalance

In this section the results of connecting thermal zones of systems under imbalance is presented. System 1 has
a prevailing cooling demand, leading to growth of the warm well over time. System 2 is placed near system
1 as presented in Figure 3.3 and has a prevailing heating demand, leading to growth of the cold well. First
the results of placing systems with an opposite imbalance are presented. The effect of the distance between
wells is considered as well as the effect of the degree of imbalance, the effect of the volume of the wells and
the effect of ambient groundwater flow.

4.3.1. Effect of placing systems with imbalance next to each other

Placing systems with opposite imbalance together has a large influence on system performance. In Figure

4.12 the efficiency of the wells in system 1 is shown. Overall the efficiency grows over the first years. The
efficiency of the warm well is low because only a part of the injected volume is extracted in the next season.
It is showed that the efficiency of the warm well is higher in the individual case. In de individual case the
warm zone keeps growing, improving the efficiency over the years. In the combined case the warm water is
extracted by the warm well of system 2. Therefore the warm zone does not keep growing as in the individual
case. In the individual case the efficiency of the cold well decreases after some years. This is likely due to the
growth of the warm well, heating up the cold water near the cold well. This is showed in Appendix E, Figure
E.2 and E.4.
The efficiency of the cold well is much higher in the combined case. The cold well receives thermal energy
from the cold well of system 2. The efficiency is even higher than 100 %, which can only happen if energy
is supplied from the outside of system 1. The increase in efficiency is due to 3 processes: Firstly transport
from the cold well of system 2 to the cold well of system 1 due to the opposite imbalance of the systems. The
second process that contributes to the increased efficiency is the connection of the thermal zones of the cold
wells, leading to less losses to the surroundings as explained earlier. This effect is however small. The last
process is the limited growth of the warm well of system 1, leading to lower losses because the warm well of
system 1 does not keep growing, which would lead to higher losses at the cold well.

Because the warm well only extracts a part of the injected volume, the efficiency is very low for the warm
well of system 1. Therefore the normalized efficiency is given in Figure 4.13 as is calculated in equation 3.21.
The warm well has a higher efficiency than the cold wells when the volumetric imbalance is taken into ac-
count.
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Another way to look at the thermal performance is to look a the amount of energy extracted each year.
The amount of energy extracted and injected in each year is shown in Figure 4.14. The dotted line represents
the injected energy in each season. The energy injected in the warm well is higher than the amount of energy
injected in the cold well due to the imbalance. In the combined case the cold well can extract more energy
than was injected in the cold well. The extra amount of energy is supplied by the cold well of system 2. This
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shows that energy is exchanged between systems with opposite imbalance. In this case the amount of energy
extracted from the cold well is around 30 % higher if you compare the combined case to the individual case.
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Visualisation of the flow from the well with a higher injected volume than extracted volume provides
insight in the spread of water of the wells under imbalance. A conservative tracer was modelled to inject in
the warm well of system 1. The results for a distance of Ds = 0.5R;;, and D, = 5R;;, can be seen in Figures 4.15
and 4.16, representing the concentration of the tracer at the end of summer and the end of winter respectively
after 20 years of operation. The gradient observed in the concentration is likely due to numerical diffusion.

During summer , the warm wells of system 1 and system 2 are both injecting. Therefore the water from the

warm well of system 1 is pushed away from the warm well of system 2. This is shown by the white area on
the left of the warm well of system 1. The discharge of the warm well of system 2 is however lower. Therefore
the water from system 1 is somewhat closer to system 2. The water from system 1 flows around the water
infiltrated by system 2. Because the cold well of system 1 is extracting during summer, the water tends to
flow towards the cold well of system 1. Because of the imbalance water wants to flow from the warm well
to the cold well. In Appendix E the result for the individual doublet is given in Figure E.6. Compared to the
individual case less water flows from the warm well of system 1 to the cold well of system 1.
During winter time the flow in the wells is reversed. The warm wells are extracting water while the cold wells
infiltrate water. Therefore the water from the warm well of system 1 is displaced by the water from the cold
well of system 1. The warm well of system 2 is extracting more than the warm well of system 1. This leads to
a flow of water injected by the warm well of system 1 towards the warm well of system 2. This flow leads to a
net transport of energy from the warm well of system 1 towards the warm well of system 2.
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4.3.2. Effect of distance between systems

The effect of placing wells with opposite wells together reduces with increasing distance between wells of the
same temperature. In this case the distance between wells of the same temperature (D) is varied between 0
and 6R,;, while the distance between wells of opposite temperature (D,) is kept constant at 5R;y,.

The effect of the distance between wells on the thermal recovery efficiency is presented in Figure 4.17. The
cold well has a large increase in the amount of energy that is extracted at the cold well and therefore on the
thermal recovery efficiency. In this case the factor is around 1.32 which represents an increase of 32 %. A
larger distance leads to a lower increase. The effect is significant until around 6 R;;,. Compared to the effect
of connecting thermal zones without imbalance, as presented in Figure 4.1, the effect on the thermal recovery
efficiency is significant for larger distances between the wells.
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4.3.3. Effect of the degree of imbalance

The amount of imbalance has a large influence on the recovery efficiency of the wells. It is expected that
systems with a larger imbalance will transport more thermal energy to the other well, therefore the thermal
recovery efficiency will increase more for larger values of the volumetric imbalance. This is presented in
Figure 4.19. In this case the distance between wells is constant at D = 1.5R;;, and D, = 5.0R;,.
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Figure 4.19: Effect of the degree of imbalance on the change in recovery efficiency.

When there is no imbalance in the system, both wells of system 1 will have a slightly higher efficiency.
This is due to the positive effects of mutual interaction as described in Section 4.1. With growing imbalance
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the efficiency of the cold well of system 1 increases due the transport of thermal energy from the cold well of
system 2 to the cold well of system 1. The rate at which the efficiency increases becomes larger for a larger
imbalance. This means that a larger fraction of the excess energy is extracted at the cold well.

The efficiency of the warm well of system 1 decreases because energy is transported to the warm well of
system 2. When the volumetric imbalance is 0.125 the negative effect of the transport of heat equals the
positive effect of mutual interaction between wells. At this point the warm well of system 1 has the same
efficiency as in the case where only system 1 is present. When the volumetric imbalance becomes larger the
efficiency decreases even further, although the decrease becomes smaller for a larger imbalance.

The negative effect on the warm well of system 1 is much smaller than the positive effect on the cold wells of
system 1. This means that placing two systems with opposite imbalance together has a positive effect on the
overall performance of the systems.

4.3.4. Effect of ambient groundwater flow

The results of ambient groundwater flow on a system is given in Figure 4.20. This system has a volume of
250.000 m3, an L/R,;, value of 1.35 and a distance between wells of D; = 0.2,0.5,1.5R;, and D, = 5R;j. The
configuration in Figure 3.5 is used.
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Figure 4.20: Effect of ambient groundwater flow on the change in recovery efficiency for different distance between wells of the same
temperature.

The efficiency of the downstream of both systems is increased by ambient groundwater flow. For this case
an optimum exist for the velocity of the groundwater flow. When no flow is present the energy can only be
transported by pumping of the wells. Ambient groundwater flow transports energy from the well witch injects
a larger volume to the well that extracts a larger volume. A larger ambient groundwater flow leads to more
transport of thermal energy to the other well. When the flow becomes too large, the injected water and the
thermal energy is transported with a larger velocity. The water passes the well downstream and is therefore
not recovered by the well. This leads to a lower increase in efficiency for larger ambient groundwater flow.

In practice the ambient groundwater flow is known. In that case an optimal distance between wells of the
same temperature exists where the increase in thermal recovery is highest, see Figure 4.20. This distance
becomes larger for higher ambient groundwater flow velocities.






Results case study

5.1. Exact and 3M

Based on the monitoring data the current performance of Exact and 3M is determined as described in Sec-
tion 3.2.1. The calculated normalized efficiency is presented in Figure 5.1. From the figure it can be seen
that the normalized thermal recovery efficiency is high, ranging from 60 % to 90 % after the start up period.
Taking into account the small size of both systems the efficiency is not expected to be that high. Based on
the generic study it can be expected that Exact will perform better once 3M starts operating after 4 years of
operation. This can however not be derived from the real data.

Using the monitoring data several model parameters could be determined. The injected and extracted vol-
ume as well as the injected temperature is determined for each well. The ambient groundwater temperature
was 12 °C based on test drills and initial temperature of extracted water. In Table 5.1 the model parameters
are summarized.
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Figure 5.1: nnorm of the warm and cold wells over time for the 3M and Exact system based on monitoring data.

Table 5.1: Model parameters determined by data analysis of the Exact and 3M system.

System Injected [mg/year] Extracted [mg/year] Tinjl°Cl | Tampl°Cl
Exact cold 35,635 40,434 9.77 12
Exact warm 40,434 35,635 13.84 12
3M cold 17,536 11,569 9.39 12
3M warm 11,569 17,536 15.02 12

The results of the model are presented in Figure 5.2 and 5.3. In Figure 5.2 the normalized efficiency of
Exact and 3M is shown over a period of 20 years. The dashed line represents the efficiency of the systems in
the case that the other system would not be present. The dotted line represents the second configuration,
where the cold well of 3M is placed closer towards the cold well of Exact.
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It can be seen that the highest efficiency is achieved at Exact, especially the warm well. This is because Exact
infiltrates more warm water than it is extracting, leading to a buffer of warm water around the warm well.
The storage volume of Exact is also higher, leading to a lower A/V value and therefore to lower losses to the
surroundings. Exact has a small advantage of connection of the thermal zones. Although the efficiency of
the Exact system is still increasing before 3M starts, a clear deviation from the trend is visible. Due to the
operation of 3M, the normalized recovery efficiency is 1.13 times higher for the cold well and 1.17 times
higher for the warm well, see Figure 5.3

The efficiency of 3M without the presence of Exact is very low because of the low storage volume, which leads
to a high A/Vratio and lower efficiency. The efficiency of the warm well is even lower because at the end of the
season ambient groundwater is extracted due to the imbalance of 3M. Due to the small size of 3M, connection
of the thermal zones leads to a large increase in the normalized thermal recovery efficiency. Figure 5.3 shows
that placing the wells of 3M near the wells of Exact leads to a large increase in efficiency during start up. The
efficiency is generally lower in the fist years because the aquifer temperature needs to adjust to the water
temperature. In this case the soil around the Exact wells is already adjusted to the temperature of the wells,
see Figure 5.4. Because less thermal energy is needed to adjust the soil to the right temperature, the efficiency
is increased considerably in the first years.

The long term increase of normalized thermal recovery efficiency of the cold well is 1.28 times higher than
the efficiency of 3M operating individually. The efficiency of the warm well is 1.50 times higher. The large
increase of the normalized efficiency is due to the low efficiency of the warm well in individual operation due
to the imbalance.
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Figure 5.4: Thermal zones of Exact just before 3M starts operating. ~ Figure 5.5: Thermal zones of Exact and 3M in the spring of year 20.

When comparing the modelled results to the data analysis it is shown that the real normalized efficiency
is high compared to the predicted normalized efficiency. In the practice the efficiency of both systems in in
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the same range, while based on the model we might expect Exact to have a higher efficiency. The efficiency
of the warm well of Exact is even higher than 100 %.

5.2. Echo and Schoemakerstraat

The efficiency of Echo and Schoemaker systems are determined for several well placement configurations as
described in Section 3.2.2. The results are summarized in Table 5.2.

Table 5.2: Efficiency of the wells for different configurations in year 20 of simulation.

Normalized thermal recovery efficiency
Individual system All systems
Configuration la 1b la 1b 2 3 4
Echo cold 51.2 36.2 50.8 | 35.6 | 37.9 | 49.5 | 49.8
Echo warm 51.1 58.2 49.1 | 56.4 | 57.9 | 62.3 | 57.2
Schoemaker cold | 62.6 62.6 61.5 | 61.0 | 62.0 | 66.5 | 63.0
Schoemaker warm | 30.3 30.3 29.3 | 30.0 | 33.0 | 48.9 | 43.7

Echo has to achieve thermal balance due to current legislation. Therefore the efficiency is approximately
the same for both wells in case 1a. Schoemakerstraat has a large imbalance, leading to a low efficiency of the
warm well and a relatively high efficiency of the cold well when the system is operating individually.

For configuration 1b, 2, 3 and 4 it is assumed that Echo operates under imbalance, so energy could be ex-
changed between the systems. The base case for comparison is configuration 1b. In this configuration the
wells are placed in a checker-board configuration. The imbalance in system 1b leads to a lower efficiency of
the cold well and a higher efficiency of the warm well.

The normalized recovery efficiency is slightly higher when both systems operate individually for case 1a and
1b. The difference is however very small.

In configuration 2, switching wells of the Schoemakerstraat has a small positive effect on the normalized
thermal recovery efficiency. The thermal zones are connected, see Figure 5.7, which leads to less losses to the
surroundings. The distance between wells is still very large, around 5.5 R;h. The effect is therefore limited.
Placing the wells of Schoemakerstraat at another location with a distance of 1.0Rth between wells of the
same temperature in configuration 3 has a large advantage for the efficiency. The efficiency is increased for
all wells. This is partly because the thermal zones are fully connected in this case, see Figure 5.8. The increase
in efficiency is highest for Echo’s cold well and Schoemakerstraat warm well, which extract more water than
is injected. The large increase in efficiency is likely due to transport of thermal energy.

Placing the wells as is proposed in configuration 4 does not lead to better system performance. The distance
between wells of opposite temperature is somewhat smaller for configuration 3. The distance is 5.5 Ry, in
configuration 3 and 4Ry, in configuration 4. Therefore the losses between the systems will be higher. The
positive effect of ambient groundwater flow is also small because of the low flow velocity of 5 m/year.

200 = 200
150 15 150
- 14
100 100
= Fr13m = H]
S 50 £E =0 b
a 1238 5
S 0 FE 0 =
5 182 5
=] [=lye] Q
3 -50 §3 -s0 5
= 10 F = =
-100 [ -100 |
-150 -150
—200 [y e x W ; Ay 200 i e i W i
=200 =100 0 100 200 =200 =100 0 100 200
x-codrdintaat [m] x-codrdintaat [m]
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Discussion

Several aspects of this research have to be taken into account to apply the results obtained in this research in
practice. These considerations include the set-up of this research, the scope and some assumptions.

Model set up

Due to the setup of this research the results can differ in practice. As described in the Methods and Materials
(Chapter 3) this research considers two doublets placed in a rectangular arrangement. The storage volume of
the systems is equal as well as the imbalance if applied. The temperature of wells of the same temperature is
equal and a sine wave function is used to distribute the storage volume over the seasons.

In practice there is much more uncertainty in the design of ATES systems and their spatial arrangement.
The wells are not placed in a rectangular configuration and the thermal zones of more than two wells can be
connected. The storage volume and balance is estimated during design but can differ due to uncertainty in
system design and the variability in average temperature each season. The flow in the system depends on the
weather and does not follow a sine wave function. The effect of these uncertainties on the results of this study
are briefly elaborated.

It is unlikely that wells are placed in a rectangular arrangement. It can be the case that the thermal zones

of two cold wells are connected, while the warm wells are connected to different clusters or are not clustered
at all. It is expected that the arrangement does not influence the found results to a great extend as long
as the distance between wells of the same temperature is small and the distance between wells of opposite
temperature sufficiently large.
In practice more than two doublets can be placed in a certain area and therefore the thermal zones of multiple
wells can be connected. As shown in this research, connecting the thermal zones of two wells leads to an
increase of the thermal recovery efficiency. If the thermal zone of a third well is connected it is expected
that the thermal recovery efficiency of the first two wells will increase. This increase will be smaller than the
increase due to connecting the thermal zones of the first and second well. This can be reasonably expected
based on the decrease in A/V. The decrease is large when two wells are connected and smaller when a third
well is connected. The third well will have a large decrease in A/V due to the presence of two other wells. This
leads to a high increase in the thermal recovery efficiency of the third well.

Assuming systems with the same storage volume is easier for interpretation of the results. In practice it is
however unlikely that the storage volume of different systems is equal. In this research the distance between
wells is expressed as the thermal radius, which depends on the storage volume. When systems with different
storage volumes are placed, multiple thermal radii exist for the different wells. The choice which thermal
radius is used influences the results of the research. One option is to use the average thermal radius of the
two systems. A more conservative option is to use the thermal radius of the largest system.

Connecting thermal zones of systems with different storage volumes influences the change in thermal re-
covery efficiency. The system with the largest storage volume will have a lower increase in thermal recovery
efficiency because the A/V is only slightly reduced. The system with the smallest storage volume will have
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46 6. Discussion

a high increase in thermal recovery efficiency because the A/V value is decreased significantly due to the
presence of the other well.

Another aspect to take into account is proper operation of the system. This research found an increase in
the performance of individual systems. It could even be beneficial if two systems with imbalance are placed
together, provided that this imbalance is opposite. Connecting thermal zones can however become a problem
if one of the systems starts extracting a larger volume than designed for, or starts infiltrating with a temper-
ature closer to the ambient groundwater temperature. Imagine system A extracting more at the warm well.
Because the thermal zones are combined, it will extract thermal energy injected by both system A and B. The
warm well is depleted faster, negatively influencing system B while system A is positively affected. This is
unfair because system A is malfunctioning. The same is the case when system A injects warm water with a
lower temperature than system 2. Because the thermal zone is combined system B will extract water that is
on average colder while the water at system A is on average warmer. This effects the efficiency of system B in
a negative way. When thermal zones are connected, care must be taken that the the balance of the systems is
met and that a certain infiltration temperature is reached.

The fact that building owners only use a part of the permitted storage volume further complicates the re-
sults of this research. Itis found that on average 50% of the permitted volume is used (Willemsen, 2016),(Beernink
etal., 2019). Therefore the thermal radius of the systems is smaller in practice than the thermal radius based
on the permit. This will lead to larger distances between wells. Several options exist to mitigate this problem.
Design guides could advice a smaller distance between wells of the same temperature, taking into account
the smaller storage volumes in practice. Another option is to re-evaluate the permit every couple of years and
adjust the permitted volume based on the real storage volumes plus a certain buffer for extreme years. This
way the thermal radius of existing systems is known and new systems can be placed at the right distance.

Scope of research

This research is limited to the analysis of the performance of the groundwater system. The performance
of the groundwater system is an important parameter to determine the performance of the whole system.
An increase in performance in the groundwater system does however not lead to the same increase in per-
formance of the overall system. In the next section the influence of the groundwater system on the overall
system is described. A distinction is made between the system under heating and under cooling demand.

In the case of cooling, the performance of the overall system is expected to increase with a higher rate
than the increase in thermal recovery efficiency of the groundwater system. In summer cooling is provided
directly without the use of a heat pump. Direct cooling has a COP of around 40. Only when the temperature
of the cold well is insufficient to cool, a heat pump is used. A higher thermal recovery efficiency means
the water temperature in the cold well is on average lower. Therefore less water needs to be pumped in
the groundwater system and the building system to provide the same amount of cooling. The flow is lower
leading to lower dynamic losses. The reduced energy used in the system for the same amount of thermal
energy leads to a higher coefficient of performance or COP, which increases more than the increase in thermal
recovery efficiency.

The most important result of higher thermal recovery efficiency is that the water in the thermal zone is colder
for a longer period of time. This has two large benefits: firstly it reduces the thermal energy that needs to be
regenerated in winter. Regeneration of the wells has a COP of around 20, so avoiding regeneration leads to
lower energy use of the system. Secondly it avoids the use of a heat pump at the end of the summer when the
water temperature becomes to high for direct cooling. The energy demand of the heat pump is high, with a
COP around 3. So avoiding the use of the heat pump for cooling will increase the performance considerably.

In the case of heating, the performance of the overall system is expected to increase with a lower rate than
the increase in thermal recovery efficiency of the groundwater system. In winter heating is provided by using
a heat pump which increases the temperature of the heating system, with a COP around 4. A higher thermal
recovery efficiency leads to a higher temperature at the evaporator of the heat pump. This reduces the energy
consumption of the heat pump but with a lower rate than the increase of the thermal recovery efficiency. Like
in the case of cooling, a higher thermal recovery efficiency avoids the use of regeneration. This increases the
performance of the system. The total effect is expected to be lower than the increase in thermal recovery
efficiency.



Conclusions

7.1. Conclusions

This research quantified the effect of placing wells of the same temperature together. This approach solves
the problem of interests between individual system owners who want individual ATES systems to have a large
efficiency, and the public interest of storing as much energy in the limited available aquifer space. It is shown
that this conflict in not present in the case of wells of the same temperature. This research proved that both
the individual system performance and the amount of systems in a certain area can be increased by placing
wells of the same temperature together and combining their thermal zones. Wells of opposite temperature
should be placed at a large distance to avoid negative effects.

System performance

The main goal of this research is to quantify the change in performance of ATES systems when their thermal
zones are connected. The performance of ATES systems is measured as the ability to extract thermal energy
from the aquifer that was stored in the previous season, called the thermal recovery efficiency of the ATES
wells. Another parameter to measure performance is the amount of pumping energy required, determined
by the drawdown in the wells.

This research confirms that placing wells of the same temperature close together and connecting their
thermal zones leads to an increase in thermal recovery efficiency of individual systems. A system with an av-
erage storage volume of 250.000 m® has an increase of thermal recovery efficiency between 8 and 20 percent,
depending on the shape of the thermal zone.

The increase in recovery efficiency is due to a decrease in A/V when wells of the same temperature are con-
nected. Lower A/V leads to lower losses and higher efficiencies. Systems with a low storage volume have
a high A/V value which decreases significantly when wells are connected, leading to a high increase in effi-
ciency. This is why connecting thermal zones is more advantageous for systems with a small storage volume.
For example, systems with a small storage volume of 50.000 m® have an increase in thermal recovery effi-
ciency between 15 and 40 percent.

The shape of the thermal zones, expressed as the L/Rthvalue, alsohasaninfluence.SystemswithalargeL/ Ry,
value have a large increase in thermal recovery efficiency.

Placing wells together also leads to an increase in pumping energy, which reduces system performance. This
effect increases exponentially when the distance between wells of the same temperature is reduced. If a small
distance between wells of the same temperature is taken, the combined effect of the increase in thermal re-
covery efficiency and the increase in pumping energy leads to an increase in overall system performance.
The distance between wells of the same temperature should be 0.5 times the thermal radius. The distance
between wells with opposite temperature should be larger than 3 times the thermal radius.

The case study also showed that connecting the thermal zone of a system with a small storage volume to the
thermal zone of a system with a large storage volume is very advantageous for the small system. Connecting
thermal zones also leads to fast start up of new systems because the aquifer temperature is already adjusted
to the thermal zones of the other system.
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Accepting imbalance in individual wells

When thermal zones of the same temperature are connected imbalance of individual systems should be ac-
cepted, provided that the energy balance of the combined system is met. Energy is exchanged between wells
of the same temperature if their thermal zones are connected. Wells of the same temperature should be
placed as close together as possible to exchange energy. The distance of 0.5 times the thermal radius should
be applied.

Ambient groundwater flow can have a positive effect on the transport of energy between systems with
imbalance, provided that the well injecting a larger volume is placed upstream of the wells that extract a
larger volume. An optimal distance exists between wells of the same temperature. This distance increases
with increasing ambient groundwater velocity.

7.2. Recommendations
Several recommendations are given based on this research. These recommendations are divided into recom-
mendations for ATES planning and recommendations for future research.

Future research

Future research can improve the results found in this study. This research did not quantify the number of
systems that could be placed in a certain area or the savings on greenhouse gas emissions. Furthermore only
two systems in a rectangle configuration is taken into account. Agent based modelling can asses the effect of
placing wells with the same temperature at a distance of 0.5 times the thermal radius apart, and wells of op-
posite temperature at a distance of 3 times the thermal radius. A more realistic view is obtained using agent
based modelling which takes into account well placement in other configurations, placement of more than
2 wells in a cluster, the effect of different system size and different infiltration temperatures. The savings on
greenhouse gasses for a certain area can be calculated to prove that placing systems closer together increases
savings on greenhouse gas emissions.

This study is also limited to the performance of the groundwater system. The relationship between the per-
formance of the groundwater system and the performance of the building system was not taken into account.
Research focusing on the effect of the performance of the groundwater system on the building system is there-
fore necessary.

Cases could also provide information. To assess the effect of placing wells of the same temperature together
in practice, it is preferred to have system operating for a long period. When a new systems is placed in the
thermal zones of the old system, a deviation of the system efficiency could be measured. The extra pumping
energy could also be measured to calculate the trade off between the advantage of increased thermal recovery
efficiency and the disadvantage of increased pumping energy.

ATES planning

Spatial planning of ATES systems should cluster wells of the same temperature to increase system efficiency
and to place more wells in a certain area. Currently a distance between wells of 3 times the thermal radius is
applied for all wells. Design guides and planning approaches should distinguish between wells of the same
temperature and wells of opposite temperature. The distance between wells of the same temperature should
be 0.5 times the thermal radius and the distance between wells of opposite temperature 3 times the thermal
radius or larger. In the planning of ATES systems it should be taken into account that small systems have a
large increase in thermal recovery efficiency. Connecting the thermal zones should be prioritized for small
systems.
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Thermal zones for different combinations
of Do and Ds
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B. Thermal zones for different combinations of Do and Ds
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thermal recovery efficiency
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C. Effect of volume and shape on change in thermal recovery efficiency

58

[unx] (sQ) @injeladwial awes Jo s||am 3duelsiq

5z 0z ST 01 50 00 5z 0z ST 01 50 00 5z 0z &1 0T 50 00 sz 0z ST o1 50 00 000°002=A
X X . X Oz X X . X 0z X X . X - X . . X -
Lot
Le
Loy
Loy
0's
5z sz 0z ST o1 50 00 000°00T=A
80 — s
9
@
060 g
-
Z 3
- . O
8560 R |
S @
m 00'T w
z Fse 3
2501 2
e =
2 or g
2ort by
2 0 .w_.
m ST S
g H
3ozt
2 Sy S
o S
sz =
FS
0€'T =
S 0z ST 01 50 00 sz 0z ST 0t 50 00 sz 0z ST 01 50 00 sz 0z ST ot <0 00 000°06=A
0., X X . X 0z X ; . X 0z X . . X 0z

¢="y/1 1="y4/1 t=y1 =191

(P
s[fem Jo adeys pue (A) swM[oA 35eI0]S JO SUONBUIUIOD JUIISPIP 1uasaIdal samSy JUaISfIp Y], AOUSIONJS UT 9SEIIIUT UB SUBIUI 9UO Uy} I93Ie[ 10J0B] B ‘AOUSIOYJo AI19A0091 [BULIDY) UT ISUBYD OU SUBIUI T
JO 10108 ¥ "10]0B] B S PassaIdxa ‘S[[om [eNpIAIPUI Jo AOUSIIYJS A19A091 [eWLISY) UT 93UeyD Y} pue (SNIPeI dI[NeIPAY a) JO SULId) Ul passaIdxa) s[om uaamiaq aduelsIp 9y} usamiaq diysuoneay :1°D d[qeL



Relationship A/V and thermal recovery
efficiency
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Figure D.1: The A/V value compared the the thermal recovery efficiency for a large range of A/V.
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Figure E.1: Temperature in the aquifer at the end of summer of

year 20 for 2 doublets.
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Figure E.3: Temperature in the aquifer at the end of winter of year
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Figure E.4: Temperature in the aquifer at the end of winter of year
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Figure E.5: Spreading of the conservative tracer at the end of sum-  Figure E.6: Spreading of the conservative tracer at the end of sum-

mer of year 20 for 2 doublets. mer of year 20 for 1 doublet.
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Figure E.7: Spreading of the conservative tracer at the end of win-  Figure E.8: Spreading of the conservative tracer at the end of win-
ter of year 20 for 2 doublets. ter of year 20 for 1 doublet.



Thermal zones case Echo
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Figure E1: Temperature at the end of summer of year 20 for con- Figure E2: Temperature at the end of winter of year 20 for config-
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E Thermal zones case Echo
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Figure E5: Temperature at the end of summer of year 20 for con-
figuration 2.
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Figure E7: Temperature at the end of summer of year 20 for con-
figuration 3.
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Figure E9: Temperature at the end of summer of year 20 for con-
figuration 4.
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Figure E6: Temperature at the end of winter of year 20 for config-
uration 2.
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Figure E8: Temperature at the end of winter of year 20 for config-
uration 3.
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Figure E10: Temperature at the end of winter of year 20 for config-
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66 G. Thermal zones TU Delft campus area

Figure G.1: Thermal zones of TU Delft campus area at the end of summer, based on average storage volumes of the wells after 20 years
of operation.
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Figure G.2: Thermal zones of TU Delft campus area at the end of winter, based on average storage volumes of the wells after 20 years of
operation.
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