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HIGHLIGHTS GRAPHICAL ABSTRACT

+ A PVT+ATES system is investigated to
minimize grid usage in a Dutch 5GDHN
case study.

A single ATES well, rather than dis-
tributed systems, is optimal.

Large ATES maintain a stable, colder
temperature, maximizing COP in heat
pumps.

Optimal configurations reduce power
purchase and support the energy infras-

truCtllre. Case study: ATES in Hilversum Modelling: sizing and topology Results: CO, ., thermal/electric performance>
ARTICLE INFO ABSTRACT
Keywords: The urgent need to address global warming and transition to sustainable energy solutions has
Aquifer thermal energy storage driven the development of innovative heating systems. Among those solutions, several district
Multi-carrier energy system heating alternatives have been proposed to combine heat pumps and thermal energy storage

Fifth-generation district heating network

‘ tanks. This paper addresses the integration of photovoltaic thermal systems (PVT) with aquifer
Photovoltaic thermal system

thermal energy storage (ATES) within a fifth-generation district heating network as an innova-
tive combination to minimise electrical power consumption from the grid, thereby reducing grid
dependency and CO, emissions. The proposed configuration is tested for the Werfgebied district
in Hilversum, the Netherlands A Python model of the multi-energy carrier system is developed
to investigate the effects of configuration, storage distribution, and component sizing within the
district heating network, embedding the thermal and electrical behaviour of the components
and their interaction. The results show that an optimal configuration for the ATES and PVT
combination involves a single ATES well rather than distributed thermal energy storage. The
results indicate that the aquifer’s size significantly affects the overall operating temperature
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and its fluctuations. A larger ATES maintains a stable but relatively colder temperature. If
constrained by a maximum allowed ATES temperature of 20 ° C, the optimal ATES size is
175 000 m®; however, when considering the overall benefit and excluding that constraint, the
optimal system size comprises an ATES of 380 000 m® and an 800 module PVT system, reducing
the overall emissions by 856 tonnes of CO, equivalent compared to the case without the district
heating.

1. Introduction

The escalating challenges of global warming and the urgent need for sustainable energy solutions have led to the development of
a fifth-generation district heating network (5GDHN) in Hilversum, Netherlands. This pioneering initiative is a collaboration between
the company HET and the municipality of Hilversum. It features the integration of a photovoltaic-thermal (PVT) carport, positioning
it at the forefront of innovative energy systems. This project leverages renewable energy sources to provide sustainable district
heating.

The urgency of transitioning away from fossil fuels and reducing greenhouse gas emissions has never been more clear. With the
world’s primary energy consumption heavily dependent on non-renewable sources, the resultant environmental impact underscores
the necessity for a shift towards more sustainable and resilient energy systems. Globally, fossil fuels constitute 80% of the total energy
supply [1]. In the Netherlands, this figure rises to 84% for total energy consumption. Within the domestic sector in the Netherlands,
15% of energy originates from solar or wind sources [2]. The necessary energy transition aligns with the global commitments
outlined in the United Nations’ Sustainable Development Goals and the Paris Agreement, which aim to limit global warming to well
below 2 degrees Celsius above pre-industrial levels.

The European Union and the Netherlands have embarked on ambitious paths to reduce their carbon footprints and transition
towards renewable energy sources. In this context, the implementation of district heating networks, especially 5GDHNSs, offers a
promising avenue for enhancing energy efficiency, reducing carbon emissions, and easing overall network congestion. By integrating
low-temperature operations with renewable energy technologies such as photovoltaic thermal modules, thermal storage, and heat
pumps, 5GDHNs represent a significant advancement in district heating systems. This integration optimises energy distribution and
lessens the strain on electrical grids, contributing to a more resilient and efficient energy infrastructure.

1.1. Case study

This research focuses on the current building landscape and forthcoming construction plans in the Werfgebied, Hilversum-Oost
(The Netherlands). There, the collective Vereniging Duurzaam Werfgebied is currently identifying opportunities for sustainable
development and energy efficiency improvements, aiming to make the district energy-neutral by 2028 [3]. The project studied in
this work is a fifth-generation district heating network for residential buildings equipped with water-to-water heat pumps, including
the sizing and technical analysis of an aquifer thermal energy storage system coupled to a photo-voltaic thermal system located on
the roof of a carport.

To create a representative approximation of the district in Hilversum, the sizes of the buildings and pipes need to be implemented.
The buildings were grouped into three categories: small, medium, and large (see Table 1), based on data provided in [3]. The annual
energy consumption was estimated per building to create a different electric load profile. Then, the map of the Hilversum Werf is
used to approximate the length of the tubes in the district heating network. The map shown in Fig. 1 shows the route of the pipes
and the categories of buildings. The lengths of the pipes are summarised in Table 2. Note that this map shows only the carport
connection, as it will be constructed at that location; the location and sizes for the ATEs will be discussed in Sections 3 and 4. The
model parameters can be consulted in [4].

1.2. Relevant literature

The inclusion of fossil-fuel-free heating technologies has gained momentum in recent years. In particular, heat pumps (HP) have
been the preferred alternative to gas boilers for residential and commercial buildings. However, the deployment of heat pumps has
caused congestion in distribution networks, in addition to scheduling challenges given fluctuating energy prices and the high energy
consumption of heat pumps [5]. For this reason, thermal energy storage (TES) has emerged as an equivalent to electrical storage to
shift the peaks in energy consumption and ensure thermal comfort [6].

Several thermal energy storage technologies have been proposed in the literature, classified into three main types: sensible heat,
latent heat, and chemical heat storage [7]. Sensible heat storage stores the thermal energy in a medium that changes its temperature
without changing its phase. In contrast, latent heat storage takes advantage of the phase change in certain materials. Conversely,
chemical heat storage uses reversible chemical reactions, similar to electric batteries. A detailed review of those technologies was
done in [8], concluding that sensible heat alternatives present the lowest energy density, typically below 100 kWh/m3. Latent heat
storage, in the form of phase change materials, presents a wide temperature range, from 0 ° C to over 200 ° C, with energy densities
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Nomenclature

(k) Current timestep

(k + i) ith timestep

Abbreviations

5GDHN 5-gen district heating network
ATES Aquifer thermal energy storage
PVT Photovoltaic thermal

TESS Thermal energy storage System
Variables

a Absorbance

m Mass flow

0 Thermal power

14 Volumetric flow

€ Emissivity

n Efficiency

p Density

T Transmittance

A Area

c Specific thermal capacity
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E Electric energy
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ranging from 50 kWh/m? to 250 kWh/m3. Chemical heat storage showed the highest energy densities, ranging from 150 kWh/m?
to 600 kWh/m?3, with a similar temperature range than latent heat storage (from 40 ° C to 200 ° C). Nevertheless, there is also a
trade-off between performance and cost. The total system costs for sensible heat storage ranging from 0.1 €/kWh and 10 €/kWh,
whereas latent heat storage ranges between 10 €/kWh and 50 €/kWh, and chemical heat storage between 8 €/kWh and 100 €/kWh.
In the context of district heating networks, as the one presented in this work, sensible heat storage in the form of an ATES seems
very attractive, thanks to the lower costs and volume availability given the underground nature of the solution. However, in contexts
with higher volumetric constraints, latent or chemical heat storage might be a more suitable solution, for instance, as part of the
heating, ventilation, and air conditioning systems in buildings [9].

This work aims to design, size and optimise a district heating system in residential areas with a case study in Hilversum,
specifically targeting CO, emissions reduction. This involves a comprehensive analysis of how various component sizes and storage
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Fig. 1. Map of the heating network in Hilversum Werf, indicating the building categories.

Table 1
Parameters of the different building sizes [10].
Parameter Building category Units
Small Medium Large
Length 35 50 70 m
Width 25 30 40 m
Height 6 7 8 m
Roof area 874 1,504 3,130 m?
Glass area 213 400 647 m?
Annual energy consumption 54,455 72,283 285,836 kwWh
Table 2
Pipe lengths.
Parameter L1 L2 L3 L4 L5 L6 L7 L8 Lo L10 L11 L12 L13 L14 L15
Value (m) 30 30 45 45 50 50 30 30 50 60 50 40 30 50 30

distribution influence power consumption from the grid to the electrical components, affecting CO, emissions. With the application
of 5GDHN, the methodology incorporates PVT systems and ATES. The integration of PVT and ATES within 5GDHN frameworks
is relatively novel, presenting various unexplored aspects. A literature search was conducted to establish a solid foundation on
the existing knowledge on this combination, focusing on studies that utilise both PVT and ATES. The specific query in the Scopus
database was ’ATES OR ‘“Aquifer Thermal Energy Storage” AND PVT OR “Photovoltaic Thermal”.’

Khlebnikova et al. [11] explored using PVT combined with 5GDHN, water-to-water heat pumps, and ATES in Haarlem,
Netherlands. This study focuses on the system’s control strategy. It considers a decentralised PVT system and emphasises on
the control system within the household, recommending network temperatures between 14 ° C (during winter) and 18 ° C
(during summer). Jansen et al. [12] discussed designing a sustainable urban energy system in Haarlem to create an energy-neutral
neighbourhood, considering multiple technologies and district heating networks, utilising decentralised PVT, HPs, and ATES. Their
study considered different isolation levels for the buildings, and carbon intensities for the grid energy, and concluded that network
temperatures between 20 ° C and 40 ° C minimise energy consumption, therefore, the CO, emissions. Picone et al. [13] evaluated the
performance of various ATES pilot sites across Europe, including a project in Delft that integrates ATES with PVT systems. This study
provides valuable performance data and operational insights from different European contexts, demonstrating the compatibility of
ATES and PVT technologies, leading to savings in gas of up to 63 %.

The aforementioned studies utilise a combination of PVT and ATES but have a different scope than this work. On the one
hand, both Khlebnikova [11] and Jansen [12] explore decentralised PVT installations on individual households, whereas this
research focuses on a centralised PVT system installed on a carport. On the other hand, [13] proposes a brief review of some ATES
pilot projects in Europe without providing much detail about the electric or thermal performance of the district heating network.
Additionally, all these papers employ differing methodologies and pursue different objectives. In contrast, we aim to analyse the
effects of the distribution of the ATES and the impact of different component sizes. We also included a sizing analysis to minimise
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the CO, emissions from the district heating network. These aspects have not been addressed in the mentioned papers.

To design an optimal low-temperature district heating network utilising PVT and ATES, the initial step involves designing the
topology of the network. This process includes evaluating two scenarios for locating the ATES, considering one with centralised
ATES and another with distributed ATES. Significant research has explored the effects of distributed heat storage within district
heating networks. Jebamalai [14] analyses the cost and efficiency implications of centralised versus distributed thermal storage
within a thermal network, highlighting cost reductions associated with distributed storage configurations. Roder [15] developed
an optimisation tool in Python using Mixed Integer Linear Programming (MILP) for low-temperature district heating networks,
focusing on economic optimisation to reduce thermal losses and operational costs. Nuytten [16] examines a multi-carrier energy
system, analysing the impact of centralised versus distributed thermal energy storage. The study notes that distributed storage
reduces power supply flexibility for combined heat and power (CHP) systems, due to variability among storage tanks. While these
studies are closely related in terms of thermal energy distribution, they focus on thermal energy storage systems (TESS) in general
instead of specifically ATES, which is the focus of this work.

The second step in the system’s design involves sizing the components. This includes determining the optimal dimensions for
the ATES system(s) and the quantity of PVT modules to be installed. Initially, the performance of various component sizes will
be analysed for both centralised and distributed storage systems, focusing on heat generation and loss. Third, the sizes of the
PVT system and ATES will be adjusted to minimise CO, emissions. This strategy seeks to derive an optimal design that enhances
the system’s autonomy. Previous research has made significant contributions to sizing optimisation in district heating networks
using PVT. Geraedts [17] discusses the combination of PVT with 5GDHN and TESS, employing MILP for cost and environmental
optimisation, focusing on sizing TESS. Krishna Priya [18] explores the optimal sizing of a PVT system in conjunction with thermal
storage and load, focussing on cost-effectiveness. Testi [19] examines a PVT system combined with thermal storage for a residential
building, including economic considerations in the sizing process.

1.3. Contribution

This work contributes by designing and optimising a district heating system in residential areas with a case study in Hilversum,
specifically targeting CO, emissions reduction. The contributions, identified after addressing the research gap in Section 1.2, using
a case scenario of a 5GDHN in Hilversum, the Netherlands, are as follows:

» investigate the network’s performance when a centralised or distributed ATES are coupled, from a thermal (ATES and
distribution network thermal losses) and electrical (heat pumps and ATES pumping electric consumption) perspective, and

+ analyse the sizing effects of a centralised PVT installation in combination with ATES in the ATES and distribution network
thermal losses, the heat pumps electric consumption, grid exchange and equivalent CO, emissions.

In addition, all our models and simulations were done in Python, which are open-access and available for calculating district
heating networks, including PVT, buildings, piping, ATES and heat pumps.

1.4. Methods

First, we require a framework to model the system’s components: the PVT, the ATES, the HP, the distribution networks and the
thermal demand. Section 2 provides the mathematical description used in this work based on the models available in the literature.
Second, in Section 3, we analysed how different storage distributions and configurations of district heating and ATES affect thermal
performance. Multiple cases were constructed for this purpose: one utilising a single, centralised ATES unit in various configurations
and the other employing multiple, smaller, distributed ATES units. The distributed ATES units will be smaller in size but greater in
number, totalling the same volume of water compared to the centralised ATES. The feasibility of installing these ATES units will be
determined based on the capabilities of the existing area. This approach will enable a comprehensive assessment of thermal losses
and the overall performance of the distribution scenario.

Third, the size of the PVT and ATES systems were studied in different scenarios for both distributed and centralised ATES
configurations. We highlighted the influence of these changes on the system’s generation capability and temperature stability over
the year. This involves creating a feasible region of scenarios, each with specific dimensions, configurations, and ATES location, while
considering the physical constraints of the project, as shown in Section 4. Finally, the optimal component sizes for the systems are
proposed to ensure reliability and minimise CO, emissions. These emissions will be directly linked to the electrical use and generation
of the components resulting from the system’s thermal behaviour. This electrical power flow results in power extracted from the grid
to operate the system. An objective function will be created to minimise CO, emissions, considering the number of PVT modules and
the sizes of the ATES units. The constraints will be based on the available area and the findings from the component size analysis.

2. Mathematical framework
2.1. Photovoltaic-thermal system

The PVT system considered is a liquid-based PVT module. The module comprises multiple layers: a glass top, an air gap, the PV,
thermal absorber and thermal fluid tubes [20]. Each layer exchanges heat due to conduction, convection or radiation. The method
of expressing the thermodynamic behaviour is derived from [20,21], describing the heat transfer in each layer depending on the
adjacent layers or atmosphere. To simplify, the following assumptions were made:
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Fig. 2. Cross section of the PVT collector.

+ the edges are well insulated, with no heat loss,

« the layers are very thin, so there is negligible vertical heat conduction,
» no dust or shading effects are considered, and

+ the flow rate of the fluid is constant.

The analysed layers are the glass, PV, thermal absorber and fluid. It is assumed that the air layer and thermal absorber
temperatures are not relevant [20]. Thermal energy is transferred between the layers and the atmosphere through conduction,
convection, and radiation. Note that the PV layer consists of multiple layers: glass, two layers of EVA, the Si cell, the Tedlar layer,
and an adhesive [21]. Fig. 2 shows a cross-section of the PVT collector layers. The different heat transfer processes in the PVT are
divided into different layers. First, the glass layer receives solar irradiation, a part is reflected the rest is absorbed or transmitted
to the PV layer. The glass layer receives reflected radiation and radiative losses from the PV layer. Thereby, it loses heat due to
convection caused by wind. The PV layer receives solar radiation, of which some is reflected to the glass layer and some is absorbed.
The radiation to the glass is heat loss from the PV layer. Convection between the PV and the glass layer also occurs due to the air
gap. Some of the irradiation absorbed by the PV layer is converted into electricity. The heat absorber layer exchanges heat with the
PV layer, the insulation and the fluid through convection. The insulation loses heat to the environment through convection from
the wind. The heat transfer in the fluid in the tubes is also caused through convection by the pumping system [20].
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The energy balance equations for the different layers are rearranged by isolating the temperatures of the glass layer, PV layer,
thermal absorber layer and the fluid: Ty, Tpy, Ta and Tyyiq- This gives the following set of equations [21]

Tgtass(k + 1) = C; (k) Tgjass (k) + Co(k)Tpy (k) — D, (k)
Toy(k +1) = C3(K)Ty1as5 () + Cy(k)Tpy (k) + C5 (k)T (k) — Dy (k)
Ty(k + 1) = Co(k)Tpy (k) + C; (k)T (k) + Cy(k)Ty(k) — D3(k)

Ty(k + 1) = Co(k)T, (k) + Cyo(K)T¢(k) — D, (k)

, (€3]

The system of equations in (1) allows one to estimate the temperatures of each layer of the PVT as a function of the heat transfer
coefficients. The temperature of the glass layer for the next time step k + 1 depends on the current temperature of the glass and pv

layers, the convective transfer coefficient with the surrounding air hg’:s‘;, the radiative heat transfer coefficient from the sun h; lass®

the convective heat transfer coefficient with the air gap between the glass layer and the PV layer h the radiative heat transfer

8ap>
coefficient caused from the glass to the PV layer h; (k), and the absorbance agj,q of the glass. The previous terms have been
conveniently grouped per layer as

lass-PV

Aglass At | MgpaesC
_ glass glass“glass _ pconv g _ g

al= MglassCglass |: AglasSAt hglass(k) hglass(k) hgap(k) thZSS-PV(k):l ’ @

A gyass At
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Dy(k) = 22 [hglassTamb(k) s (O Ty () + aglaSSG(k)] . )

MglassCglass

For the PV layer, the same analysis is done, where its future state depends on the current temperature of the glass, PV and

thermal absorber layers, the convective heat transfer coefficient with the air gap between the glass layer and the PV layer hg,,, the
radiative heat transfer coefficient caused from the glass to the PV layer h;lass’PV(k), the conductive heat transfer coefficient between

the PV and the thermal absorber layers hf,‘{,“fa, the transmittance of the glass layer 74,, the absorbance of the PV layer apy, and
the energy absorption efficiency of the PV cells #py, grouped as

Apy At )
Gy =, B [hgap(k) + hglass_w(k)] , o
Apy At | mpycpy .
Cik)= ——— | ——L _p k) —h" k) — heod (| | ]
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For the thermal absorber layer, the future temperature depends on the current temperatures of the PV, the thermal absorber
and the fluid layers, the conductive heat transfer coefficient between the PV and the thermal absorber layers h;‘:,“_da, the total heat
transfer coefficient between the thermal absorber and the fluid & and the heat transfer coefficient between the absorber and the
ambient A%, grouped as

a—f>

A At
Colhk) = ——H,(K), ©
ara
At [myC
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A At
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Finally, the future temperature of the fluid depends on the previous temperature of the thermal absorber and fluid layers, and

the total heat transfer coefficient between the thermal absorber and the fluid 4,_;, grouped as
abs

Colk)= = h_.(k). (13)
o (k) e a—f (k)
At mgCe surf :
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and

Dy(k) = 2ﬂmefi“(k). (15)
mg

The remaining constants are the area, mass, specific heat and thickness of the ith layer A; [m?2], m; [kgl, ¢; [J/kgl, and L; [m],
respectively; the mass flow of the fluid in the tube per time step is r; [kg/s]. In addition, Afbs [m?] is the area of the tube which
is in contact with the absorber, Afu"f [m?] is the tube’s lower surface area which is in contact with the isolation layer. G [Wm~2]
is the solar irradiation and 7, is the ambient temperature [21]. The difference in temperature over time is expressed discretely,
Ti(k+1) is the temperature Tj(k) [° C] after time step 4t [s]. Ty, is the equivalent radiative temperature of the sky. There are multiple
equations and methods to define the equivalent radiative temperature of the sky. In this case, the Brunt model is used [22].

The heat output of the PVT modules can be calculated using the temperature of the fluid in the tubes

Opyr(k) = nypNiingeg [T (k) = T(k)| = 207 Nringeg [Ty (k) — T (k)] (16)

where 7 is the efficiency of the heat exchanger from the PVT to the heating network and N is the number of tubes in the PVT.
2.2. Aquifer thermal energy storage

The ATES comprises an underground water-bearing layer (aquifer) for thermal energy storage. This system adopts a doublet ATES
configuration, wherein the cooling and heating wells are installed in separate boreholes. A specific horizontal distance is carefully
maintained to prevent interference between the two. During winter, water is cooled by the thermal demand of the building and
then directed into the cold well after its use. Conversely, in the summer, the water heated by the building’s cooling requirements is
stored in the warm water well, ready for use in the following winter. This cyclical process facilitates an efficient use of underground
thermal energy, contributing to the sustainability and energy efficiency of residential heating and cooling systems.

Due to the aquifer’s significantly smaller height than the area, the aquifer’s heat losses are attributed exclusively to thermal
diffusion towards the overburden and underburden layers [23]. The applicable temperature in the ground surrounding an ATES
system is assumed to be constant and not dependent on the environment. At a certain depth, typically between 4 to 6 m, the ground
temperature becomes relatively constant and remains unaffected by annual environmental changes [24], but solely depends on
geothermal energy. This principle holds true in the Netherlands, where ATES systems are usually installed at depths ranging from
20 m to 150 m, a range considered relatively shallow yet sufficiently deep to negate environmental influences [25]. Measurements
in Hilversum indicate a stable temperature of 11 °C at both 25 m and 125 m depths [26], suggesting no significant temperature
variation occurs within this subsurface span.

In the context of the Hilversum ATES, the depth of the wells demonstrates a similarity. The aquifer under Hilversum is positioned
between two impermeable layers, consisting of clay and fine sand, preventing water from permeating them. This aquifer stretches to
depths varying from approximately 45 m to 65 m and extends to around 148 m to 170 m. Due to the presence of toxic pollution water
at shallower depths, a minimum operational depth of 110 m is maintained for the aquifer’s use [27]. Consequently, the operational
depth range for the well in this aquifer lies between 110 m and 170 m. Based on this setup, it is assumed that the temperature
within this specified depth range remains constant at 11 °C, aligning with the observed stable temperature characteristics at similar
depths within the region.

The aquifer’s heat balance comprises the heat supplied by the water inlet, the heat withdrawn by the water outlet, and heat
losses to the surrounding overburden and underburden geological formations. The ATES is an open system, so the input and output
heat are expressed as the flow of warm water given by

n

. AT,
ity € ¢ T (k) — gy € Tarps (K) — Qo (k) = 2 mic; ZIES , a7

i=1
where rir;, is the mass flow into the ATES, with temperature T™. s, is the mass flow from the ATES, with temperature Txrgs. Ol

is the heat exchange with surrounding underground layers. m; and ¢; are the mass and specific heat of the aquifer material. The
aquifer is assumed to consist of water and rock; thus, the internal heat depends on these materials’ ratio, [23], given by

n

Zm,ci =0 -mmec, +nmycy, (18)

i=1

where n is the porosity of the aquifer, m, and m, the mass of the rock and water, ¢, and ¢, the heat capacity of rock and water.
Under the assumption that the aquifer behaves like a perfectly mixed water tank, the temperature within the ATES can be

modelled using

At[mianTin(k) - mouthTATES (k) — anil (k)]

Tates (k + 1) = Tyrgs (k) + (L= mym,c, + nmyc; (19)
The total heat loss to the ground can be split into heat loss into the overburden and underburden layers.

Ot = Qoverburden + Qunderburden (20)
with

Ooverburden = hf{’?S,DAmp [Tate (K) = Toverburden) 21
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and
Qunderburden = h?’;‘gqubntmm [TATE (k) - Tunderburden] . (22)
where h°A°T“§70 and hCA"T“éu can be calculated with the method proposed in [21]. The method proposes a discretisation of the soil

around the thermal storage as a semi-infinite solid with one-dimensional coordinates, using as boundary conditions the surface
temperature and the mean effective temperature at a point underground where the effects of surface heating are neglectable.

Water extraction and injection into aquifers require the installation of pumps for each ATES well. These pumps consume
electricity, similar to the operation of heat pumps within the system. Considering a constant pump efficiency and constant volume
flow of water, the power consumption of these hydraulic pumps can be calculated using

V(pgh+ Lpy)
Pyrgs = TSL’ (23)

where V represents the volume flow rate of water, with p, g, and h, denoting the density of water, the gravitational constant, and
the vertical distance traversed. L signifies the length of the underground pipe, while 5, rgp is the efficiency of the pump [28]. The
unit p; represents the pressure loss per unit length within the pipe; this can be calculated using

n-B)(%)

Here, Re is the Reynolds number of the fluids’ flow and v is the velocity. The length of the tube is L and the diameter is d.

2.2.1. Heat pumps

Water-to-water heat pumps are used, where the heat pump extracts thermal energy from a water supply. To determine the
amount of power necessary to meet heating demand, the coefficient of performance is calculated using the model proposed by [29]
as

COP(k) = 7.90471¢~0024(TrerW)~Tin(0)) (25)

The constants were established by regression of 10 different heat pump models. Here, T, is the return temperature of the fluid at
the inlet of the heat pump, which is cooled by the thermal demand of the building and T}, is the inlet temperature of the district
heating into the heat pump.

Typically, the practical COP is lower than the theoretical values reported in the datasheets, and expressions can lead to unrealistic
COPs. For this reason, we considered that the heat pump uses R32 refrigerant [30], which has a typical maximum COP of 3.6 for
water-to-water systems [31]; this way, we capped Eq. (25) to a maximum value of 3.6. The heat pumps’ heat to evaporate the
refrigerant is extracted from the water in the district heating network. This extracted heat can be calculated with [32]

- : i
Opuap®) = Opp (k) <1 - o (k)> . o6

Similarly, the heat supply of the heat pumps can be expressed using a similar method as the PVT
Oup(k) = nigprin ey (Taup = Tret (K)) . @7

where the heat supply of the heat pump Qyp is expressed using the fluid’s mass flow s + from and to the building, the heat pump’s
efficiency nyp and the specific heat of the fluid ¢;. Ty, is the required supply temperature of the fluid which will be at the inlet of
the building. This temperature is fixed to remain a constant temperature in the buildings’ boiler.

2.2.2. Piping system

To accurately assess the heat losses in the pipe, a temperature profile is established that delineates how temperature varies
along the pipe’s length. This pipe, which is embedded underground, principally dissipates heat to the surrounding soil. Given that
the pipe’s temperature fluctuates along its length, the rate of heat transfer to the soil also varies correspondingly. To model this
phenomenon, the following equations are introduced, employing dx to represent an infinitesimally small segment of the pipe

tyerdTy =0y = yes [TF00 = T () (28)

and
[TF(k) - T (k)] dx
A (29)
1
where 1, and c; are the mass flow and specific heat of the fluid in the pipes. T} is the temperature of the fluid at the inlet of pipe
segment with length dx, and T;‘J’d" is the outlet temperature of the segment. R, is the total thermal resistance from the fluid to the
grounds’ surface. The length of the small segment of the pipe is dx and T, is the temperature at the ground’s surface.

A differential approach is employed to quantify the variation in heat exchange along the pipe’s length, accounting for the
changing temperature of the fluid inside the pipe as it loses heat to the surrounding soil. This method involves setting up an
integral equation, where integration with respect to the fluid temperature change dT, on the left-hand side is done, representing
the thermal energy variation within the pipe, and with respect to the pipe segment length dx on the right-hand side, denoting the
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spatial progression along the pipe, resulting in
dTy _ _dx
T[X(k) —T(k) mscrR;

(30)

The integration boundaries are defined by the inlet and outlet fluid temperatures for the left-hand side, and the start and end points
of the pipe’s length for the right-hand side. This approach yields a comprehensive model that captures the dynamics of heat loss
across the pipe, facilitating a precise determination of how the fluid temperature evolves from the point of entry to the point of
exit [28], resulting in

Tout de L 1
/ X =/ - dx. (31)
T I} (k) = T,(k) o MyscpR;

A constant temperature over the area is assumed due to negligible district heating influence on ground surface temperature [33],
thus

T (k) - T}’“t(k) oL
— J  —e rithfR, . (32)
T(k) - T(k)

Isolating T/‘?“t results in
L

TR0 = Ty(k) = [Tk) = Tio | 7577 (33)

where T j‘,’“t is the outlet temperature and T }“ is the inlet temperature of the pipe, L is the length of the pipe. The total thermal
resistance R, is a combination of the conductive and convective heat transfer coefficients from the fluid to the ground.

To calculate the temperature at the grounds’ surface, a method to model a temperature gradient over a depth y is used [21]. For
modelling heat loss to the ground, the temperature at any specific depth y is assumed to be constant over the total area. The system
is represented as a semi-infinite solid along one-dimensional coordinates to calculate the soil temperature. The boundary conditions
for the model are surface temperature and the temperature at a point underground with a constant temperature. The first boundary,
the surface temperature, can be obtained using Fourier’s Conductivity Law, Newton’s Law of Cooling, and Stefan-Boltzmann’s Law
of Radiation, resulting in

AT;oil (y s k)
soil Ay
where T,(y = 0) is the temperature of the soil at the surface, k; is the thermal conductivity of the soil. e is the thermal emissivity
of the soil, aj is the soil’s absorbtivity and G is the solar radiation. T, is the ambient temperature. AR is given with the following
equation:

AR =0 [T} k== T4, ®)]. (35)

—k = h(k) [Tymp (k) — Ty(k)] — €AR (k) + ayG (k) (34)

Here, Ty, can be calculated using Brunt’s model and T (k — 1) is the surface temperature ate the previous time step. The total heat
transfer coefficient 4 is a combination of the convective and radiative heat transfer coefficients, given by

h (k) = h®" (k) + h" (k). (36)
The radiative heat transfer coefficient A" is calculated with

W (k) = eo [Tf h=D+T3, (k)] [T, (k= D)+ Tyey ()] (37)

Assuming that the temperature profile over y within the soil is linear, the following equation can be used
AT (v, k) Ty - T

ol =4 ~ksoil ——

where d is the distance of the surface to a point underground where the environmental effects are neglectable, this is considered at

a depth of 6 m [24]. This temperature can be calculated with the following equation:

Ty =0.0318d + 8.01768 (39)

—k (38)

The expression for the temperature at the surface is then
wilTy + ATy (k) — deAR (k) + da,G (k)

k
T(k) =
(k) dh + kg

(40)

To quantify the heat loss to the ground, a theory from Wallenten [34] is applied, which focuses on the heat conduction dynamics
of an insulated pipe embedded in the ground. The conductive heat transfer resistance of the pipe h?‘i‘ld can be calculated using [34]

1 :1n<2H)+ﬁ' (41)

cond r
hf -s

o

The distance between the centre of the pipe and the ground is H. The thickness of the insulation of the pipe is expressed with an
inside radius r; and an outside radius r,. The dimensionless parameter f is expressed with the following equation. The error, using

10
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this formula for h;"‘f, is typically less than 0.5% [34].

—g

ﬁ=§1n<r—"> (42)

Kt T

The thermal conductivity of the tube is «;, and the thermal conductivity of the ground is «,. This equation is designed for a
single-layer tube embedded in the ground. However, the district heating network employs a pipe that features an inner tube encased
by an additional layer of insulation. Therefore, the dimensionless parameter needs to be adapted to accommodate this multi-layered
structure as follows

ﬁ:gln<ri—_o>+gln<r—”> (43)
K T Ki Tiwo
where the thermal conductivity of the insulation is «; and r;_, is the outer diameter of the tube which is the inner diameter of the
insulation. The total heat transfer coefficient can be translated to a total heat resistance

R; = Reond + Reony 44
ln(zr—H) ln(r’r“‘) ln(:" )

R _ o i io 45

cond 2Ky * 27k, * 27k (45)

Finally, the total heat loss of the pipe can be calculated using the inlet and outlet temperature of the fluid in the pipe.

Opipe = rigey [TPM (k) = T (k)] . (46)

2.3. Thermal demand

The thermal demand for buildings Oy, primarily stems from maintaining a consistent indoor temperature. Heat losses to the
environment result in a temperature decline within these buildings. To counteract this effect and keep the temperature stable, it is
necessary to supply an amount of heat equivalent to the thermal losses. The buildings are considered with losses to the environment
through walls, double-glass windows and the roof, and due to ventilation and infiltration. Using the model proposed in [21], we
estimated the thermal demand on the building; however, the model does not account for building occupants, appliances or radiative
heat through the windows. With respect to the latter, since this work focuses on heating, neglecting the radiative heat will result in
a conservative approach, as it would reduce the thermal demand (depending on the size, orientation and materials of the windows).

Assuming no mass exchange between the house’s exterior and interior, the change in the indoor temperature AT during a time
step At can be calculated as a function of the building’s thermal mass and specific heat m and ¢, and the sum of thermal powers Q;
with

n n
AT .
T 2ma= 2,0 “7)
i=1 i=1

Considering a single input of heat into the building and considering a heat demand equivalent to the heat losses, (47) can be
rewritten as

AT, « . i
yre ; mic; = O — Op. 48)

Each building is heated by its own individual heat pump. The pump supplies a constant temperature supply into the building

T, to remain a constant temperature of the indoor boiler equal to the supply temperature. Isolating the indoor temperature results
in
At(Qyp — C
T (k1) = T,y () + e~ Co) (49)
ey MiC;

where the heat inserted into the building is provided by the heat pump Qyp, and AT}, is the change in temperature during time
step At.

To analyse the building heat loss, it is conceptualised as one space with its thermal mass and losses to the external environment.
Heat transfers to the ground and radiative heat transfers are not considered in this model. The heat loss from the building primarily
results from the unique characteristics of the walls, windows, and roof that interface with the environment. These losses are
conductive and convective heat transfers and additionally ventilation and air infiltration losses, using a method described by [21],
the convective losses are modelled by dividing them into two identical sections, each spanning half the original distance, with the
thermal mass positioned in between. The overall heat transfer coefficient, which quantifies these losses, is shown in Fig. 3 and can
be calculated using

n m -1
U:<2hi+;’,:—> , (50)

i=1

11
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Fig. 3. Convective and conductive thermal losses through the roof, walls, and windows considered per house room [21].

where h; are the convective heat transfer coefficients, k; is the materials’ conductivity and L; the thickness of the conductive
materials. Using this heat transfer coefficient, the heat losses from the building through conduction and convection can be determined
as

n
O, = Y U,AAT. (51)
i=1
Here, A; are the surface areas with the corresponding heat transfer coefficients, and AT denotes the temperature difference between
the indoor and outdoor environments.
The ventilation and infiltration heat exchange is calculated through the method suggested by the American Society of Heating,

Refrigerating and Air-Conditioning Engineers (ASHRAE) [28]. This heat exchange results from the mass exchange of air entering
and exiting the house. The ventilation heat exchange is described as

0O, = ¢,p,9,4T, (52)

where, ¢, and p, are the specific heat capacity and density of air, AT is the temperature difference between the outside and inside
of the building. The ventilation airflow, denoted as g, can be calculated using

g, =0.03A. +7.5 (N + 1), (53)

where, A is the conditioned area of the building and Ny, is the number of bedrooms. Next, the infiltration heat exchange is
described as

Qi = capainT (54)
where the infiltration airflow, denoted as g, can be calculated using

4; = AegAj\/ Cy |AT (k)| + C 2, (55)

The exposed area is represented as A, and the leakage area as A;. The stacking coefficient C; depends on the number of floors,
while the wind coefficient C,, depends on the building’s surroundings [28], and u is the wind speed. Finally, the total heat demand
of the buildings is the sum of the losses due to conduction and convection Q, , ventilation Q, and infiltration Q, losses, given by

QD =QL+QV+Qi~ (56)

2.4. Thermal network
The previous systems are connected to form a 5SGDHN. The entry and exit temperature points for each component form the basis
of the systems’ dynamics. Here, the outlet temperature for one component is assumed becoming the inlet temperature for the other

in a sequential manner. The system’s initial setup features a centralised PVT and ATES system configuration. All components are

12
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Fig. 4. Thermal network configuration.

interconnected through pipes except for the heat pumps to the corresponding buildings. This network is designed in such a way
that it is a closed loop, and the carrier thermal fluid circulates clockwise through all the heat pumps once it has passed through the
PVT and the ATES system. The thermal connection to the heat pumps, buildings and PVT are done through a heat exchanger. On
the other hand, for the ATES and pipes, the components are directly connected to the thermal carrier. The schematic overview of
the system can be seen in Fig. 4. The number of buildings with heat pumps is in reality higher, and is therefore expressed as the
ith building, heat pump or pipe.

The temperatures at the different points in the thermal network are calculated using the previous temperature and the
characteristic heat exchange of the component. Due to multiple buildings with corresponding heat pumps and pipes connecting
them, a set of equations is formed for each ith combination of these components. The temperatures of the connection between the
buildings and the heat pumps can be calculated using

Yoy mc; [Tinlk = 1) = Tin(k = 2)]

Qbuilding = At - QD (57)
with
Obuilding (%)
Tyup (k) = Treq(k — 1) + —ie (58)
Wy p
and
Obuilding(k — 1) + Opp(k — 1)
Tret(k) _ Tret(k “D+ building HP ) (59)

MgpCy
where the T, is the supply temperature into the building which is heated up to 53 °C when the T out of the building drops
below 50 °C, Tj, is the inside temperature of the building. The water mass flow in and out of the building is ri;,. The following
equations connect the heat pumps with their subsequent pipes.

: Oevapi(k)
T (k) = T, (k= 1) = % (60)
. Oevap,itk) + Opipe itk — 1)
R e (61
Titp a1 (0 = T () (62)
Considering a centralised PVT and ATES, the following equations express the total systems’ thermodynamics.
. 2t Oevap,itk) + X1y Opipe,ik)
Toyr(k) = Tygg (k= 1) = = Ui e, = (63)
. . Opvr — 2t Oevap) — X1y Opipe,i (k)
Tia00 = Tl (k= 1)+ =1 B D7 S Sl ® (64

13
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Fig. 5. Map of the heating network in Hilversum Werf, indicating the location of the centralised ATES.

Table 3

Parameters of the centralised ATES.
Parameter Symbol Value Units
Radius ATES R 250 m
Height ATES d 10 m
Number of PVT n 800 -
Length pipe 16 L 70 m
Length pipe 17 L 100 m

QPVT - QATES - Z?:] Qevap(k) - Z?:] Qpipe,i(k)

in _ rin
TATES(k) - TATES (k=D+ e,

(65)

The district heating thermal network connects the centralised PVT and the ATES to the buildings’ thermal network through the
water-to-water heat pump heat exchangers. While the PVT supplies thermal power to the district network, the heat pumps demand
thermal power from the district network to heat the buildings through the building thermal network. The strategy used to control
the heat flow is similar to the one used in [21]. On the one hand, every building measures the indoor temperature every 15 min
and compared with a desired setpoint temperature. If the measured temperature is below the setpoint, the building’s heat pump is
activated, keeping the fluid in the building’s network between 50 ° C and 53 ° C. On the other hand, the PVT operation involves
a tank temporarily storing thermal energy. The PVT modules heat the water in the tank, and this tank transfers the heat to the
district heating network. The tank exchanges heat with the district heating network only if its temperature exceeds the network’s.
This design ensures that the PVT modules never cool down the network, as the tank will not transfer heat to the network unless it
has a higher temperature. This approach optimises heat management, ensuring efficient and effective heating within the system.

3. Network configuration

The base case uses a single ATES, as shown in Fig. 5. The radius of the ATES is depicted as a red line, with the centre marked by
a red dot. The ATES is considered a circle with a specific radius and height. The aquifer consists of water and sand, with the water
assumed to be perfectly mixed within the sand of the aquifer. The input and output of the aquifer are visualised using pipes with
lengths L16 and L17. The initial amount of PVT modules is based on Hilversum’s plans to install 800 solar modules on the carport
roof. The parameters are summarised in Table 3.

The second scenario, illustrated in Fig. 6, involves implementing multiple ATES systems within the base case of the Hilversum
district heating network. The locations for these ATES systems are strategically selected to ensure an equal distribution of buildings
between each aquifer and to prevent overlap between the aquifers. The sizes of the individual ATES systems are designed so that

14
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Fig. 6. Map of the heating network in Hilversum Werf, indicating the possible location of the distributed ATES.

Table 4

Parameters of the distributed ATES.
Parameter Symbol Value Units
Radius ATES R 144 m
Height ATES d 10 m
Number of PVT n 800 -
Length pipe 16 L 70 m
Length pipe 17 L 100 m
Length pipe 18 L 80 m
Length pipe 19 L 110 m
Length pipe 20 L 80 m
Length pipe 21 L 80 m

their combined total volume matches that of a centralised system utilising a single aquifer. To integrate these ATES systems into
the existing district heating network, additional pipes are installed while all other parameters remain unchanged (see Table 4).

In both cases (centralised and distributed), the highest temperatures in the distribution network are recorded immediately after
the PVT, where the water has just been heated. The large temperature fluctuations are due to the daily variations between day
and night. In the centralised case, the temperature of the water exiting the ATES remains the most stable, reflecting the internal
temperature of the ATES, which gets colder while circulating in the network, reaching its coldest point when entering the ATES,
as heat has been extracted by the heat pumps to warm the buildings. In the distributed case, however, having multiple ATES
distributed throughout the network keeps the water temperature higher, as the thermal inertial of the ATES prevents it from dropping
considerably, increasing the heat pump’s COPs. Table 5 summarises the total heat transfer over the year for all components for both
scenarios. The higher temperature in the district heating network, in the distributed case, entails slightly less thermal power from
the PVT, given the higher inlet temperature, but also increases considerably the losses in the ATES and the distribution network,
as the temperature difference between the fluid and its surroundings is higher. In addition, the total annual power supply and
usage per component, including the exchange with the grid, are summarised in Table 6. As mentioned, the distributed case requires
less electric power to operate the heat pumps thanks to the higher temperature in the networks; however, having multiple ATES
increases the hydraulic power required to operate the system as many times as the number of ATES, for this reason, the net grid
exchange increases threefold.

4. Sizing
The sizes of the PVT and ATES components will be analysed for a centralised system, as recommended in Section 3. Considering
that a larger PVT system reduces the net electrical consumption of the overall district heating network while increasing the network

temperature, thus, increasing the COP, we expected that the optimal PVT size would be close to the maximum possible size given
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Table 5
Total heat transfer per component.
Component Symbol Centralised ATES [MWh] Distributed ATES [MWh]
PVT QOpyr 2 504 2 408
Losses buildings Oloss -1 410 -1 410
Evaporator HP Qevap -956 -969
Heat ATES loss O ATES Joss -277 —664
Heat pipe loss Opipeloss -3.52 -4.90
Table 6
Total electrical energy transfer per component.
Component Symbol Centralised ATES [MWh] Distributed ATES [MWh]
PVT Epyr 394 394
Load buildings Ei g -1 120 -1119
Heat pump Eyp —453 —440
ATES pump E\rep -806 -2 417
Shortage grid Eqgrid shortage -2 023 -3 583
Surplus grid Egrigsurplus 38 0
Net grid Eyia -1 985 3 583
Table 7
Total heat transfer per component for different sizes.
Variable R100/n600 R100/n800 R200/n600 R200/n800 R300/n600 R300/n800
Qpyr [MWh] 2 244 2 247 2 465 2 469 2 518 2523
Oy [MWh] -976 -976 —-959 -959 -954 —-954
Otesioss (MWh] —244 —244 -272 -273 -279 —-280
Opipetoss [MWh] ~7.46 ~7.47 -3.98 -3.99 -3.25 -3.26
Table 8
Total electrical energy transfer per component for different sizes.
Variable R100/n600 R100/n800 R200/n600 R200/n800 R300/n600 R300/n800
Epyr [MWh] 292 394 295 394 295 394
Eyp [MWh] —433 —433 —450 —450 —455 —455
Eqiashortage [MWh] -2 075 -2 004 -2 091 -2 021 -2 096 -2 025
Egrig surplus [MWh] 11 38 11 38 11 38
Eyiq [MWh] -2 064 -1 965 -2 081 -1 982 -2 085 -1 987

the space constraints, 800 modules. Therefore, we limited the PVT size range between 600 to 800 modules. On the other hand, we
evaluated ATES radii between 100 and 300. Table 7 provides a result summary of some of the combinations, where the nomenclature
Ri/nj indicates a radius i in metres and j is the number of modules.

As shown in Table 7, increasing the size of the PVT system consistently results in higher heat and electricity production, thereby
enhancing overall system thermal and electric performances without any additional downsides as expected. Conversely, reducing
the size of the ATES leads to a warmer network, which decreases the power consumption of heat pumps due to a higher COP.
However, it also causes more temperature divergence within the system, increasing losses in the ATES and pipes and decreasing the
heat the PVT provides. A warmer network reduces heat pump power consumption, which is the only power variable affected by
the dimensions of the ATES. Consequently, a smaller ATES results in lower net power use. The net grid exchange is considered the
best result for monitoring system performance. An overview of the different dimensions and resulting net grid exchange is shown
in Table 8. As expected, larger PVT systems consume less energy from the grid but also entail a higher surplus of energy injected
due to the mismatch between the pump consumption and the PVT generation. From the ATES perspective, smaller volumes require
less power to operate as the temperature in the water is higher. The higher temperature in the network increases the buildings’ heat
pump COP, reducing the energy consumption to meet the same thermal demand.

Smaller ATES have more variability in the water temperature throughout the year. After one year of simulation, each size’s final
ATES temperature differed from the starting 11 ° C, meaning that the system does not reach a thermal balance between thermal
input from the PVT, the thermal demand and losses in one year. We, therefore, extended the simulation until the temperature
difference between the first and last simulation time step per year was below 1 ° C. The temperatures of smaller ATES systems are
higher and exhibit greater temperature divergence throughout the seasons since the results are influenced by weather conditions,
which can vary annually. The steady-state temperatures for different ATES sizes are shown in Fig. 7. The corresponding yearly net
grid exchanges are summarised in Table 9. A smaller ATES can heat up more, increasing the heat pump’s COP, but the temperatures
fluctuate more throughout the seasons. This indicates a much larger weather dependency on the overall stability of the aquifer
temperatures. An aquifer that is too small can lead to too extreme temperatures.

The sizing analysis has given the following results. Increasing the number of PVT modules to the maximum of 800 enhances
electrical and thermal generation, thereby improving overall system performance without direct drawbacks. A larger ATES unit helps
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Fig. 7. Temperatures ATES at steady state, 15-minute time step.

Table 9

Yearly net grid exchange during steady state for different ATES radii.
ATES R [m] n modules T, [ C] Net grid [MWh]
35 800 27.4 -1928
50 800 27.8 -1923
75 800 24.0 -1922
100 800 22.0 -1924
125 800 18.0 -1931
150 800 15.9 -1942
200 800 13.0 -1966
250 800 12.5 -1973
300 800 12.0 -1978

maintain a more stable temperature gradient throughout the year, though it operates at lower temperatures, whereas smaller volume
aquifers experience greater temperature fluctuations. The variable net power consumption depends primarily on the heat pumps
and their corresponding COP. Due to the maximum operational COP of the heat pumps (3.6), an optimal boundary temperature
exists, around 19.5 °C, at which they function most efficiently. Thus, the objective is to maintain the inlet temperature (7},) for each
heat pump as close to this optimal temperature as possible across all seasons. Operating at higher temperatures results in increased
heat losses. Therefore, a balance must be struck between maintaining the correct operating temperature, minimising heat losses,
and managing seasonal temperature fluctuations.

To minimise CO, emissions, we quantified the system’s installation and operational phases in equivalent CO,. For operational
CO, emissions, we used data from Nowtricity [35], which provides monthly average grams of CO, equivalent per kWh for power
generated in the Netherlands. Then, the carbon emissions for the variable component installation must be determined. This data
allows quantifying the CO, emissions associated with the variable components PVT and ATES. On the one hand, the carbon emissions
for the PVT primarily depend on the emissions resulting from the manufacturing of the modules. Estimations for PV modules,
expressed in grams of CO, equivalent, consider the entire lifecycle, including manufacturing and electricity generation. According
to a study by Virtuani [36], the CO, emissions for PV modules in the Netherlands, considering the local climate, are estimated
at 40.1 g CO,eq/kWh for optimally tilted modules. Since this intensity factor pertains only to the PV part of the PVT, it will be
multiplied by the electricity generation of the PVT to quantify its carbon emissions. On the other hand, the installation emissions of
the ATES are challenging to quantify, scaled to the aquifer’s size. Research into the ATES emissions shows that they largely depend
on the system’s operation [37]. However, a case study in the Netherlands has documented the amount of diesel used for constructing
an ATES well, which is determined to be 3 250 L [37]. Using the CO, emission factor of 2.68 kg/L for diesel, constructing an ATES
well results in 8 710 kg of CO, emissions. Over an estimated lifetime of 30 years, this annual CO, emission is negligible for the
optimisation problem.

The total CO, emissions will include both the operational emissions of the system and the installation emissions of the PVT
modules. The installation emissions of the ATES are excluded as they are considered negligible. The equation for the total emissions
is expressed as

CO4e0ta1 (1, R) = COGp(n, R, Tjy) + COpi (n, R, Tp)) (66)
with
COzeop(n, R) = aPg(n, R, Tp), 67)
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Fig. 8. Operating temperature trendline for different ATES radii.

and

CO,ejnst(n) = bPpy(n, R, Tp)). (68)

Here, CO,eor represents the total CO, emissions, CO,e,, the operational CO, emissions, and CO,e;g is the installation CO,
emissions. The variables n and R correspond to the number of PVT modules and the ATES radius, respectively. The initial operational
temperature of each ATES size is expressed as T;. The kg CO, equivalent per kWh of grid consumption is expressed as 4, and the kg
CO, equivalent per kWh of PV generation is expressed as b, set at 40.1 g CO,eq/kWh. P; and Ppy represent the power consumption
from the grid and the power generation by the PVT modules, respectively.

The constraints for the variables in the optimisation function include the number of PVT modules (n) and the ATES volume.
The sizing analysis showed that increasing the number of solar modules to the maximum enhances the system’s performance, with
the carport’s maximum capacity being 800 modules. To assess the significance of installation emissions, a range of 700 to 800
modules is chosen for analysis. For the ATES size, expressed as the radius R, it has been shown that net power grid consumption
is lowest for an ATES radius of 75 m. Similarly, low net grid power consumption results were observed for ATES radii of 50 m and
100 m. Therefore, the CO, emissions will be analysed for ATES radii between 50 m and 100 m. The solution to the problem will
be calculated discretely. The resolution will be set at 10 PVT modules and 5 m for the ATES radius. The optimisation problem is
formulated in (66) results in

r:llllgl COZetotal (n, R, Tp)

(69)
s.t. 700 < n <800

50 < R 100

As the radii of the ATES will change to solve the problem, a specific initial operational temperature for each ATES size needs to
be determined, as discussed previously. Using the stable-state values determined, the intermediate points were interpolated using a
polynomial approximation, as shown in Fig. 8.

In addition, [38] mentions that ATES systems can affect the subsurface, i.e., the injected water cannot be too hot. The maximum
injection temperature in the ATES can range from 25 ° C to 30 ° C. Fig. 9 shows the configurations that exceed the threshold
temperature, with one case at 30 ° C and the other at 25 ° C. The configurations exceeding the maximum temperature have a shade
of grey. It is clear that the optimal solution for minimising CO, emissions is achieved with the maximum number of PVT modules,
which is 800. This indicates that the operational CO, emissions of the entire system are more significant than the installation
emissions of the PVT modules. The configuration with the lowest CO, emissions features a 60 m ATES and 800 solar modules.
However, the difference between this and other configurations is minimal; a deviation of 5 m from the 60 m ATES radius results in
only a 10 kg CO, equivalent change.

Fig. 10 presents the optimisation problem results. The amount of CO, equivalent decreases as the ATES size approaches its
maximum temperature threshold. The two threshold values, maximum 30 ° C and 25 ° C, are indicated by red lines. The minimum
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Fig. 10. Total CO, Emissions with 800 PVT modules and maximum temperature threshold.

CO, equivalent for both cases occurs precisely at these specific thresholds. Additionally, the data reveals that the deviation of CO,
equivalent increases with the ATES size, indicating an exponential relationship between the ATES size and the CO, equivalent. The
difference in CO, equivalent between the smallest ATES sizes, R = 75 m and R = 80 m, is merely 80 kg. In contrast, the difference
between the largest ATES sizes, R = 145 m and R = 150 m, is as much as a ton of CO, equivalent.

The optimisation analysis suggests that the CO, emissions caused by the PVT installation are significantly lower than those
resulting from grid electricity purchases, leading to optimal solutions at the maximum number of PVT modules. The minimal CO,
emission solutions can be found at the maximum temperature thresholds for this system. For the optimal aquifer size regarding just
CO, emissions, the temperatures become too high regarding the maximum temperatures. Additionally, CO, emissions remain low
within this range of aquifer sizes near the maximum temperature thresholds, resulting in only minor differences between the 30 °
C and 25 ° C boundaries, indicating low significance in the results at these temperature borders.
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Table 10

Network configuration results summary.
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Metric

Centralised

Distributed

ATES thermal losses

Network thermal losses

Heat pump electric consumption
ATES pumping electric
consumption

Grid exchange

Fewer losses due to lower
temperatures.

Fewer losses due to lower
temperatures.

Lower temperature lead to lower
COP and, therefore, higher
consumption.

Less energy as its only one
pumping system.

Only one ATES pumping system
reduces considerably the 5GDHN
overall energy consumption.

Higher losses due to higher
temperatures.

Higher losses due to higher
temperatures.

Higher temperature improves the
COP, reducing energy
consumption.

Higher energy consumption as
there is one pumping system per
ATES.

The improvement in COP does
not compensate for the
consumption of multiple ATES

pumping systems, leading to
higher overall consumption.

5. Discussion

In Section 3, we compared a centralised and a distributed ATES configuration throughout the network, maintaining the total
storage volume. From a capacity perspective, one could consider that having the same available storage, from an energy perspective,
provides no difference. However, the thermal inertia of the ATES minimises the change in the network temperature; thus, having
several ATES distributed in the network results in a more uniform network temperature. This is particularly beneficial to ensure a
more even operation of the heat pumps connected to the distribution network since the COP depends on the network temperature,
as shown in Eq. (25). In the case of a centralised ATES, the heat pumps connected closer to the ATES would have higher network
temperatures than those connected towards the end of the circuit, thus, higher COPs. This is shown in Table 6, where the energy
consumed by the heat pumps in the distributed case is around 3 % less than in the centralised case.

From a deployment and operative perspective, multiple ATES results are less attractive, in particular, given the small improve-
ment in energy consumption. Multiple ATES require multiple installations, including not only major capital expenses but, most likely,
more complex paperwork for permission from the local authorities. Similarly, each ATES require its circulation pump, increasing
the energy consumption by a factor equal to the number of ATES. This is because the ATES would be located at similar depths,
and the flow must remain. This is also confirmed in Table 6, where the ATES pump energy consumption is three times higher in
the distributed case since it has three ATES. This entails a less favourable situation from an energy or cost perspective. Thus, the
selection of a centralised configuration is deemed the best. This is consistent with the work presented by [13], where all the case
studies studied had a single ATES in the heating network.

The study in Section 4 then provided insight into the optimal sizes for the PVT and ATES. With respect to the former, it was
mentioned that larger PVT systems would be preferred. This was confirmed both from a thermal perspective in Table 7 and from an
electric perspective in Table 8. In both cases, a larger PVT system entails more energy production; more thermal energy production
increases the network temperature and, therefore, the COP of the buildings, whereas higher electric production minimises the net
energy consumption from the grid to operate the circulation pumps. Those improvements are reflected in lower CO, emissions. As
shown in Fig. 9, for every ATES radius, the higher the number of PVT modules, the lower the emissions, changing up to 12 tonnes
of CO, ¢4 per year between systems with 700 and 800 modules.

Despite the size of the PVT system affecting the temperature of the ATES and the thermal network, the size of the ATES had a
larger impact on the network temperature. This is explained by the fact that the ATES stores the surplus of thermal energy from the
PVT; therefore, for a fixed PVT size, smaller ATES would increase their temperature faster. However, smaller capacity also entails
faster drops in temperature, resulting in more notorious seasonal patterns, as shown in Fig. 7. Still, albeit more unstable, the average
temperature in the ATES was higher for smaller capacities, which, as mentioned before, is preferred to increase the performance of
the heat pumps. Our results suggest that temperatures above the limit of 25 °© C would result in lower equivalent CO, emissions,
aligning with the results reported by [11,12]. Nonetheless, for the current limitations in available size for the PVT and maximum
allowed ATES temperature, it was concluded that the optimal size combination of the PVT and ATES is 800 modules and a radius of
95 m. Tables 10 and 11 provide a summary of the results of this work in alignment with the metrics indicated in the contributions.

6. Conclusions

This research described an analytical model for a multi-carrier energy system case scenario in Hilversum, the Netherlands,
utilising heat pumps, PVT, and ATES. The primary goal was to minimise CO, emissions by optimising the grid exchange resulting
from the system’s performance. Multiple configurations and a distribution scenario are analysed to determine optimal component
sizes. Our main conclusions are as follows:
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Table 11
Sizing results summary.

Case Studies in Thermal Engineering 68 (2025) 105854

Metric

PVT size

ATES size

ATES thermal losses

Network thermal losses

Heat pump electric consumption

Grid exchange

Equivalent CO, emissions

Larger PVT systems provide more
thermal power, increasing the
ATES temperature and thermal
losses.

Larger PVT systems increase the
overall network temperature,
increasing the thermal losses.
The size of the PVT do not affect
the HP electrical consumption
considerably.

Larger PVT systems generate
more electric energy, reducing
the overall energy required from
the grid.

Larger PVT systems reduce the
energy required from the grid,
decreasing the overall CO, .,
produced by the system

Increased ATES size increases the
losses given the larger contact
area with the soil.

Larger ATES work in lower
temperatures, decreasing the
thermal losses in the network.
A larger ATES decreases the
network working temperature
and, therefore, the COP,
increasing the electric
consumption.

Larger ATES reduce the network
temperature, increasing the HP
energy consumption.

Larger ATES increase the overall
CO,q produced by the system
operation due to the reduced heat
pumps’ COP.

operation.

Distributed ATES maintained higher temperatures within the district heating network than the centralised case with the same
ATES volume, resulting in higher temperatures as input for the heat pumps, enhancing their COP. However, the energy
consumption of the additional ATES pumps and the higher thermal losses make the COP improvement neglectable. For the case
study, choosing a distributed ATES configuration instead of a centralised increased the ATES losses 140 %, the distribution
losses 39 %, and the circulation pumps energy consumption changed from a net injection of 1985 MWh to a net consumption
of 3583 MWh.

The layout of the piping network was deemed insignificant, as the heat loss in the pipes was relatively minimal and did not
necessitate optimisation for distance, i.e., the losses in the piping are neglectable in comparison with the ATES, so the effect
of the layout can be neglected. For our case scenario, the losses in the piping represent between 0.74% and 1.3% of the losses
in the ATES for the distributed and centralised configuration, respectively.

As the number of PVT modules increases, the system temperature rises, improving the system’s overall performance, as more
thermal energy is injected into the ATES.

The size of the ATES system influences the magnitude and variability of temperature throughout the year. When the
temperature divergence in the ATES is relatively high, it is largely due to the significant impact of the district heating network,
which is more noticeable in smaller ATES systems. These smaller systems experience greater seasonal temperature fluctuations.
Consequently, smaller ATES systems operate at higher temperatures overall, increasing heat losses to the surrounding soil,
which remains at approximately 11 ° C. For the case study, a centralised ATES of 50 m radius has a yearly variation of almost
15 ° C, whereas an ATES with a radius of 150 m or more has seasonal variations below 3 ° C.

Over time, the temperature within the ATES converges to an equilibrium point, balancing the heat input from the district
heating network with the heat losses to the soil. Larger ATES systems, operating at temperatures closer to the surrounding soil,
experience less seasonal temperature variability, resulting in a more reliable system for storing heat through colder seasons.
The electricity generated by the PV modules is largely consumed within the system due to the high power demands of its
components, resulting in near-zero net power surplus and minimal grid injection for both the centralised and decentralised
case.

Considering maximum temperatures of 25 ° C and 30 ° C, the optimal solutions for the case study lie at a 95 m radius for 25 °
C and a 75 m radius for 30 ° C, corresponding to volumes of around 315 000 m? and 175 000 m?, respectively. A relatively
larger aquifer offers advantages to ensure system reliability, reducing the risk of exceeding the maximum temperature and
enhancing system stability by making it less dependent on seasonal changes.

In addition, we have the following recommendations for future research based on this work:

» Despite our conclusions suggesting that the losses in the piping are neglectable with respect to the losses in the ATES, finding
optimal routing paths for the thermal network would be beneficial in terms of highly efficient distribution systems.

+ Elaborate on the modelling of the buildings’ heating network to provide a more accurate representation of the thermal demand.
Possible improvements include: considering the effects of the occupants, appliances, the ventilation system of the building,
and heating through the windows due to irradiance.

+ Since most heat pumps and district heating networks allow it, including cooling demand could provide insight into the
additional value of district heating networks for cooling applications.
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