
 
 

Delft University of Technology

Performance evaluation of solar heat systems integrated with seasonal heat storage
across varied operating modes for building applications
The case of Netherlands
Ul-Abdin, Zain; Isabella, Olindo; Santbergen, Rudi

DOI
10.1016/j.solener.2025.113772
Publication date
2025
Document Version
Final published version
Published in
Solar Energy

Citation (APA)
Ul-Abdin, Z., Isabella, O., & Santbergen, R. (2025). Performance evaluation of solar heat systems
integrated with seasonal heat storage across varied operating modes for building applications: The case of
Netherlands. Solar Energy, 299, Article 113772. https://doi.org/10.1016/j.solener.2025.113772

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.solener.2025.113772
https://doi.org/10.1016/j.solener.2025.113772


Solar Energy 299 (2025) 113772 

A
0
(

 

Contents lists available at ScienceDirect

Solar Energy

journal homepage: www.elsevier.com/locate/solener  

Performance evaluation of solar heat systems integrated with seasonal heat 
storage across varied operating modes for building applications: The case of 
Netherlands
Zain Ul-Abdin ∗, Olindo Isabella , Rudi Santbergen
Photovoltaic Materials and Devices Group, Delft University of Technology, Mekelweg 4, Delft, 2628 CD, The Netherlands

A R T I C L E  I N F O

Keywords:
PV(thermal) collectors
Thermal heat storage
Heat pump
Operating modes
Energy demand
Building performance

 A B S T R A C T

In this study, a modeling methodology is presented for evaluating the performance of a hybrid system 
integrating different types of solar collectors, namely photovoltaic (PV), glazed flat plate solar thermal (ST) 
and unglazed photovoltaic-thermal (PVT) collectors to harvest solar energy. Further, the system is integrated 
with a seasonal storage that is an aquifer thermal energy storage (ATES) system, a heat exchanger and a heat 
pump (HP) to provide heating, including space heating (SH), domestic hot water (DHW), as well as cooling. 
The investigation considers various operational modes depending on the climate conditions and building 
characteristics. The study focuses on comparison of solar collectors in realistic scenarios, examining heating 
type and insulation levels. Real energy consumption data considering five residential buildings in Amsterdam 
is employed for the analysis. Annual simulations for the considered buildings are conducted for SH and DHW 
coverage, along with cooling. The results indicate that ATES combined with glazed ST collectors demonstrates 
superior heat storage while HP with PV/ST combination and floor heating achieves an average coefficient of 
performance (COP) of 6.09 for both SH and DHW. In contrast, HP combined with PVTs shows the lowest 
performance, with a COP of around 5 when used with radiator heating. Additionally, majority of the demand 
is covered using HP storage mode with seasonal storage and HP while building insulation plays a crucial role.
1. Introduction

Fossil fuels have long dominated global energy landscape [1], but 
this is now changing. In 2024, the European Union’s energy transition 
accelerated as the amount of solar energy surpassed the energy from 
coal for the first time [2], a crucial step in reducing carbon foot-
print. The building sector plays a significant role in the total energy 
consumption. It accounts for about 40% of the global energy consump-
tion [3,4]. The major energy use is associated with lighting, ventilation, 
space heating/cooling, and domestic water heating. Reducing energy 
consumption in buildings is crucial in combating global warming and 
supporting low-carbon communities [5]. Researchers are increasingly 
investigating renewable energy systems to boost their economic via-
bility. They aim to stabilize the greenhouse gas concentrations in the 
atmosphere and avoid disastrous climate change consequences [6]. 
Solar energy, as a readily accessible renewable resource, is accessible in 
both direct and indirect forms [7]. Solar systems can be classified into 
two main categories: solar thermal (ST) and photovoltaic (PV) modules, 
each operating on distinct principles. Solar PV technology is widely 
used way to generate electricity [8]. On the other hand, ST collector 
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is the most common solar technology for heating applications [9]. 
PV–thermal (PVT) collectors integrate the two technologies ST and 
PV [10], allowing for simultaneous production of electricity and hot 
water (warm air in case of an air-based collector). This integration 
enables more efficient use of solar resources and roof space [11]. These 
collectors can achieve higher overall avoided primary energy compared 
to only PV and ST modules, as they utilize less space, making them 
suitable for applications with limited space [12]. The cooling effect 
of circulating water in PVT systems can enhance the efficiency of PV 
panels, leading to improved electricity generation.

In some countries, like the Netherlands, there is so much PV in-
stalled, 1500 Wp per capita, that during sunny times, electricity supply 
exceeds demand, and PV modules have to be shut off. This highlights 
the issue of grid congestion, driven by two factors: excess PV feed-
in during sunny periods, and increased electricity demand from the 
electrification of heating systems [13]. The excess electricity generated 
by PV modules during peak sunlight hours can be utilized to power heat 
pumps (HPs). The mainstream HP technologies are categorized into air 
source HP, water source HP, and ground source HP, depending on the
https://doi.org/10.1016/j.solener.2025.113772
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Nomenclature

Abbreviations

𝐴𝑇𝐸𝑆 Aquifer thermal energy storage
𝐶𝑂𝑃 Coefficient of performance
𝐷𝐻𝑊 Domestic hot water
𝐻𝑃 Heat pump
𝑃𝑉 Photovoltaic
𝑃𝑉 𝑇 PV–thermal
𝑆𝐻 Space heating
𝑆𝑇 Solar thermal
Symbols

𝐴 Area (m2)
𝐶 Specific heat capacity (J kg−1 K−1)
𝐸 Energy (Wh)
E Exergy (W)
𝐺 Solar irradiance (W m−2)
𝐻 Enthalpy (J kg−1)
ℎ Heat transfer coefficient (W m−2 K−1)
𝑘 Conductivity (W m−1 K−1)
𝓁 Thickness of a component (m)
𝐿 Length of the module (m)
𝑚̇ Mass flow rate (kg s−1)
𝑀 Mass (kg)
𝑛 Porosity
𝑃 Pressure (Pa)
P Power (W)
𝑇 Temperature (K)
𝑉 Volume (m3)
𝑉𝑤 Wind speed (m s−1)
𝑊 Width of the module (m)
Greek letters
𝛼 Absorptance
𝛽 Thermal expansion coefficient, 1/T (K−1)
𝛽𝑝 Temperature coefficient of maximum 

power, K−1
𝛿 Solar radiation coefficient
𝜀 Emissivity
𝜂 Efficiency
𝜆 Thermal conductivity (W m−1 K−1)
𝜌 Density (kg m−3)
𝜏 Transmissivity

Subscripts & Superscripts
𝑎𝑏 Absorber
𝑎𝑚 Ambient
𝑎𝑞 Aquifer
𝑎𝑞𝑡 Aquitard
𝑐 Conductive
𝑐𝑓 Confined air space
𝑒𝑙 Electrical
𝑔 Glass
ℎ, 𝑎𝑞 Horizontal hydraulic aquifer
2 
ℎ, 𝑎𝑞𝑡 Horizontal hydraulic aquitard
𝑖 Insulator
𝑚 Metallic tube
𝑚𝑜𝑑 Module
𝑝𝑣 PV cell
𝑟 Radiative
𝑟𝑒𝑓 Reference
𝑠𝑐 Sand and clay
𝑠 Sky
𝑡 Tedlar
𝑡ℎ Thermal
𝑣 Convective
𝑣, 𝑎𝑞 Vertical hydraulic aquifer
𝑣, 𝑎𝑞𝑡 Vertical hydraulic aquitard
𝑤 Water fluid

type of heat source [14]. Moreover, heat storage is considered as an 
important way in decarbonizing building energy sectors, particularly 
in scenarios where heating demand does not synchronize with solar 
energy potential availability. PV(T) collectors combined with a HP and 
a heat storage is a promising solution. The surplus thermal energy 
generated by ST and PVT collectors during sunny periods can be 
efficiently stored in the underground aquifer using seasonal aquifer 
thermal energy storage (ATES) technology. During times of high energy 
demand or when solar energy availability is low, the stored thermal 
energy can be extracted from the aquifer and utilized for space heat-
ing (SH), domestic hot water (DHW) production, or other heating 
applications. ATES seasonal storage systems possess global potential to 
offer environmentally friendly SH, DHW and cooling for buildings. The 
system utilizes underground water-bearing layers, known as aquifers, to 
store either hot or cold fluid. A typical ATES comprises multiple cold 
and warm aquifers [15]. The groundwater is used as a working fluid 
which is injected and extracted from the aquifer to store and extract 
the thermal energy. The temperature of the warm water injected by 
the warm well is typically 15 to 18 ◦C, while the temperature of the 
cold water injected by the cold well is 5 to 10 ◦C. Considering the 
natural temperature is approximately 12 ◦C, this reflects a temperature 
difference of around 5  ◦C for both heating and cooling processes [16]. 
Geological conditions and system design govern the efficiency of such 
a system since they impact the thermal recovery efficiency and en-
ergy conservation in these aquifers. The success of an ATES system 
depends on its thermal recovery efficiency. It is the ratio of recovered 
energy to injected energy, influencing both its technical and economic 
performance [17].

Studies performed by [18–20] have explored various thermal energy 
storage strategies integrated with PV systems for residential heating 
applications. While these studies contribute valuable insights into short-
term and latent thermal energy storage, they do not address seasonal 
storage for year-round applications. Zhang et al. [21] compared and 
analyzed various solar utilization schemes (PV, ST and PVT) alongside 
different parameters (load and available roof area). Results showed 
that PVT yields 8.20% higher electrical energy output than PV alone. 
Additionally, PV module combined with a PVT scheme exhibits the best 
economic performance among the four schemes examined. However, 
gas boilers and auxiliary electrical heaters are employed in this study. 
The performance of PV, PVT, and solar domestic water heating systems 
was assessed in Morocco’s climate by Seddik et al. [6]. Integrating 
the thermal part with the heat storage tank, which is not seasonal, 
limits performance on cloudy days. Results show PVT system’s an-
nual mean thermal and electrical exergy efficiency is 12%, higher 
than PV (11%) and domestic water heater (3%) systems. A PVT air 
source HP system has been installed by Triple Solar, with ongoing 
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Fig. 1. Schematic cross-sectional view of (a) photovoltaic module, (b) solar thermal collector, (c) water-based photovoltaic thermal collector, and (d) thermal module flow dynamics.
experiments, to create an affordable home setup at the Green Village 
at TU Delft [22]. Del Amo et al. [23] proposed a simple model for 
a solar-assisted HP integrating PVT panels. The study recommends 
incorporating seasonal storage to harness excess heat generated during 
summer, maximizing efficiency. Clauß and Georges [24] investigated 
the impact of modeling complexity on a HP. The heat pump directly 
heats the domestic storage tank, while a ST collector, integrated via 
a heat exchanger, supplements DHW provision. It was found that a 
perfectly modulating HP, which continuously adjusts its output to 
maintain optimal tank temperature, made the system perform better 
than expected. Combining ground source HP systems with PVT relies 
mainly on boreholes, necessitating extensive installation space and 
drilling expenses. Nevertheless, the integration of ground source HP has 
minimal impact on PVT cell performance [25]. However, solar energy 
systems with both HP and seasonal storage have not been studied in 
detail. A multi-energy system model was developed by Perera et al. 
[26], incorporating electrical and seasonal thermal storage, with a 
boiler for the thermal aspect and PV panels for the electrical aspect. 
The study found that adopting ATES can enhance renewable energy 
penetration and reduce reliance on fossil fuels, with grid and HP 
support. Ghaebi et al. [27] conducted a numerical simulation using 
the finite difference method, coupling ATES with the HP and a flat 
plate ST collector. Only two operating modes for ATES were considered: 
cyclic, where wells switch seasonally, and continuous, where wells 
remain unchanged. Results showed that coupling ATES with the HP 
achieved a COP of 17.2 for cooling and around 5 for heating. Com-
bining ATES with a flat plate ST collector for heating only yielded a 
COP of 19.6. Fleuchaus et al. [28] analyzed 73 Dutch ATES systems to 
evaluate their technical performance. Results indicate that, on average, 
the temperatures at which water is extracted from the aquifer are 10 ◦C 
in summer and 15 ◦C in winter, with temperature losses during storage 
ranging between 1 and 2 ◦C.

This study integrates various elements, such as solar collectors, 
a HP, and a low temperature ATES system (seasonal storage), while 
exploring diverse operational modes for SH, DHW, and cooling. This 
integrated combination not only enhances performance but also con-
tributes to lower operating costs and reduced carbon emissions, making 
it a promising solution for sustainable heating and cooling applications. 
ATES is chosen in this study as it is particularly well-suited to the 
Dutch context. Recent research conducted by Deltares [29] shows that 
the Netherlands offers ideal conditions for ATES, making it a highly 
effective storage solution. Many studies in literature predict thermal 
module temperatures using quasi-steady approaches, assuming steady-
state operation. While some studies incorporate dynamic response, 
they mainly focus on daily simulations. This study distinguishes itself 
from previous research by introducing dynamic thermal models to 
estimate temperature distribution and achieve realistic annual perfor-
mance, thermal and electrical. By incorporating annual simulations 
3 
based on real weather data, it ensures a more accurate prediction 
of system performance throughout the entire year. Additionally, two 
SH cases were considered: radiator heating and floor heating. The 
integration offers a significant step towards optimizing the efficiency 
and sustainability of energy systems. In previous studies, challenges 
like excess heat production during periods of high solar radiation or 
low heat demand are encountered. To optimize their efficiency and 
lifespan, effective seasonal storage solution for surplus heat combined 
with the HP is developed. This solution is critical for maximizing 
system energy output, improving performance, and accelerating the 
shift towards cleaner, sustainable energy sources. The effect of the 
occupants on the energy demand is neglected in the literature. In this 
study, this parameter is taken into account, further enhancing the real-
world applicability of the results. The developed models are further 
incorporated into the Photovoltaic Materials and Devices (PVMD) tool-
box [30], which can already predict the energy yield of PV systems and 
air-based PVT collectors. It can also predict a novel bi-fluid-based PVT 
system embedded with a short-term heat storage solution [31], expand-
ing its functionality. To the best of our knowledge, this integration, 
combining two solar collectors, floor and radiator heating, multiple 
modes for SH, DHW, and cooling under realistic building conditions, 
has not been discussed in the literature. The objective is to assess and 
compare the annual and weekly performance of different configurations 
to identify the most effective solution for meeting energy demands of 
buildings in the Amsterdam region. This work is significant as it lays 
the groundwork for more efficient, adaptable, and sustainable heating 
and cooling solutions that can be scaled to various urban contexts.

The subsequent sections of this paper are organized as follows: 
Section 2 introduces the numerical models of various solar collectors 
(including PV module, ST collector and PVT collector), as well as a 
HP and an ATES system. In Section 3, the comprehensive integration 
of all system components, along with various heating and cooling 
modes, is discussed. Section 4 describes the input parameters, including 
demand side inputs and weather data. This is followed by Section 5, 
which details the results and discussion. Finally, the paper ends with a 
conclusion and some perspectives.

2. Modeling of the system

This section outlines and discusses various solar collectors with an 
area of approximately 2 m2 per module, oriented to the south with a tilt 
angle of 31o. It also covers seasonal thermal storage (ATES) and a heat 
pump. The ATES system having two aquifers is coupled with a water 
source HP, an important component facilitating the exchange of ther-
mal energy, thereby enhancing performance of the system. Moreover, a 
heat exchanger is incorporated for the transfer of heat. The details are 
presented in the subsequent sections.
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2.1. Photovoltaic module

A PV module illustrated in Fig.  1(a) consists of three main compo-
nents: a glass cover, a layer of solar PV cells embedded in ethylene 
vinyl acetate (EVA) and a protective tedlar layer beneath the cells. The 
aim is to derive a set of equations that predict the behavior of the solar 
collector. The heat balance equation for each element within the PV 
module (i.e. glass, PV cell and tedlar) can be expressed as: 
⎧

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎩

𝑀𝑔𝐶𝑔
𝑑𝑇𝑔
𝑑𝑡

= 𝐴𝑚𝑜𝑑 [𝛼𝑔𝐺 − ℎ𝑔−𝑠𝑟 (𝑇𝑔 − 𝑇𝑠) − ℎ𝑎𝑚𝑣 (𝑇𝑔 − 𝑇𝑎𝑚)

− ℎ𝑔−𝑝𝑣𝑐 (𝑇𝑔 − 𝑇𝑝𝑣)]

𝑀𝑝𝑣𝐶𝑝𝑣
𝑑𝑇𝑝𝑣
𝑑𝑡

= 𝐴𝑚𝑜𝑑 [𝜏𝑔𝛼𝑝𝑣𝐺𝛽 + ℎ𝑔−𝑝𝑣𝑐 (𝑇𝑔 − 𝑇𝑝𝑣) − ℎ𝑝𝑣−𝑡𝑐 (𝑇𝑝𝑣 − 𝑇𝑡)]

− P𝑒𝑙

𝑀𝑡𝐶𝑡
𝑑𝑇𝑡
𝑑𝑡

= 𝐴𝑚𝑜𝑑 [𝜏𝑡𝛼𝑡𝐺(1 − 𝛽) + ℎ𝑝𝑣−𝑡𝑐 (𝑇𝑝𝑣 − 𝑇𝑡) − ℎ𝑎𝑚𝑣 (𝑇𝑡 − 𝑇𝑎𝑚)]

, (1)

where the left-hand side in the expressions denotes the variation in 
internal energy within each component. The right-hand side signifies 
the disparity between energies received and lost by the component 
through radiative, convective, and conductive heat exchanges. The 
heat exchanges use heat transfer coefficients: ℎ𝑟 for radiative, ℎ𝑣 for 
convective, and ℎ𝑐 for conductive heat transfer. Here, 𝑀 [kg] denotes 
the mass, 𝐶 [J kg−1 K−1] represents the specific heat capacity, 𝑇  [K] 
stands for temperature, and 𝑑𝑡 [s] represents the chosen time step. 
The above model of the PV module mainly refer to Ref. [32]. The 
electric power P𝑒𝑙 generated by the PV component of the module can 
be expressed as follows: 
P𝑒𝑙 = P𝑠𝜂𝑒𝑙 , (2)

where the available solar energy on the tilted surface, is calculated by, 

P𝑠 = 𝐺𝐴𝑚𝑜𝑑 , (3)

where 𝐺 is the solar radiation and 𝐴𝑚𝑜𝑑 is the module area (𝐿*𝑊 ). 
The electrical performance of PV and PVT collector as a function of 
temperature, is given by 

𝜂𝑒𝑙 = 𝜂𝑒𝑙,𝑟𝑒𝑓

[

1 + 𝛽𝑝(𝑇𝑝𝑣 − 𝑇𝑝𝑣,𝑟𝑒𝑓 ) + 𝛿𝑙𝑛 𝐺
𝐺𝑟𝑒𝑓

]

, (4)

where the PV module utilizes crystalline silicon (c-Si) PV cells, with 
a reference electrical efficiency of approximately 20% at the standard 
testing conditions (𝐺𝑟𝑒𝑓 : 1000 W m−2, 𝑇𝑝𝑣,𝑟𝑒𝑓 : 25 ◦C and 𝑉𝑤: 0 m 
s−1). The temperature coefficient (𝛽𝑝) is −0.25%/K and solar radiation 
coefficient (𝛿) is 0.052. It is important to emphasize that the tempera-
ture coefficient can fluctuate within the range of −0.15 to −0.45%/K, 
depending on the specific cell technology employed. In previous re-
search (for PVT collectors), the reference PV module efficiency taken 
into consideration was around 12%–15% [33–35]. However, given the 
efficiency trend for c-Si modules in mass production, which can now 
attain between 21%–23% module efficiency [36], a higher number has 
been chosen in this work.

2.2. Solar thermal module

Fig.  1(b) shows a diagram of the glazed ST collector. The flow 
dynamics is illustrated in Fig.  1(d), illustrating how heat is exchanged 
between the components: a glass cover, confined air space, the absorber 
plate, a metallic tube with a bond, a water channel, and a thermally 
insulated frame. An air gap is integrated to mitigate heat losses re-
sulting from convection and radiation. To simplify the thermal model, 
following assumptions have been made:

• Neglecting heat transfer between the ground and panel.
• Pressure losses are neglected.
4 
• The temperature is uniform across each layer and the mass flow 
rates in all the tubes is identical.

• Thermo-physical properties of different materials are independent 
of temperature.

• The radiation heat exchange at the bottom and edge losses are 
neglected due to the minimal temperature difference at the bot-
tom.

• Water is utilized as heat extraction medium however, other fluids 
such as pure glycol or water mixed with glycol can be used.

The mentioned assumptions are indeed part of the model’s simplifica-
tions, it is essential to emphasize that these assumptions are considered 
minor in the context of the overall model [31]. The governing dynamic 
energy balance equations for each component of the water-based ST 
collector (i.e. glass, air-gap, absorber, metallic tube, fluid circulating 
and an insulator) can be expressed as: 
⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎩

𝑀𝑔𝐶𝑔
𝑑𝑇𝑔
𝑑𝑡

= 𝐴𝑚𝑜𝑑 [𝛼𝑔𝐺 + ℎ𝑔−𝑠𝑟 (𝑇𝑠 − 𝑇𝑔) + ℎ𝑎𝑚𝑣 (𝑇𝑎𝑚 − 𝑇𝑔)

− ℎ𝑔−𝑐𝑓𝑣 (𝑇𝑔 − 𝑇𝑐𝑓 ) + ℎ𝑔−𝑎𝑏𝑟 (𝑇𝑎𝑏 − 𝑇𝑔)]

𝑀𝑐𝑓𝐶𝑐𝑓
𝑑𝑇𝑐𝑓
𝑑𝑡

= 𝐴𝑚𝑜𝑑 [ℎ𝑐𝑓−𝑎𝑏𝑣 (𝑇𝑎𝑏 − 𝑇𝑐𝑓 ) − ℎ𝑐𝑓−𝑔𝑣 (𝑇𝑐𝑓 − 𝑇𝑔)]

𝑀𝑎𝑏𝐶𝑎𝑏
𝑑𝑇𝑎𝑏
𝑑𝑡

= 𝐴𝑚𝑜𝑑 [𝜏𝑔𝛼𝑎𝑏𝐺 − ℎ𝑔−𝑎𝑏𝑟 (𝑇𝑎𝑏 − 𝑇𝑔) − ℎ𝑎𝑏−𝑐𝑓𝑣 (𝑇𝑎𝑏 − 𝑇𝑐𝑓 )]

− 𝐴𝑎𝑏−𝑚ℎ
𝑎𝑏−𝑚
𝑐 (𝑇𝑎𝑏 − 𝑇𝑚) − 𝐴𝑎𝑏−𝑖ℎ

𝑎𝑏−𝑖
𝑐 (𝑇𝑎𝑏 − 𝑇𝑖)

𝑀𝑚𝐶𝑚
𝑑𝑇𝑚
𝑑𝑡

= 𝐴𝑎𝑏−𝑚ℎ
𝑎𝑏−𝑚
𝑐 (𝑇𝑎𝑏 − 𝑇𝑚) − 𝐴𝑚𝑖ℎ

𝑚−𝑖
𝑐 (𝑇𝑚 − 𝑇𝑖)

− 𝐴𝑚𝑤ℎ
𝑚−𝑤
𝑣 (𝑇𝑚 − 𝑇𝑤)

𝑀𝑤𝐶𝑤
𝑑𝑇𝑤
𝑑𝑡

= 𝐴𝑚𝑤ℎ
𝑚−𝑤
𝑣 (𝑇𝑚 − 𝑇𝑤) + 𝑚̇𝑤𝐶𝑤(𝑇𝑤,𝑖 − 𝑇𝑤,𝑜)

𝑀𝑖𝐶𝑖
𝑑𝑇𝑖
𝑑𝑡

= 𝐴𝑚𝑖ℎ
𝑚−𝑖
𝑐 (𝑇𝑚 − 𝑇𝑖) + 𝐴𝑎𝑏−𝑖ℎ

𝑎𝑏−𝑖
𝑐 (𝑇𝑎𝑏 − 𝑇𝑖)

− 𝐴𝑚𝑜𝑑ℎ
𝑖−𝑎𝑚
𝑣 (𝑇𝑖 − 𝑇𝑎𝑚)

(5)

Descriptions regarding the evaluation of the aforementioned heat trans-
fer coefficients can be found in [21,32,37,38]. Here, 𝑇𝑤,𝑖 represents the 
inlet temperature of the channel, while 𝑇𝑤,𝑜 indicates the outlet temper-
ature of the water channel. The mean temperature (𝑇𝑤) is calculated as: 

𝑇𝑤 =
𝑇𝑤,𝑖 + 𝑇𝑤,𝑜

2
(6)

Thermal efficiency is described as the ratio of the useful energy gain 
or instantaneous thermal power to the incident solar energy within a 
given time period and the most common expression is; 

𝜂𝑡ℎ =
P𝑡ℎ
P𝑠

=
𝑚̇𝑤𝐶𝑤(𝑇𝑤,𝑜 − 𝑇𝑤,𝑖)

P𝑠
. (7)

2.3. Water-based PVT collector

Water-based PVT combines elements from both PV and ST modules. 
This design feature facilitates the retention of collected heat from the 
thermal component, thereby enabling the system to yield more usable 
energy for heating applications. Fig.  1(c) depicts the configuration of an 
unglazed PVT collector, which encompasses various layers: a PV mod-
ule, an absorber plate, a metallic tube with a bond, a water channel, 
and a thermal insulator. The heat transfer equations for components of 
the water-based PVT collector (i.e. tedlar, absorber and metallic tube) 
can be expressed as follows: 
⎧

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

𝑀𝑡𝐶𝑡
𝑑𝑇𝑡
𝑑𝑡

= 𝐴𝑚𝑜𝑑 [𝜏𝑡𝛼𝑡𝐺(1 − 𝛽) + ℎ𝑝𝑣−𝑡
𝑐 (𝑇𝑝𝑣 − 𝑇𝑡)] − 𝐴𝑡−𝑚ℎ

𝑡−𝑚
𝑐 (𝑇𝑡 − 𝑇𝑚)

− 𝐴𝑡−𝑎𝑏ℎ
𝑡−𝑎𝑏
𝑐 (𝑇𝑡 − 𝑇𝑎𝑏)

𝑀𝑎𝑏𝐶𝑎𝑏
𝑑𝑇𝑎𝑏
𝑑𝑡

= 𝐴𝑡−𝑎𝑏ℎ
𝑡−𝑎𝑏
𝑐 (𝑇𝑡 − 𝑇𝑎𝑏) − 𝐴𝑎𝑏−𝑚ℎ

𝑎𝑏−𝑚
𝑐 (𝑇𝑎𝑏 − 𝑇𝑚)

− 𝐴𝑎𝑏−𝑖ℎ
𝑎𝑏−𝑖
𝑐 (𝑇𝑎𝑏 − 𝑇𝑖)

𝑀𝑚𝐶𝑚
𝑑𝑇𝑚
𝑑𝑡

= 𝐴𝑡𝑚ℎ
𝑡−𝑚
𝑐 (𝑇𝑡 − 𝑇𝑚) + 𝐴𝑎𝑏−𝑚ℎ

𝑎𝑏−𝑚
𝑐 (𝑇𝑎𝑏 − 𝑇𝑚)

𝑚−𝑖 𝑚−𝑤

(8)
⎩ − 𝐴𝑚𝑖ℎ𝑐 (𝑇𝑚 − 𝑇𝑖) − 𝐴𝑚𝑤ℎ𝑣 (𝑇𝑚 − 𝑇𝑤)
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The assumptions and heat transfer coefficients used for the flat plate 
thermal collector in Section 2.2 are similarly applied to the PVT model. 
Notably, this collector is unglazed, and a protective glass cover is added 
directly above the PV cell layer without an air gap. Additionally, the 
energy balance equations for the glass and PV cell components in this 
model are the same as those outlined in Section 2.1. Similarly, the en-
ergy balance equations for the working fluid and insulator components 
align with those in Section 2.2.

To solve the system of ordinary differential equations (ODEs) rep-
resenting the energy conservation for each component of a collector, 
MATLAB’s ode23 solver is used. This solver iteratively computes the 
solution by advancing the numerical approximation in small time steps. 
By providing initial conditions and the energy balance equations for 
each component, ode23 calculates the temperature profiles, allowing 
the evaluation of both the electrical and thermal performance of the 
collectors over time. When solving ODEs numerically, smaller time 
steps generally lead to more accurate results. However, larger time 
steps can significantly speed up the computation, though this may come 
at the cost of some accuracy in temperature predictions.

The exergy efficiency of the thermal module is the ratio of exergy 
gained by the working fluid that is useful to the solar exergy absorbed 
by the module. 

𝜂𝑒𝑥 =
E𝑡ℎ
E𝑠𝑢𝑛

, (9)

where the thermal exergy represents the maximum amount of work 
that can be extracted from the system. It measures the quality of 
the thermal energy, with higher temperature heat representing higher 
quality and consequently, higher exergy. This can be determined using 
the following equation [37] 

E𝑡ℎ = 𝑚̇𝑤𝐶𝑤

[

(

𝑇𝑤,𝑜 − 𝑇𝑤,𝑖
)

− 𝑇𝑎𝑚 ln
(𝑇𝑤,𝑜

𝑇𝑤,𝑖

)]

(10)

and the solar exergy absorbed by the PV module is calculated using the 
following equation [39]. 

E𝑠𝑢𝑛 = P𝑠

(

1 − 4
3
𝑇𝑎𝑚
𝑇𝑠𝑢𝑛

+ 1
3

(

𝑇𝑎𝑚
𝑇𝑠𝑢𝑛

)4
)

, (11)

where 𝑇𝑠𝑢𝑛 denotes the surface temperature of the sun, which is set at 
5505 ◦C.

2.4. Aquifer thermal energy storage

The ATES systems provide a sustainable method for storing surplus 
thermal energy in underground aquifers. When combined with PVT and 
ST collectors, excess thermal energy generated during summer can be 
efficiently stored in the aquifer for later use, as illustrated in Fig.  2. By 
integrating the HP, renewable energy utilization is further optimized, 
enabling the extraction of stored energy when required for SH and 
DHW supply. These systems are particularly advantageous as energy 
storage solutions, effectively balancing seasonal energy demands. They 
serve as excellent mediums for storing energy, especially in the form of 
heat or cold. The energy is circulated between the wells, depending on 
the seasonal needs. For example, cold groundwater extracted during 
the winter can be used for cooling during summer, and vice versa, 
effectively using the aquifer as a seasonal thermal energy storage 
system. The system automatically sizes itself meaning the number of 
solar collectors and the size of aquifers are determined with the given 
energy demand and other input parameters. The integrated system can 
work for several different cases if the inputs are provided, making it a 
dynamic system working for different set of conditions.

2.4.1. Aquifer model
The design of an ATES system involves calculating the optimal 

spacing between the two aquifers to minimize thermal interference and 
maximize energy recovery. This depends on the geometric shape of the 
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thermal volume of the aquifer [41]. The hydraulic radius, representing 
the radius of the cylindrical volume of injected water, can be calculated 
using the following expression [42]; 

𝑅ℎ =

√

𝑉𝑎
𝑛𝜋𝐿𝑎

(12)

where 𝑉𝑎 is the injected volume, 𝑛 is the porosity and 𝐿𝑎 is the screen 
length of the aquifer. A screen length is the section of the well installed 
in the aquifer to allow water exchange during thermal storage and 
recovery. A relation between hydraulic radius and thermal radius (𝑅𝑡ℎ) 
was approximated using; 

𝑅𝑡ℎ =

√

𝑐𝑤𝑉𝑎
𝑐𝑎𝜋𝐿𝑎

≈ 0.66𝑅h, (13)

where 𝑐𝑤 and 𝑐𝑎 are the volumetric heat capacities of water and the 
aquifer material. This equation [43] helps to determine the spread of 
thermally influenced zones around the wells. This is important for the 
placement of aquifers when there are more than one set of aquifers 
(more than one cold and one warm aquifer). This ensures that there is 
no thermal interaction between the aquifers.

According to  Kanawala [44], the ratio of the well screen length 
over the thermal radius (𝐿𝑎/𝑅𝑡ℎ) determines the cylindrical shape 
of the thermal zone. A small 𝐿𝑎/𝑅𝑡ℎ ratio means that the thermal 
radius is large compared to the length of the well screen so that the 
cylinder is short and wide. In practice, this ratio varies roughly between 
1 and 4 [41]. When infiltration continues, advective heat transport 
dominates. The increase in infiltration volume overtakes dispersion 
losses near the well, creating a sharp heat interface. This persists during 
infiltration as injected heat moves faster than conduction. Storage and 
extraction make the interface less acute due to conduction. The retained 
heat enhances efficiency over multiple storage cycles. To reduce losses, 
there is a need to minimize thermal cylinder surface area 𝐴𝑎 compared 
to stored heat volume 𝑉𝑎 by choosing the appropriate screen length for 
the required storage volume and local conditions. 
𝐴𝑎
𝑉𝑎

=
2𝜋𝑅2

th + 2𝜋𝑅th𝐿𝑎

𝜋𝑅2
th𝐿𝑎

= 2
𝐿𝑎

+ 2
𝑅th

, (14)

where the optimal screen length as a function of storage volume can 
be expressed as [45]; 
𝐿𝑎 ≈ 1.02𝑉 1∕3

𝑎 . (15)

2.4.2. Operational parameters of ATES system
Designing an ATES system involves optimizing various parameters 

to ensure efficient thermal storage and retrieval. One crucial design 
parameter is the volume ratio (𝜂𝑣𝑜𝑙). This helps in determining the 
effective aquifer volume used for thermal storage relative to the total 
volume occupied by the system and can be found using [46]. 

𝜂𝑣𝑜𝑙 =
𝑉storage
𝑉occupied

, (16)

where 𝑉storage represents the aquifer volume effectively used for storage 
and 𝑉occupied is the total volume occupied by the system. Another 
key aspect of this system is the energy ratio (𝜂𝐸), defined as the 
annual energy extracted divided by the maximum energy stored in the 
occupied aquifer volume, given by [46]. 

𝜂𝐸 =
𝐸extracted

𝑉occupied𝛥𝑇𝐶𝑎𝑞
, (17)

where 𝐸extracted is the annual energy extracted, 𝛥𝑇  is the temperature 
difference between the injection and extraction that is approximately 
10 ◦C and 𝐶𝑎𝑞 is the specific heat capacity of the aquifer material. The 
energy ratio of the modeled ATES system is not defined since there are 
many components involved and that makes it difficult to quantify the 
aquifer’s performance for a give time period.
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Fig. 2. Basic working principle of an ATES system.
Source: Reproduced from Huntkey [40].
The design process also involves considerations of aquifer proper-
ties such as permeability, porosity, thermal conductivity, specific heat 
capacity, and aquifer heterogeneity. These properties affect the thermal 
conductivity and storage capacity. Seasonal variations in operation 
must be managed to balance the thermal load and maintain consis-
tent efficiency. These operational adjustments ensure that the system 
remains within optimal performance parameters throughout different 
seasonal demands. Considering such design and operational parame-
ters, these systems can provide a sustainable and efficient solution for 
thermal energy storage.

2.4.3. Aquifer characteristics
The sizing of aquifers is crucial for the efficient functioning of the 

system. Key characteristics of an aquifer that are utilized in the current 
model include hydraulic conductivity, porosity, and thickness as pro-
vided in Table  1. According to  Kanawala [44], hydraulic conductivity 
determines the rate at which groundwater can be pumped and injected, 
significantly impacting the system’s efficiency. High porosity is desir-
able as it allows for greater water storage capacity, while a thicker 
aquifer can store more water, enhancing the system’s overall capacity. 
These factors collectively influence the volume of thermal energy that 
can be stored and retrieved, thus determining the system’s perfor-
mance. The influence of temperature on water properties is considered 
negligible in this model, as the variation is less than 1% of the actual 
value, which does not significantly impact the system. Comparative 
simulations using temperature-dependent values for water’s specific 
heat capacity and density demonstrated that the system’s performance 
remained unaffected. Aquifer temperatures remained unchanged to two 
decimal places. Consequently, static values for water’s specific heat 
capacity and density are employed throughout the model. This is in 
line with the findings of [47,48].

2.4.4. ATES modeling
The ATES along with solar collectors, heat pump, heat exchanger 

acts as a complete system to generate, distribute and store the thermal 
energy. The integrated system is modeled to optimize the performance 
of each component, resulting in optimized performance of the overall 
system. To accomplish that, the system is modeled for a year (8760 h) 
during which the system switches between five modes. The switching 
conditions for each mode is carefully chosen to account for changes 
throughout the year for several parameters such as irradiance, de-
mands and aquifer temperature. The system in general is a closed loop 
meaning there is no loss of water at the end of cycle (here, it is one 
year).

2.5. Heat pump

A heat pump operates on the principle of moving heat rather than 
generating it, making an environmental friendly choice for heating and 
cooling needs. It can extract heat from the air, ground, or water sources, 
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Table 1
Hydraulic and thermal properties of the aquifer and clay layer, [49].
 Symbol Value  
 𝑛 0.30  
 𝑘ℎ,𝑎𝑞 35 m d−1  
 𝑘𝑣,𝑎𝑞 7 m d−1  
 𝑘ℎ,𝑎𝑞𝑡 0.05 m d−1  
 𝑘𝑣,𝑎𝑞𝑡 0.01 m d−1  
 𝜌𝑠𝑐 2640 kg m−3  
 𝜌𝑤 998 kg m−3  
 𝑘𝑎𝑞 3 W m−1 K−1  
 𝑘𝑎𝑞𝑡 1 W m−1 K−1  
 𝑘𝑤 0.60 W m−1 K−1 
 𝐶𝑎𝑞 710 J kg−1 K−1  
 𝐶𝑤 4186 J kg−1 K−1 

depending on the type of system. Additionally, their is another type of a 
HP which is a hybrid source and combines two or more types of a HP. 
The extracted heat can then be distributed throughout a building to 
provide warmth during colder months or expelled to provide cooling 
during warmer months. When combined with ST or PVT collectors, 
the COP and sustainability of a HP system can be further enhanced. 
Thermal collectors or seasonal storage can supplement the energy input 
required by the HP, thereby reducing its overall energy consumption 
and environmental impact. The regular COP of a HP is defined as the 
ratio between heat generation and electricity consumption, fluctuates 
over time and is given by 

𝐶𝑂𝑃 =
𝑄ℎ(𝑡)
𝐸(𝑡)

(18)

The work required for compression in a thermodynamic process can be 
calculated using the following equation 

𝑊𝐶𝑜𝑚𝑝 =
𝑃1 ⋅ 𝜈1
𝜂𝑐𝑜𝑚𝑝

( 𝑘
𝑘 − 1

)[(𝑃2
𝑃1

)
𝑘

𝑘−1 − 1
]

, (19)

where 𝑃1 is the initial pressure of gas before compression and 𝑃2
is final pressure after compression, 𝑘 is the ratio of specific heats, 
is approximately 1.106 for R-134a (tetrafluoroethane), 𝜂𝑐𝑜𝑚𝑝 is the 
efficiency of compressor and 𝜈1 is the specific volume of the gas before 
compression. R134a is a refrigerant widely used in HPs due to its 
favorable thermodynamic properties, offering high energy efficiency, 
low toxicity, and a non-flammable classification.

This study utilizes a thermodynamic cycle to better quantify the 
heat transferred for heating demand [50]. Fig.  3(a) presents the com-
ponents of the HP, divided into four parts: evaporation (D to A), 
compression (A to B), condensation (B to C), and expansion (C to D). 
In parallel, the thermodynamic cycle of a HP is solved hourly, consid-
ering fluctuating thermal conditions for both SH and DHW. The cycle 
begins at point D, where the coolant absorbs heat in the evaporator 
as shown in Fig.  3(b). The coolant changes from a liquid to a gas 
through evaporation, rather than increasing its temperature, reaching 
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Fig. 3. Simplified heat pump diagram illustrating the thermodynamic cycle.
Source: Adapted from Aguilera [50].
point A. Leaving the evaporator, the coolant in its gaseous phase is 
compressed by a compressor, increasing both pressure and temperature, 
reaching point B. Next, in the condenser, the coolant releases heat 
and condenses, reaching point C. Finally, the fluid returns to point 
D through pressure reduction in an expansion valve, completing the 
cycle. A constant evaporator temperature of 0 ◦C is assumed to solve 
the thermodynamic cycle where point A is assumed to be a saturated 
gas and the enthalpies at points B and C are determined using a fitted 
COP expression [51].

The thermodynamic cycle modeling depicted in Fig.  3(b) is to be 
solved for each hour of the year, taking into account the fluctuating 
thermal conditions used for both SH and DHW. These conditions are 
based on the cycle suggested by Chaturvedi et al. [52]. The COP of the 
HP is determined by including these thermodynamic considerations in 
the current statistical data model and the thermodynamic considera-
tions of model developed by [51]. This computation is based on the 
sink temperature 𝑇𝑠𝑖𝑛𝑘 which is then calculated, required for heating. 
𝑇𝐶 = 𝑇𝑠𝑖𝑛𝑘 + 𝑇𝑐𝑜𝑛𝑑 , (20)

The heat source temperature is determined by either the output of a 
thermal collector or the input from a seasonal storage, depending on the 
selected heating mode. Heat sink temperatures are determined for floor 
heating, radiator heating and DHW. For floor heating and radiators, 
temperature profiles are derived from the hourly interpolated ambient 
temperature using 

𝑇𝑠𝑖𝑛𝑘 =
{

40 ◦C − 1.0 𝑇𝑎𝑚, 𝑓𝑜𝑟 𝑟𝑎𝑑𝑖𝑎𝑡𝑜𝑟 ℎ𝑒𝑎𝑡𝑖𝑛𝑔
30 ◦C − 0.5 𝑇𝑎𝑚, 𝑓𝑜𝑟 𝑓𝑙𝑜𝑜𝑟 ℎ𝑒𝑎𝑡𝑖𝑛𝑔

(21)

It should be noted that for DHW, an unfixed heat sink temperature 
is used. When the temperature is within the range of 60–65 ◦C, the 
constraint for DHW is expressed as: 
60 ◦C ≤ 𝑇𝑠𝑖𝑛𝑘 ≤ 65 ◦C (22)

The constraint for the warm water supply is that the supplied flow rate 
is equal to the required flow rate.

3. Integration and operational modes

The system consists of solar collectors, HP, heat exchanger, and 
ATES seasonal storage. These components can be integrated into one 
reliable, resilient system with high-performance efficiency, storage of 
thermal energy, and ensuring year-round availability. The thermal en-
ergy can be used to provide cooling, SH and DHW for the buildings. For 
instance, ST/PVT collectors can supply excess heat to an ATES during 
summer, enhancing the heat supply. Similarly, during winter, the stored 
heat can be used in conjunction with the HP to provide heating, thereby 
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improving the COP of the HP for the integrated system. The heat 
exchanger plays a crucial role in transferring heat between the ATES 
system and the building’s heating or cooling demand, ensuring efficient 
energy use and minimal losses. This integration not only improves 
energy efficiency but also contributes to a more resilient and flexible 
energy system. It is capable of reducing dependency on fossil fuels 
and decreasing greenhouse gas emissions. The strategic combination of 
these technologies is pivotal in advancing towards a more sustainable 
and energy-efficient future.

This system was designed for heating/cooling requirements of a 
residence, as well as to fulfill its DHW needs. In most of the cases, a 
HP based systems prioritize DHW production. However, in the present 
study, SH takes precedence over DHW. While DHW is important for 
daily use, SH is usually prioritized in colder months due to its higher 
demand and immediate need. DHW can often be stored, making it more 
flexible in system operation.

3.1. System description

A schematic view of the system is illustrated in Fig.  4 which consists 
of several parts, namely

• a PV module (including PV module in a PVT), generates electricity 
to the integrated system (power pumps, heat pump) and electrical 
load.

• a thermal module (including thermal module in a PVT), produces 
warm water for domestic use through the absorption of solar 
energy and subsequent heat transfer processes.

• an ATES system, utilizes the subsurface thermal energy to provide 
both heating and cooling for buildings through a process of 
seasonal thermal energy storage and extraction.

• a HP extracts heat from a low-temperature heat source, such as 
solar collector output or the ground aquifer, and transfers it to 
a higher temperature to provide SH or DHW. Additionally, in 
cooling mode, the HP can reverse its operation, removing heat 
from the indoor environment to achieve cooling.

• a heat exchanger, facilitates the transfer of thermal energy be-
tween two fluids, enabling efficient heating, cooling, or heat 
recovery.

• circulation pumps, to circulate the fluids within the system, en-
suring a continuous flow through the collector and facilitating 
efficient heat transfer between the collector and the heat transfer 
fluid.

A few assumptions have been taken into account for the proposed 
system, such as:
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Fig. 4. Schematic diagram of a solar system combined with solar collectors, a heat pump, an ATES, a heat exchanger and an electrical storage.
Fig. 5. Classification of Mode I for SH, DHW, and storage of heat generated by the collectors.
• optical characteristics of the collectors components are assumed 
as constant [53].

• collectors are assumed to be well-insulated, with no significant 
heat losses to the surroundings [38].

• losses at bends, valves, and other components are assumed to be 
negligible [54].

• constant fluid properties, within the operating temperature range
[55].

• the flow rate of the fluid within the module remained constant 
across all pipes [53].

• uniform temperature and composition throughout the aquifers
[28].
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• the heat exchanger is assumed to operate with an effectiveness of 
90%.

• pressure drops and losses across the components of system are 
assumed to be negligible [56].

• pipes connecting the system components are well-insulated, re-
sulting in negligible heat loss to the surroundings [57].

• The electricity required for pumping liquids is not considered, as 
thermal energy output far exceeds electrical consumption. Water 
is pumped only during operational periods, unlike continuous sys-
tems, resulting in significantly lower overall electrical energy use, 
which accounts for only 1% of the total energy delivered [58].
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Fig. 6. Mode II: The HP heating mode for SH and DHW coverage.

Fig. 7. Mode III: The HP storage mode for SH and DHW coverage.

Fig. 8. Mode IV: Operational mode for cooling.

Fig. 9. Mode V: Heating mode for DHW coverage.

It should be noted that the mentioned assumptions are indeed part 
of the system simplifications, it is essential to emphasize that these 
assumptions are considered minor in the context of the overall system 
model.
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3.2. Operational modes

The system operates in distinct modes, utilizing a series of switches 
to direct heat flow based on supply and demand. The classification of 
system configurations considering these distinct modes for SH, DHW, 
and cooling is presented as follows:

• Solar heating and underground storage mode (Mode I) is split 
into two parts as illustrated in Fig.  5. Solar heating part (see Fig. 
5(a)), extract heat directly from solar collectors, typically utilized 
during the milder seasons of spring or autumn. This mode acti-
vates when the temperature of the heat extraction medium rises 
to supply heating, as demonstrated in the following equations. 
It accounts for the mass flow rate and temperature variations 
each hour throughout the year to deliver the required heating and 
following conditions must be met; 

𝑇𝑤,𝑜 >
{

40 ◦C − 1.0 𝑇𝑎𝑚, 𝑓𝑜𝑟 𝑟𝑎𝑑𝑖𝑎𝑡𝑜𝑟 ℎ𝑒𝑎𝑡𝑖𝑛𝑔
30 ◦C − 0.5 𝑇𝑎𝑚, 𝑓𝑜𝑟 𝑓𝑙𝑜𝑜𝑟 ℎ𝑒𝑎𝑡𝑖𝑛𝑔

(23)

and for DHW, the following condition must be met; 

𝑇𝑤,𝑜 > 60 ◦C (24)

Throughout the year, a significant portion of the heat produced by 
solar collectors is generated during the summer, when household 
heating is typically unnecessary. To prevent this surplus heat from 
going to waste, it is stored in underground warm aquifers using 
the ATES system as depicted in Fig.  5(b), providing an efficient 
solution for conserving the excess energy for winter use.

• The HP heating mode (Mode II) integrates solar collectors output 
with a HP as shown in Fig.  6 to achieve the desired heating 
temperature, termed as the HP heating mode. This mode activates 
when the conditions outlined in the above equations are not 
satisfied, or when the heat supplied by Mode I is insufficient. 
However, for this mode to operate, the given condition must be 
met. 

𝑇𝑤,𝑜 > 20 ◦C (25)

By employing the heat pump, a higher temperature can be
reached, allowing the system to partially meet the heating de-
mand.

• The HP storage mode (Mode III) presented in Fig.  7, involves the 
utilization of a HP in conjunction with ATES for heating purposes, 
predominantly during the winter season. It is utilized when other 
modes are insufficient to meet the heat demand and this mode is 
expected to operate throughout the heating season.

• Transitioning to the cooling mode (Mode IV), the HP extracts 
heat from the building while utilizing cold water from the cold 
aquifer for effective cooling as presented in Fig.  8. During the 
summer season, SH is not necessary; however, DHW is still re-
quired. This need is met simultaneously with DHW mode, which 
activates when there is a demand for space cooling and cold 
aquifer provides the desired temperature.

• Fig.  9 presents the DHW heating mode (Mode V) where ATES, and 
a HP are combined to provide DHW which is required through-
out the year. Since for DHW, a temperature of 60 to 65 ◦C is 
required, and solar collectors alone (i.e., Mode I) cannot achieve 
this temperature considering the Dutch climate, an ATES system 
is utilized with a HP. It is important to note that using solar 
collectors with a HP is another option to meet this demand during 
the summer; in this case, the heat is transferred to the HP instead 
of being stored in the warm aquifer. The preference for the HP 
with ATES arises from the fact that DHW is primarily needed in 
the morning or late evening, times when solar radiation is very 
limited.
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Fig. 10. Annual SH and cooling demand with roof area for buildings B5, B21, B25, 
O3 and W96 with current insulation.

The collectors operate in an islanding mode, where it continues to 
provide electrical power and heating/cooling independently of the grid. 
For optimal operation, these modes are typically managed by an intel-
ligent control system that monitors climate data and building energy 
demands. This ensures that the system operates in the most efficient 
mode possible, balancing between electricity production, heating, and 
cooling needs, and energy storage. In summary, the system can operate 
in various modes to maximize energy efficiency and meet the dynamic 
energy demands of a building. Properly managed, such systems can 
significantly reduce energy costs and environmental impact while pro-
viding reliable and sustainable energy solutions. Specific components 
of the system can be isolated for maintenance without disrupting the 
operation of entire system. For example, maintenance on the heat pump 
can occur while solar collectors continue generating both heat and 
electricity.

4. Input parameters

The performance of the integrated system is significantly influenced 
by various parameters, including weather conditions, heating/cooling 
demand, solar collector type, heating system configuration, insulation 
type and the materials used. The aim is to assess and compare the 
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annual and weekly performance of various configurations, focusing on 
identifying the most effective solution for meeting energy demands for 
the considered buildings in the Amsterdam region. Particular emphasis 
is placed on systems without natural gas to minimize electricity con-
sumption. Initially, an analysis of the input parameters such as heating 
and cooling demands of the buildings, along with relevant weather data 
is presented.

4.1. Demand side inputs

The five buildings under consideration are located on three different 
streets in the center of Amsterdam, randomly selected from a dataset 
of residential buildings. They represent some of the most common 
roof area configurations found in the city. Due to strict Dutch privacy 
laws, the addresses of these buildings remain confidential. Building 
B5, built in 1750, has a roof area of 134 m2, while building B21, 
constructed around the same time, has a roof area of 158 m2. Building 
B25, dating back to 1700, features a 142 m2 roof area. Building O3, 
built in 1685, has a smaller roof area of 69 m2, whereas building W96, 
constructed in 1693, has the largest roof area at 163 m2. Building W96 
has three floors, building B21 has five, and the other three buildings 
have four floors each. The annual SH and cooling demands for these 
buildings, based on their current insulation levels and influenced by 
dynamic occupant behavior, are shown in Fig.  10. In contrast, Fig.  11 
depicts the hourly variation for all five buildings, reflecting the seasonal 
fluctuations in their energy needs.

For all the five buildings, three levels of insulation have been 
established based on recognized standards: 1) current, 2) medium 
temperature (𝑇𝑀 ) and 3) low temperature (𝑇𝐿). Considering SH and 
cooling demand for all the five buildings, shown in Fig.  12:

• The current level is considered as the base scenario, e.g. the worst-
case scenario [59]. It represents the energy demand in its original 
state with an annual total SH demand of approximately 194 MWh.

• If renovated to the 𝑇𝑀 -level, where SH demand is less than 80 
kWh m−2 yearly and the supply temperature required is 70 ◦C, 
the annual total SH demand decreases to almost half, around 95 
MWh.

• However, the 𝑇𝐿-level renovation provides the most significant 
improvement, achieving near-ideal insulation with a SH demand 
of less than 50 kWh m−2 per year and a supply temperature of 
55 ◦C. As a result, the total SH demand is minimized to just 50 
MWh, representing the lowest possible level.
Fig. 11. Hourly variation of SH and cooling demand for buildings B5, B21, B25, O3 and W96 with current insulation.
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Fig. 12. Total SH and cooling demand for all the considered buildings with different insulation levels.
Fig. 13. Daily DHW demand for building B5 considering multiple seasons.

The 𝑇𝑀  and 𝑇𝐿-levels are defined by the Municipality of Amster-
dam. They indicate that buildings with a yearly heat demand below 
80 kWhm−2 of floor area can be heated with a system delivering heat 
at middle temperature. Additionally, a maximum heat demand of 50 
kWhm−2 is stated for 𝑇𝐿 heat strategies [60]. The supply temperature 
used in this research is based on the supply temperature for low-
temperature heating, as described by van Egmond and van Petersen 
[61]. The load data is based on dynamic simulations conducted in Lady-
bugtools using OpenStudio and EnergyPlus. The models were calibrated 
based on benchmark values.

This progression illustrates how enhanced insulation can drastically 
reduce heating demand, promoting greater efficiency and sustainabil-
ity. Considering these buildings, the total cooling demand is 8506 kWh 
with current insulation, decreases to 8411 kWh with 𝑇𝑀 -level insula-
tion and increases to 8604 kWh with 𝑇𝐿-level insulation. This shows 
that improved insulation primarily benefits heating efficiency, while 
cooling demand remains relatively stable. Similarly, the DHW demand 
remains consistent across different insulation levels but varies notice-
ably with the seasons, reflecting the influence of occupant behavior and 
usage patterns. The annual total DHW demand for all the considered 
buildings remains fairly consistent throughout the year, with a slight 
reduction during the summer months. Fig.  13 illustrates a daily DHW 
profile for building B5, revealing higher demands in winter, a slight 
decrease in spring, and even lower requirements in summer. The DHW 
is required throughout the year and overall, the DHW demand exhibits 
minimal variation throughout the year and is approximately 92.70 
MWh considering various insulation levels. By incorporating variations 
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in occupant behavior, the study achieves a more realistic representation 
of energy demand, enabling a more accurate evaluation of system 
performance under typical residential conditions.

4.2. Weather data

In Fig.  14, input weather data extracted from METEONORM version 
7.3 [62] is presented weekly considering distinct seasons and annually. 
The hourly variation of ambient temperature over a two-week period 
for three different seasons is presented in Fig.  14(a). For the winter 
weeks, ambient temperatures can drop below 0 ◦C, with the maximum 
solar radiation reaching just over 500 W m−2. During the spring weeks, 
the average ambient temperature is approximately 12 ◦C, while solar 
radiation fluctuates and can peak at 900 W m−2. For the summer weeks, 
the average ambient temperature rises to around 20 ◦C, with ample 
solar radiation available throughout the period. Fig.  14(b) illustrates 
the annual profiles of solar radiation and average ambient temperature. 
In all cases, similar weather conditions, including wind speed, were 
applied for consistency across the data.

5. Results and discussion

Initially, a simple comparison of only solar collectors is presented. 
Subsequently, various combinations were examined by considering var-
ious key factors: the type of solar collectors used, which constitutes the 
primary focus, the type of heating method and the level of insulation 
(i.e. current and new).

5.1. Comparison of only solar collectors performance

The performance of the solar collectors is influenced by several 
factors, including ambient temperature, solar irradiance, wind speed, 
mass flow rate, and the type of working fluid. However, the materials 
and thicknesses of the components, as outlined in Table  2, also play a 
significant role in determining efficiency. Simulations were performed 
using the weather data presented in Section 4 for the developed solar 
collector models presented in Sections 2.1, 2.2, and 2.3. These simula-
tions assess the hourly performance of the collectors in detail. Monthly 
outputs of the collectors were then calculated, ultimately aiming to 
determine the total annual yields.

In order to compare only solar collectors performance, the fluid in-
flow temperature was assumed to be close to the ambient temperature, 
as no heat storage tank was considered for this comparison. As the data 
is collected, a comparison of the different efficiencies obtained from 
the glazed ST collector and the unglazed PVT collector is presented in 
Fig.  15. This figure illustrates the thermal and electrical performance 
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Fig. 14. Evolution of solar radiation and average ambient temperature in Amsterdam region.
Table 2
The used thermo-physical properties of the studied collectors [31].
 Symbol Value  
 Glass cover 𝛼𝑔 0.10  
 𝐶𝑔 670 J kg−1 K−1  
 𝜆𝑔 1.10 W m−1 K−1  
 𝜌𝑔 2200 kg m−3  
 𝜀𝑔 0.88  
 𝓁𝑔 0.0032 m  
 𝜏𝑔 0.84  
 PV cell 𝛼𝑝𝑣 0.90  
 𝛽𝑝 −0.25%/K  
 𝐶𝑝𝑣 900 J kg−1 K−1  
 𝛿 0.052  
 𝜆𝑝𝑣 148 W m−1 K−1  
 𝜌𝑝𝑣 2330 kg m−3  
 𝜂𝑒𝑙,𝑟𝑒𝑓 20%  
 𝓁𝑝𝑣 0.0003 m  
 Tedlar 𝛼𝑡 0.80  
 𝐶𝑡 1200 J kg−1 K−1  
 𝜆𝑡 0.20 W m−1 K−1  
 𝜌𝑡 1200 kg m−3  
 𝓁𝑡 0.00075 m  
 Air 𝐶𝑐𝑓 1007 J kg−1 K−1  
 𝜆𝑐𝑓 0.026 W m−1 K−1 
 𝜌𝑐𝑓 1.184 kg m−3  
 𝓁𝑐𝑓 0.020 m  
 Absorber and metallic tube 𝛼𝑎𝑏∕𝑚 0.95  
 𝐶𝑎𝑏∕𝑚 385 J kg−1 K−1  
 𝜆𝑎𝑏∕𝑚 400 W m−1 K−1  
 𝜌𝑎𝑏∕𝑚 8900 kg m−3  
 𝓁𝑝 0.001 m  
 Water 𝐶𝑤 4186 J kg−1 K−1  
 𝜆𝑤 0.60 W m−1 K−1  
 𝜌𝑤 998 kg m−3  
 Insulation 𝐶𝑖 670 J kg−1 K−1  
 𝜆𝑖 0.034 W m−1 K−1 
 𝜌𝑖 20 kg m−3  
 𝓁𝑖 0.05 m  

characteristics as a function of the operating conditions, expressed by 
the reduced temperature (𝑇𝑤,𝑖−𝑇𝑎𝑚)∕𝐺. It is obvious that for the glazed 
ST configuration, the slope of the thermal efficiency curve is higher 
in comparison to the unglazed PVT configuration. The efficiency curve 
for unglazed type configuration exhibits a more rapid reduction when 
contrasted with glazed type configuration. The reduced temperature 
also impacts the PV efficiency since the cell temperature also relies 
on the operating conditions that are water inlet temperature, ambient 
12 
temperature, and solar radiation level. However the change in PV 
performance is small.

The electrical efficiency of a PV module is significantly influenced 
by the temperature of PV cells, which in turn is affected by various 
factors such as wind speed, solar radiation, and ambient temperature. 
PV efficiency and cell temperature are plotted against solar radiation 
in Fig.  16. It reveals that in the case of an unglazed PVT collector, the 
integration of a thermal module extracts heat from the top, thereby 
reducing cell temperature and enhancing electrical efficiency. Con-
versely, for PV only module, with the increase in solar radiation raises 
cell temperature, leading to lower PV module efficiency. Moreover, 
an increase in wind speed lowers cell temperature due to the higher 
convection heat transfer coefficient, which increases with greater wind 
speed. As mentioned earlier, hourly simulations were carried out to 
assess the performance of the collectors in detail with the final aim 
of obtaining total annual yield. Among the two configurations, the 
PV module in the PVT collector produces the higher electrical output, 
approximately 225 kWh m−2 annually. In contrast, the standalone PV 
module generates the lower electrical output, around 209 kWh m−2. 
This demonstrates a 7.70% gain in electrical output achieved by the 
PVT collector configuration. The total annual available solar irradiation 
for the tilted surface is 1190 kWh m−2.

5.2. Weekly and annual simulations of the integrated system

The integrated system, as depicted in Fig.  4, operates in distinct 
modes outlined in Section 3.2, utilizing the input parameters and 
weather data detailed in Section 4.1. Two cases are analyzed: A) PVT 
collectors and B) PV/ST collectors, with each case further divided into 
subsections based on the type of heating and insulation.

5.2.1. Case a: PVT collectors
Since each building has a different level of insulation and insulation 

plays a crucial role in determining energy demand, especially for 
SH as mentioned earlier. The results are subdivided into two parts 
by considering current insulation level and new insulation level. The 
evaluation considers both 𝑇𝑀  and 𝑇𝐿 scenarios for new insulation, as 
well as the type of heating system, whether radiator or floor heating is 
utilized.

• Current insulation with radiator heating
First, current insulation scenario is utilized, with radiators used 
for SH. Fig.  17(a) shows the inflow and outflow temperatures 
of the PVT collector, with the data split into various seasons. 
The fluid entering the collectors matches the temperature of the 
cold aquifer, with losses between the aquifer and collector being 
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Fig. 15. Simulated performance of ST and PVT including PV efficiency (blue), thermal efficiency (red), and combined efficiency (purple) as a function of operation condition. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 16. Influence of solar radiation on the cell temperature and electrical efficiency of the unglazed PV and PVT collector.
Fig. 17. Variation of inflow and outflow temperatures considering PVT collectors, current insulation and radiator heating.
negligible. During the winter weeks, the PVT outlet water temper-
ature typically remains below 20 ◦C, whereas during the spring 
weeks, it can exceed 30 ◦C. The summer weeks exhibit higher 
outlet water temperatures, reaching up to 40 ◦C. In parallel, 
Fig.  17(b) illustrates annual outflow and PV cell temperatures. 
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High ambient temperatures and solar radiation during the sum-
mer months increase the PV cell temperature to 60 ◦C, thereby 
reducing electrical performance.
The HP is another important component of the integrated system. 
The HP outlet temperatures, based on inputs from either the PVT 



Z. Ul-Abdin et al. Solar Energy 299 (2025) 113772 
Fig. 18. Variation of the HP outlet temperatures (O/P) and input temperatures (I/P) to the PVT and ATES components considering PVT collectors, current insulation and radiator 
heating for (a) weekly and (b) annual variation of temperatures.  (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)
Fig. 19. COP of the HP with radiator heating for DHW and SH, utilizing ATES, current insulation and PVT systems for (a) weekly and (b) annual variation.
Fig. 20. Power consumption of the HP with radiator heating for DHW and SH, utilizing ATES, current insulation and PVT systems for (a) weekly and (b) average annual variation.
collector or the warm aquifer, are shown in Fig.  18. It can be 
observed in Fig.  18(b) that when the PVT outlet temperature 
exceeds 20 ◦C, it is combined with the HP, and the resulting outlet 
temperature is plotted in red. The HP also operates with ATES, 
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where the warm aquifer is used for SH during winter and for DHW 
during summer. The PVT outlet temperature is not utilized by the 
HP during the summer, as heat is stored in the warm aquifer, 
resulting in higher temperatures from the HP outlet. However, in 
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Fig. 21. Annual temperature variation with current insulation of the aquifers consider-
ing PVT collectors and radiator heating, highlighting their seasonal fluctuations.  (For 
interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)

the winter, the PVT outlet is utilized by the HP, resulting in lower 
HP outlet temperatures. The black line represents the HP outlet 
temperature when combined with ATES for SH, showing that the 
warm aquifer, with a temperature around 25 ◦C, is used as input 
to the HP. The HP outlet temperature is slightly lower, as some 
heat is used for heating. Similarly, the light green line represents 
DHW, following a similar trend. However, in the summer, the 
outlet temperature is slightly higher due to the lower demand for 
DHW heating.
The COP of the HP for the integrated system considering both 
SH and DHW is presented in Fig.  19, evaluated on a weekly and 
annual basis. The system’s performance can be assessed through 
the COP values of the HP with PVT and ATES system. As discussed 
earlier, SH demand is highest during the winter months. The 
HP combined with PVT for SH achieves an average COP of 
around 5 during winter weeks (see Fig.  19(a)). In contrast, the 
HP combined with ATES for SH reaches a higher average COP 
of approximately 7 due to higher inlet temperature, though with 
greater variability. For DHW, when using the HP with ATES, 
the COP is lower, around 4, but shows consistent performance 
throughout. Similar trends are observed during spring weeks, 
although SH demand is less frequent during this period, mean-
ing the HP is not always in use. In the summer, only DHW is 
required, and ATES is used with the HP to meet this demand. 
The COP remains steady at around 4, reflecting consistent system 
performance. Fig.  19(b) presents the annual COP for the different 
scenarios. The lowest COP is observed for DHW, as the heating 
demand is continuous and higher temperature is required to cover 
DHW demand. In contrast, SH, particularly when using a HP 
with ATES, achieves the highest annual COP. This is due to the 
system’s better performance during peak demand periods, such as 
winter, and a lower temperature required to meet this demand. 
This shows that the ATES-HP combination for SH provides better 
performance over the course of a year, making it a suitable 
configuration due to the higher inflow temperature from the 
warm aquifer. The average annual COP of the HP in this case 
considering both SH and DHW is approximately 5.31.
Furthermore, Fig.  20 illustrates the power consumed by the HP 
to meet SH and DHW demands using thermal energy from the 
PVT and ATES systems, both on a weekly and annual basis. Much 
lower power is required during the spring weeks compared to 
the winter weeks, due to lower heating demand as shown in 
Fig.  20(a). The HP with ATES system generally consumes more 
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power, particularly during the winter months, as it is primarily 
responsible for covering SH demand as illustrated in Fig.  20(b). 
This increased power consumption also shows greater variability 
due to the fluctuating heating needs in colder months. In contrast, 
the HP combined with the PVT system exhibits lower and more 
consistent power consumption throughout the year, especially for 
SH. For DHW, power is required year-round to meet the constant 
demand and the energy consumption is more stable compared to 
SH. Since the COP is directly related to power usage, HPs with 
higher COP values (such as those combined with ATES for SH) 
will require less power to deliver the same heating output. In 
contrast, HPs with lower COP values (such as those combined 
with ATES for DHW) will consume more power due to the higher 
temperature requirement to meet DHW demand compared to SH 
demand.
The annual temperature variations in warm and cold aquifers 
of the seasonal storage system is shown in Fig.  21. Considering 
current insulation case, volume of 20,000 m3 for each aquifer 
is thought to be sufficient. Two distinct temperature profiles are 
observed: the warm aquifer, shown in red, and the cold aquifer, 
shown in blue. The warm aquifer temperature ranges from a 
minimum of 25 ◦C to a maximum of 26.76 ◦C, with a noticeable 
increase around mid-year due to thermal energy storage from 
the PVT collectors. On the other hand, the cold aquifer remains 
cooler, with temperatures between 13 ◦C and 15 ◦C. Both aquifers 
generally warm up as the year goes on, but the cold aquifer ex-
periences a more significant rise in the temperature. Throughout 
the year, the temperature difference between the two aquifers 
remains substantial, averaging around 12 ◦C. The temperature 
fluctuations in both aquifers are less than 3 ◦C, indicating that 
the aquifer sizes are appropriate for the system.
For the weekly and annual operation of the system, the entire 
heating and cooling demand is covered by dividing it into five 
different modes, utilizing a series of switches to direct heat flow as 
mentioned in Section 3.2. In the considered configuration, where 
PVT collectors are used alongside radiator heating, the system 
operates in the following manner. During peak winter weeks, only 
mode III is activated to meet the heating demand. During spring, 
both modes I and II are activated in response to increased solar 
radiation. However, they operate only for a few hours during the 
day, as the PVT collectors generate heat only when sunlight is 
available. In contrast, during the summer weeks, both DHW and 
cooling are required. This activates mode IV for cooling and mode 
V for DHW, as shown in Fig.  22(a). The annual operation of the 
system is depicted in Fig.  22(b), where it can be seen that modes 
I, II, and III are active during the winter and spring months, while 
modes IV and V are primarily activated during the summer and 
autumn months.
To analyze the system dynamics, Fig.  23 illustrates the energy 
input from the warm aquifer and PVT collectors with a HP, 
necessary to meet the demands for SH and DHW. The energy 
output from the ATES combined with the HP for SH, shown 
by the red line, demonstrates significant seasonal fluctuations. 
During the winter months, the average energy supplied peaks 
at approximately 80 kWh per day, reflecting the high heating 
demand. In contrast, during the summer and autumn months, 
energy output drops sharply due to reduced heating needs, driven 
by higher ambient temperatures and increased solar irradiance.
The energy output from the PVT collectors combined with the 
HP, represented by the pink line, remains relatively low and 
stable throughout the year. There is a slight increase during 
the spring months, when the output occasionally peaks, likely 
attributed to enhanced solar irradiance. The contribution from 
solar collectors, indicated by the dashed green line, is minimal 
compared to the other configurations. However, the surplus heat 
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Fig. 22. Operational modes of the system with current insulation for SH, DHW and cooling with radiator heating for (a) weekly and (b) annual activation.
Fig. 23. Average energy supplied by various components to cover heating demand using current insulation.  (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)
Fig. 24. COP of the HP with floor heating for DHW and SH, utilizing ATES and PVT systems for (a) weekly and (b) annual variation.
generated by the solar collectors during summer season is stored 
in the warm aquifer. The ATES in combination with the HP for 
DHW, illustrated by the dashed black line, maintains a steady 
energy output throughout the year, typically ranging from 8 to 
16 kWh per day. This stability indicates a consistent demand for 
DHW, with only minor fluctuations around the average value. 
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Overall, this analysis emphasizes the critical roles of each system 
and highlights how seasonal variations significantly affect their 
performance.

• Current insulation with floor heating
The next section examines the use of unglazed PVT collectors, 
where the heating method shifts from radiator heating to floor 
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Fig. 25. Power consumption of the HP with floor heating for DHW and SH, utilizing ATES and PVT systems for (a) weekly and (b) average annual variation.
Fig. 26. Annual temperature variation with 𝑇𝑀 -level insulation of the aquifers consid-
ering PVT collectors and radiator heating, highlighting their seasonal fluctuations.

heating, which requires lower temperatures to meet the SH de-
mand. Fig.  24 illustrates that the COP for DHW using a HP 
with the ATES remains consistent with that of radiator heating. 
However, there is a notable increase in the COP for both heating 
scenarios. In the radiator heating configuration, the combination 
of PVT collectors and the HP achieves an average COP of ap-
proximately 5 during winter weeks. In contrast, with the floor 
heating system, the COP rises to around 6. This improvement is 
due to the lower temperature required for floor heating compared 
to radiator heating. Furthermore, the HP combined with ATES for 
SH reaches an average COP of approximately 7 in the previous 
case, while in this scenario, it exceeds 8. Overall, the average 
annual COP for both SH and DHW in this configuration is approx-
imately 5.87. This improvement demonstrates the effectiveness 
of floor heating systems in enhancing energy efficiency. The 
higher COP values reflect the system’s ability to provide heating 
more efficiently, highlighting the benefits of selecting appropriate 
heating method for optimal performance.
Fig.  25 depicts the power consumption of the HP to meet SH and 
DHW demands utilizing floor heating, both on a weekly and on 
annual basis. In floor heating case, the power consumed by the 
HP for SH has decreased significantly compared to the previous 
radiator heating configuration. This reduction is largely due to 
the lower temperature requirements of the floor heating system, 
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which enhances the COP of the HP. With an increased COP of 
approximately 6 for SH, the system requires less power to deliver 
the same heating output. Consequently, this results in lower 
energy consumption, especially during the colder months, while 
still maintaining the ability to meet heating demands effectively. 
The more efficient operation of the floor heating system not only 
reduces power requirements but also contributes to overall system 
performance.

• 𝑇𝑀  and 𝑇𝐿 level insulation with radiator heating
As explained earlier, the use of 𝑇𝑀 -level insulation reduces the 
annual heating demand from 194 MWh to 95 MWh for all the 
considered buildings (see Fig.  12(a)). This results in a smaller 
required aquifer volume, which is assumed 14,000 m3 approxi-
mately for each aquifer as the temperature fluctuations in each 
aquifer are less than 3 ◦C. The number of solar collectors reduced 
to 60% of the previous amount because of the lower demand. 
With the use of PVT collectors and radiator heating, the cold 
aquifer end temperature remains nearly the same at 15.26 ◦C, 
compared to 15.18 ◦C with the current insulation, as shown in 
Fig.  26. However, the warm aquifer temperature increases to 
27.81 ◦C, up from 26.76 ◦C with the current insulation. This 
indicates that the new insulation reduces the SH demand and 
leads to a lessened extraction of heat, causing the warm aquifer 
temperature to rise. Meanwhile, the cooling demand remains 
largely unaffected by the change in insulation, so the cold aquifer 
temperature stays approximately the same.
Considering the similar case with 𝑇𝑀 -level insulation, the operat-
ing modes for both winter and summer weeks remain consistent, 
as shown in Fig.  27(a). However, it is interesting to note the use 
of operating modes IV and V during the spring months. Mode 
IV, that is for cooling, experiences slight changes in the demand 
due to the building’s insulation, with some spikes observed. On 
the other hand, mode V is activated on several occasions to 
cover DHW demand. The reason for this is that SH demand is 
reduced and is not much required during spring weeks whereas 
DHW remains the same as previous case. Also the warm aquifer 
temperature in this case is a bit higher compared to the previous 
case.
Additionally, the average annual COP for both SH and DHW in 
the previous case was approximately 5.31. However, with the 
new insulation, the COP decreases to 5.05, as less SH is required 
while the demand for DHW remains unchanged. A similar trend 
was observed across all cases, regardless of the heating type or 
collector used. During the winter months, the average energy 
supplied peaks at approximately 45 kWh per day with 𝑇𝑀 -level 
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Fig. 27. Operational modes of the system with 𝑇𝑀 -level insulation for SH, DHW and cooling with radiator heating for (a) weekly and (b) annual activation.
Fig. 28. Average energy supplied by various components to cover heating demand using 𝑇𝑀 -level insulation.
Fig. 29. Variation of inflow and outflow temperatures considering ST collectors and radiator heating for (a) weekly and (b) annual variation.
insulation as illustrated in Fig.  28, compared to 80 kWh per day, 
reflecting a lower SH demand. Similar to the previous case, during 
the summer and autumn months, the energy output drops sharply 
due to reduced heating needs. However, since the DHW demand is 
unaffected by the change in insulation, a similar trend in energy 
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usage for DHW can be observed, maintaining consistent energy 
supply throughout the seasons.
Lastly, with 𝑇𝐿-level insulation, the SH demand is further reduced 
to 50 MWh. This implies the aquifer size can be further mini-
mized. However, it is important to note that the DHW demand 
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Fig. 30. Annual temperature variation of the aquifers considering ST collectors and radiator heating, highlighting their seasonal fluctuations.
Fig. 31. Operational modes of the system for SH, DHW and cooling with radiator heating for (a) weekly and (b) annual variation.
remains constant at approximately 92.70 MWh, as it is unaffected 
by insulation. If a similar aquifer size is maintained as in the 
previous case with 𝑇𝐿-level insulation, the cold aquifer remains 
unchanged. However, the temperature of the warm aquifer in-
creases slightly to 27.92 ◦C due to reduced heat extraction for 
SH. As a result of the reduced SH demand, the combined COP 
decreases to 4.88 which was 5.31 with current and 5.05 with the 
𝑇𝑀 -level insulation.

• 𝑇𝑀  and 𝑇𝐿 level insulation with floor heating
In this configuration, radiator heating is replaced by floor heating, 
while maintaining the new level of insulation. The use of floor 
heating increases the COP of the HP for the integrated system to 
5.43, compared to 5.05 in the previous case. However, the COP 
remains lower when compared to the current insulation level, 
which was 5.87 in the case of floor heating. Additionally, the 
aquifers temperature remains approximately the same as in the 
case of radiator heating with the new insulation levels.

5.2.2. Case B: PV/ST collectors
In this case, the PVT collectors are replaced with separate ST and 

PV modules. While unglazed PVTs were used in the previous scenario, 
this configuration uses glazed ST collectors for heat production. This 
19 
results in reduced heat losses to the ambient environment and higher 
outlet temperatures.

• Current insulation with radiator heating
In this part, radiator heating is utilized with current insulation. 
Although this setup requires more roof space for the two mod-
ules, Fig.  29 shows that ST collector temperatures often exceed 
50 ◦C, compared to 40 ◦C from unglazed PVT collectors. No-
tably, the glazed ST collectors maintain high temperatures not 
only during the summer months but also during winter. This 
indicates increased heat storage in the warm aquifer, increasing 
the utilization of modes I and II. Weekly temperature variations 
across multiple seasons are depicted in Fig.  29(a), while annual 
temperature variations are illustrated in Fig.  29(b).
The difference in aquifer temperature can be observed in Fig.  30 
when using glazed ST collectors. With the same aquifer volume, 
the final temperature of the warm aquifer is 27.24 ◦C, showing a 
noticeable increase from the previous case, where it was 26.76 ◦C. 
In contrast, the cold aquifer reaches a temperature of 15.77 ◦C, 
compared to just above 15 ◦C in the earlier scenario. Both aquifers 
warm as the year progresses, with temperature fluctuations under 
3 ◦C, indicating their sizes are suitable for the system. Throughout 
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the year, the temperature difference between the two aquifers 
remains substantial, averaging around 12 ◦C, which is significant. 
Given the higher temperatures achieved, it may be possible to 
reduce the number of ST collectors without compromising per-
formance. The average annual COP for both SH and DHW in this 
case is approximately 5.45. This shows an improvement over the 
previous case using PVT collectors, which had a COP of 5.31. 
The higher COP for the HP utilizing ST collectors indicates better 
energy efficiency, demonstrating the enhanced performance of ST 
collectors in converting solar energy into useful heating.
In the Netherlands, electricity supply exceeds the demand, espe-
cially during peak production (sunshine hours) in the summer 
months. Instead of shutting the PV modules or causing strain on 
the grid, excess electricity from the PV modules can be utilize 
to operate the HP. By converting excess electricity into heat and 
store it to the seasonal storage, the system avoids sending surplus 
power to the grid during peak production times. In this case, 
the excess electricity produced is approximately 1168 kWh when 
heating is not required. The HP operates with a COP of 4 since 
cold aquifer fluid is utilized as an input. Utilizing PV modules 
and a HP, the warm aquifer temperature rises from 27.24 ◦C to 
27.45 ◦C. This increase in temperature helps to enhance the COP 
of a HP when heating is required. The heat stored in the warm 
aquifer during summer can be retrieved in winter, balancing 
energy supply and demand. This approach can also be applied to 
Case A by integrating the PVT collector’s PV module with the HP, 
enabling surplus electricity to be converted into heat and stored 
in seasonal storage.

• Current insulation with floor heating
In this configuration, not only are the PVT collectors replaced 
with separate ST and PV modules, but the heating system is 
shifted from radiator heating to floor heating. The use of ST 
collectors allows for more heat to be stored in the warm aquifer, 
leading to an increased utilization of the first two modes (I and 
II) of operation. Additionally, the lower temperature requirements 
of floor heating further enhance system performance. During the 
winter weeks in the previous configuration where PVTs and ra-
diator heating were used, only mode III was activated. However, 
in this case as shown in Fig.  31(a), mode II also gets activated 
during certain hours, reflecting improvement in the system. Dur-
ing the spring weeks, not only do the activation hours for mode 
I increase. Mode II also becomes more active, further optimizing 
energy utilization by taking advantage of the lower temperature 
demands of the floor heating system. This results in better system 
performance throughout the year, with more modes engaged to 
efficiently meet heating demands. In this configuration, the HP 
achieves an average COP of 6.09 for both SH and DHW, mark-
ing a significant improvement over previous configurations. This 
increase is driven by the combined benefits of using separate ST 
modules, along with the switch to floor heating. The ST collectors 
allow for more efficient heat storage in the warm aquifer, while 
the lower temperature requirements of floor heating reduce the 
load on HP, enhancing its COP. As a result, the system can deliver 
the same heating output with less energy input, leading to a 
higher overall COP of the HP. This improvement highlights how 
changes in configuration, such as optimizing heat sources and 
distribution methods, can substantially boost performance.

• 𝑇𝑀  and 𝑇𝐿 level insulation with radiator heating
The implementation of 𝑇𝑀 -level insulation reduces the annual 
heating demand, leading to a smaller required aquifer volume 
and fewer collectors. However, with the combination of PV/ST 
collectors, the warm aquifer’s temperature rises to approximately 
28 ◦C due to the additional heat provided by the ST collectors. 
Moreover, the inclusion of ST collectors increases the COP of the 
20 
HP for both SH and DHW to 5.16, compared to 5.05 in the case 
of PVT usage with the same configuration.

• 𝑇𝑀  and 𝑇𝐿 level insulation with floor heating
A similar trend was observed here as was noted in Case A, where 
PVTs were utilized with a similar configuration.

6. Conclusions

The present effort focuses on five residential buildings in Ams-
terdam. Different types of solar collectors combined with seasonal 
storage and HP have been studied and numerous modes are compared 
considering radiator and floor heating. The main findings of this study 
are summarized as follow:

• Unglazed PVT collectors achieve a 7.70% higher electrical out-
put than standalone PV modules by reducing cell temperature 
through heat extraction, simultaneously delivering usable thermal 
energy.

• Glazed ST collectors achieve about 70% higher thermal per-
formance than unglazed PVT collectors due to better heat re-
tention and lower losses. Considering Dutch climate, glazed ST 
consistently exceed 50 ◦C, while PVT collectors peak at 40 ◦C.

• Solar collectors with HPs for SH achieve an average COP of 5, 
while seasonal storage with HPs reaches about 7, due to higher 
input temperatures. Additionally, HPs with higher COP values, 
like those combined with seasonal storage for SH, use less power 
for the same heating output, while those with lower COP values 
for DHW consume more due to higher temperature demands.

• A PV/ST system with floor heating achieves a higher COP of 
6.09 compared to 5 for radiator heating with PVTs, due to lower 
temperature needs. Moreover, ST collectors with floor heating 
activate more modes in winter and spring to better meet heating 
demand.

• Across all cases, most energy is supplied by seasonal storage with 
a HP. Mode III meets most heating demand, while Mode I, though 
supplying less, is crucial for storing heat in the warm aquifer 
during summer.

• The warm aquifer temperature increases with the new insulation 
due to lower SH demand and lessened heat extraction. Addition-
ally, the enhancement in insulation reduces the overall COP for 
all the considered cases.

In conclusion, regarding heat production and heat storage, utilizing 
PV/ST combination and floor heating is an effective solution for meet-
ing energy demands. This combination outperforms PVT-based systems 
as activation hours for different modes are increased, the HP achieves 
a better COP and higher temperatures can be observed in the warm 
aquifer. However, PV/ST configuration requires a larger roof area as 
separate PV and ST modules are utilized.

The model developed in this work will be used in future work to 
further investigate the following:

• Assess the performance and economic analysis of the integrated 
system in various climates, including southern European coun-
tries, to evaluate its adaptability.

• Explore the use of high-temperature ATES systems and consider 
thermal stratification.

• Investigate the use of surplus PV electricity in the Netherlands 
during summer to operate heat pumps for storing thermal energy 
for winter use.

• Conduct experimental validation to further confirm the accuracy 
and enhance the reliability of the results.

Taking all the results into consideration, it can be concluded that 
the integrated system considering multiple modes and scenarios possess 
a significant potential to cover heating and cooling demands of the 
buildings.
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