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Abstract: An integrated numerical model that describes the operation of a renewable-energy-based
system for a building’s heating, cooling, and domestic hot water needs is described in this study.
The examined energy system includes a vapor compression multi-source heat pump, PVT collectors,
borehole thermal energy storage, and water tanks. Energy balance equations for the collectors and
the tanks are coupled with correlations for the heat pump and the piping losses within a thermal
network approach. The non-linear system of equations that arises is solved by employing in-house
software developed in Python v. 3.7.3. The performance of the numerical tool is validated against
measurements collected during the pilot operation of such a system installed in Athens (Greece) for
two 5-day periods (summer and winter). It is shown that the proposed model can predict, both quali-
tatively and quantitatively, the building’s energy system performance, whereas limited deviations
from the experimental findings are mostly observed when highly transient phenomena occur. The
numerical tool is designed with flexibility in mind and can be easily adapted to accommodate addi-
tional energy-system configurations and operational modes. Thus, it can be utilized as a supporting
decision tool for new energy systems’ designs and the optimization of existing ones.

Keywords: heat pump; PVT collector; borehole thermal energy storage; heating and cooling; domestic
hot water; buildings; energy system model; dynamic simulation

1. Introduction

The building sector is a major contributor to energy consumption and greenhouse
gas (GHG) emissions, accounting for approximately 40% (around 640 Mton/y) of the
primary energy consumption [1] and 25% of the final energy consumption in the European
Union (EU) [2]. In addition, buildings are responsible for approximately 36% of EU GHG
emissions [3], while the same percentage on a global scale is about 39% [4]. Space heating
(SH), space cooling (SC), and domestic hot water (DHW) account for about 75% of all
energy use in building stock, with a significant share of this total energy being used for
SH and DHW (>20%); total consumption reaches almost 3900 TWh/y [5]. This energy
demand is largely met by fossil-fuel-fired boilers, and only 16% is supplied by renewable
energy sources [6]. For that reason, the EU has set ambitious energy and climate targets,
collectively known as the “2030 Climate and Energy Framework”, with its main objectives
being to reduce GHG emissions by 40% compared to 1990 levels, reach a 32% share of
renewable energy sources in final energy consumption, and improve energy efficiency
by 32.5% [1]. Thus, improvement of energy efficiency and the use of renewable energy
sources in buildings are promoted by launching various initiatives, funding programs, and
regulations, such as the Energy Performance of Buildings Directive (EPBD).

Heat-pump technology progressively decreases the carbon footprint even further when
employing new low Global Warming Potential (GWP) refrigerants, such as natural refrigerants
and new generation hydrofluoroolefins (HFOs) with a GWP even lower than 10 [7,8]. By
combining heat pumps with other renewable energy sources, such as solar or geother-
mal energy [9], builders can further increase the coefficient of performance (COP) and
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reduce running costs, accelerating the switch to clean technologies that reduce fossil fuel
consumption and pave the way for carbon neutrality.

The performance of residential energy systems that combine heat pumps with solar
energy have been experimentally assessed in several cases. For instance, Fu et al. [10]
designed and constructed a photovoltaic (PV) solar-assisted heat-pump (SAHP)/heat-pipe
system capable of operating in three different modes, i.e., heat-pipe, solar-assisted HP,
and air-source HP, depending on the available solar radiation. The system was tested
under the weather conditions of Hong Kong and demonstrated the positive effect of its
solar components in overall efficiency. This was also the case with a SAHP system for
residential heating in cold climates tested in Erzurum [11]. The system included flat-
plate solar collectors, a sensible thermal energy storage tank, and a liquid-to-liquid vapor
compression HP. The direct integration of photovoltaic—thermal (PVT) collectors with
a vapor compression HP was also experimentally studied [12,13]. The findings showed
increased average COP for this system and improved photovoltaic efficiency.

Ground source heat pumps (GSHP) exploit thermal energy stored in the ground and
provide highly efficient space heating and cooling due to the relatively constant ground
temperature. These systems frequently complement solar energy systems to address the
high intermittency of the latter and increase the renewable energy share in buildings,
which is an active research field with promising results. In this context, most experimental
studies utilize a combination of solar thermal collectors, a GSHP, ground heat exchangers
(GHEs), and in some cases, thermal energy storage tanks to meet the heating, cooling,
and DHW demands of residential buildings. Many different operational modes of such
energy systems have been investigated. In most of the studies, the ground was the main
source/sink of the HP that provided space heating/cooling. On the contrary, the solar
heat was managed in various ways; it was directed to tanks for DHW production [14]
or for energy storage [15], it was used simultaneously with the ground as source for the
HP [16], or it was injected to the ground via GHEs for soil temperature recovery and/or
solar collectors’ overheating protection [16,17].

The performance of energy systems for buildings that combine heat pumps with
renewable energy sources has also been investigated numerically. Simulations can be
performed to calculate a variety of quantities and evaluate different energy systems. They
have been used indicatively to compare different configurations of SAHPs with storage
technologies with respect to high self-consumption of solar energy and minimum system
energy demand and installation cost [18], as well as examine the combination of an air–
to-water heat pump with PV, PVT, and ST collectors for DHW production with different
tapping profiles and configurations [19]. Moreover, three integrated concepts of an air
source heat pump with solar thermal collectors for space heating and hot water in London
(UK) were also investigated numerically for a single-family house [20], whereby the use of
solar thermal collectors with biomass boilers that were integrated with a reversible heat
pump/ORC system to support the electricity production when running at combined heat
and power mode was assessed [21]. Likewise, the operation of GSHPs with solar energy
systems for heating and hot water production in a building in Beijing was simulated and
its performance over a 20-year period was investigated [22,23]. Different combinations of
a solar-assisted GSHP, including direct expansion (DX) and indirect expansion systems
(IDX), for heating, cooling, and DHW needs of a 100 m2 house in Tabriz were also sim-
ulated [24]. All the abovementioned studies utilized commercial software (TRNSYS) to
model the various energy systems. A study based on artificial neural networks (ANNs)
and conventional on-off control strategies performed dynamic simulations in TRNSYS
regarding a combination of a GSHP and PVT collectors for the heating and cooling of a
single house in Ottawa [25]. Finally, Yang et al. [26], using control-volume method, TDMA,
and line iteration algorithms, conducted simulations for the performance evaluation of a
solar-assisted GSHP system, considering various operation modes.

The current work presents an integrated numerical model that describes an alterna-
tive configuration of a renewable energy-based system for heating, cooling, and DHW
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production in buildings, as well as its validation. The energy system, which includes
a multi-source vapor compression heat pump, PVT collectors, borehole thermal energy
storage (BTES), and water tanks for thermal energy storage, is particularly flexible, as it
allows for quick adjustments of operational parameters and the heat sources/sinks of the
heat pump to maximize its performance based on the system status in each timestep. The
non-linear system of equations with dynamic effects that arises is solved by employing
in-house software developed in Python v 3.7.3. The integrated numerical model is validated
via comparisons against experimental data collected during the pilot operation of such
an energy system, which was developed and commissioned in Athens (Greece) to cover
the heating and cooling demand and the DHW needs of a 103 m2 building. Comparisons
have been performed for two 5-day periods, one in summer, and a second in winter. The
proposed numerical tool, designed with long-term flexibility in mind, allows for simple
inclusion/exclusion of system components in simulations and easy integration of new or
updated models for individual components written in Python, handles any timeframe, and
computes a variety of quantities useful for the evaluation of an energy system. Thus, it is
particularly suitable for examining in detail the dynamic processes and sizing parameters
of various systems concepts and setups, and can be utilized as a supporting decision tool
for new energy systems’ designs and the optimization of existing ones.

2. Pilot System Description

A renewable energy-based system has been developed and installed for providing
heating and cooling in a single-floor building with a surface area of 103 m2. The installa-
tion’s location is on the NCSRD campus in Athens, Greece. The complete system, with
all its functionalities, was commissioned at the beginning of 2022, and afterwards it was
set into operation. Except for providing heating and cooling to the four fan coils of the
building, the DHW consumption was emulated based on a predefined 24-h profile. The
energy system is illustrated in Figure 1, with most of its components (e.g., water tanks, air
coils, and pumps) installed outdoors, and the rest installed indoors in the containerized
control room.
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Figure 1. The installed energy system with outdoor components and its containerized control room.

A multi-source heat pump is the key system component; it can select a different
source/sink in order to increase its performance. This selection is accomplished with
several three-way valves at the water and refrigerant sides. PVT collectors are included
in the system, and ones that produce both heat and electricity and were installed on the
building’s rooftop. This heat is used to charge either the DHW tank or the solar buffer, with
the latter kept at a lower temperature (below 25 ◦C), favoring PVT efficiency. This buffer is
one of the heat sources of the heat pump, together with a virtual BTES field that resembles
a ground heat exchanger. BTES is emulated with a 400-L tank, which is heated or cooled



Energies 2023, 16, 4691 4 of 28

with an air-source heat pump to keep its temperature constant and equal to 18 ◦C, which is
the typical underground temperature at a depth of 80 m in Athens.

There are two heat sinks for the heat pump in heating mode, selected with a three-way
valve at the condenser side for charging: (1) a 300-L DHW vertical tank (stratified), or (2) a
400-L horizontal space buffer tank that serves the building’s load.

Overall, the possible sources of the heat pump in heating mode are: (1) heat from the
solar buffer, (2) heat from the BTES, and (3) heat from the ambient air. While in cooling
mode, the heat sinks are either the BTES or the ambient air.

The system diagram is shown in Figure 2 in heating and cooling modes, indicating
typical temperature levels as well as the piping connections and the valves that adjust
the operation of the different components for higher flexibility. A brief description of the
system’s components and main parameters is given next, while further details can be found
in Refs. [9,27].
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Figure 2. System layout in heating (top) and cooling (bottom) modes, indicating the main components
and valves for flexibility.

2.1. Heat Pump

A vapor compression heat pump is used with a vapor-injection scroll compressor.
The evaporator and condenser are both plate heat exchangers, with an additional air coil
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to allow the air-source/sink operation. The heating capacity is up to about 15 kW and a
four-way valve combined with another set of valves are employed to reverse the refrigerant
flow from heating to cooling and vice versa (see Figure 2). The refrigerant is an HFO blend,
R454C, with a GWP of 148 and zero ODP. A 1.5-L receiver is placed after the set of valves for
reversing the economizer flow, and the heat pump is charged with almost 5 kg of refrigerant.
The scroll compressor with an economizer port (displacement of 11.7 mm3 · h−1 at 50 Hz) is
suitable for the standard refrigerant R407C. However, R454C has also been tested, showing
a similar performance, and its use has been favored [27]. The superheat of the refrigerant at
the suction and economizer line is fixed at 7 K with two electronic expansion valves; the
water flow rate at the two HEXs is fixed at a level equal to around 1.65 m3 · h−1.

The installed heat pump in the control room is shown in Figure 3, next to its elec-
tric/control panel that handles and logs all the measurements. The DHW tank is shown at
the left part, connected with the heat pump condenser.
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2.2. PVT Collectors

There are four PVT collectors on the building’s rooftop, installed in two parallel loops
(each loop has two collectors in-series), and at a tilt of 31◦ with a zero azimuth (facing
towards the south). The electrical and thermal capacity of each collector is 250 and 1250 W,
respectively, and its surface is 2.15 mm2 · h−1. A Wilo pump circulates the water/glycol
mixture (concentration of 40% by volume) with a flow rate of about 300 L/h, which slightly
varies with temperature. This pump is activated once the temperature difference between
the inlet and the outlet from the collectors is more than 1 K. The entire piping circuit of the
collectors is made from stainless steel to avoid the corrosion of the aluminum receiver. A
solar heat rejection unit equipped with a dry-cooler is placed in a parallel loop to avoid
over-heating, and is engaged with a three-way valve once the collector outlet temperature
exceeds 85 ◦C. Further details of the PVT collector and its characterization are provided
in Refs. [27–29].

2.3. BTES

The ground heat exchanger of a BTES field is emulated with the use of a horizontal
400-L tank. In heating mode, heat is extracted from this tank to resemble the actual process
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in a BTES that would act as a heat source to the heat pump. The result is a reduction of the
tank’s temperature, and then an air-source heat pump operates in heating mode to keep
its temperature within the fixed temperature of 18 ◦C. The reverse process is followed in
cooling mode, when heat is injected to this tank.

2.4. Water Tanks

There are three water tanks (excluding the one emulating the BTES) in the system.
Two of them can be charged by the PVT collectors via an immersed solar coil: (1) a stratified
DHW tank (300-L), and (2) a horizontal solar buffer tank (400-L). The latter is kept at a
much lower temperature, acting as a heat source for the heat pump. The DHW tank can
also be charged by the heat pump to keep it at a high enough temperature to allow for
adequate heating of the hot water. The third tank has a volume of 400-L (identical to the
BTES tank), and it serves the heating and cooling loads of the building. It is kept within the
required temperature set-points, allowing it to fluctuate in heating mode between 40–46 ◦C
(heat sink of the heat pump condenser) and in cooling mode between 9–12 ◦C (heat source
of the heat pump evaporator).

The DHW tank is shown in Figure 3 (installed indoors), while all others are outdoors
and depicted in Figure 4. They are covered with a metal shading to reduce heat gains
during summer, which is especially important for the space buffer, which is kept at a
temperature below 12 ◦C.
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2.5. Heating and Cooling Demand

There are four fan coils in the four main rooms of the building, each one operated
according to its own thermostat and temperature set-point. These set-points vary between
day and night, allowing the room temperature to fluctuate within the boundaries shown
in Table 1.

Table 1. Allowed temperature fluctuations based on the room set-points of the building in heating
and cooling modes.

Mode Day (08:00–21:00) Night (21:00–08:00)

Heating 20.5–21 ◦C 18–19 ◦C
Cooling 26–27 ◦C 27–28 ◦C

The thermostat of each fan coil monitors the room temperature, and in cases where
heating or cooling is needed, the circulating water pump increases its speed and flow
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rate. Therefore, there are four flow-rate steps from the space buffer tank to the fan coils,
according to the number of fan coils requesting heating or cooling, from around 1 m3 · h−1

for a single fan coil’s operation up to 2 m3 · h−1, when all four are active.

2.6. Hot Water Demand

As previously mentioned, the same tapping profile is followed every day, according
to the EN16147:2017 standard for water heaters, hot water storage appliances, and water
heating systems [30]. The medium (“M”) profile of this standard has been used with
a hot water demand of 5.845 kWh/day, defining a 24-h tapping profile. This profile is
adjusted for the location and per individual months to account for the variations of tap
water temperatures across the seasons [31], with the lowest in August (4.58 kWh/day) and
the highest in February (6.83 kWh/day).

This profile was then implemented by opening an electronic valve to allow the flow of
tap water for specific time periods, resulting in a constant flow rate during those moments.
In total, 33 min of tapping are used, which are spread across the day [27], with each tapping
cycle lasting 2–4 min.

2.7. Sensors

The system’s operation is monitored by several sensors that measure temperature,
pressure, flow rate, power, and solar radiation components. All measurements are logged
each minute in the PLC unit of the heat pump, which is equipped with analog-to-digital
cards with inputs from the sensors. All sensors, together with their accuracy, are described
in Table 2.

Table 2. Sensors and their accuracy.

Property Sensor Type Accuracy Description

Water, brine, and
refrigerant temperature

Pt100 3-wire, with transducer
(4–20 mA) <0.1 K

Transducer calibrated in the
range of 0–100 ◦C for
water and brine and

−20 ± 80 ◦C for refrigerant

Refrigerant temperature NTC, 2-wire 0.1 K Placed at the evaporator and
economizer outlet

Outdoor temperature Pt100, 4-wire with
radiation shield <0.4 K Placed at the rooftop of the

control room

Refrigerant pressure Pressure transmitter ESCP-MIT1 0.25% of full scale (FS)
FS 0–10 bar at evaporator and
economizer lines, 0–30 bar at

condenser line

Flow rate of water and brine Electromagnetic flow rate meter
Krohne (type AF-E-400) <0.5% of measured value

Placed at the DHW, solar,
evaporator, condenser, and

fan coils lines

Electricity of heat
pump, auxiliaries, and

PVT production

Three-phase power meter with
current transformers (Janitza,

type UMG 96RM)
<0.2% of measured value

One measures the three-phase
consumption of the heat

pump and another the PVT
production (single-phase) and

all auxiliary power

Total solar irradiation Pyranometer class A, Kipp &
Zonen (type SMP10) <5 W/m2 Mounted on the PVT collector

at the same tilt and azimuth

Diffuse solar irradiation
Pyranometer with shadow ring,
analog signal 0–20 mV, class B,

Kipp & Zonen (type CMP6)
<10 W/m2 The shadow ring blocks the

direct irradiation of the sensor

The processing of the measured values allows for the extraction of the fluids’ properties
and the determination of the thermal flows of the different components. Since large parts
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of the system are installed outdoors, the circuits are long, since they all go through the
pumping box, which houses the water circulators and several three-way valves (see Figure 4,
box at the left of the virtual BTES tank); additional temperature sensors have been installed
at the beginning and end of the piping lines to measure any water temperature differences.
These differences define the heat losses (or heat gains in case of cooling) across the circuit,
which become important for some lines even if all piping is well insulated. This process
has been followed for all lines, including the circuit of the collectors, in which the largest
temperature differences occur.

3. Model Description

In this section the numerical model for all system components, namely, the PVT
collectors, the water tanks, and the multi-source heat pump, is described. The main
assumptions of the integrated model are that the heat pump operates at steady state
without considering its warm-up period, there are no transient terms in the equations
that describe the piping losses, and the solar and space buffer tanks are modeled by a
single-volume approach (non-stratified).

3.1. Heat Pump

The heat pump has been tested at steady-state conditions and under different heat-
source and sink temperatures (both water and ambient air) to extract its performance at
various operating conditions [8]. The next step was to apply the equation-fit approach
suggested in IEA-SHC-Task 44 [32], identifying the independent variables in a regression
analysis. Only two such variables have been concluded, in order to allow a direct integration
of this model in the system’s model. Polynomial correlations of different degrees were then
developed as functions of the water or air temperature at the evaporator and condenser
sides of the heat pump. Although non-linear correlations are slightly more accurate than
the linear ones, the latter have been preferred, given that they enhance the stability and the
convergence rate of the model.

The heating capacity and COP of the heat pump for heating mode are given next for
the water-source (Equations (1) and (2)) and air-source (Equations (3) and (4)) operations,
as a function of the outlet water temperature at the condenser and the inlet temperature at
the evaporator. The range of validity for heating (with water or air) is: outlet water tem-
perature from the condenser (Tcd,out), 30–60 ◦C; inlet water temperature to the evaporator
(Tev,in), 5–25 ◦C; and inlet air temperature to the evaporator (Tair,in), 0–30 ◦C.

Water-source

Qcd = 9.213 + 2.618 × 10−1 × 1Tev,in + 3.273 × 10−2 × Tcd,out, R2 = 0.97. (1)

COPh =
Qcd
Pel

= 6.030 + 6.237 × 10−2 × Tev,in − 6.910 × 10−2 × Tcd,out, R2 = 0.99. (2)

Air-source

Qcd = 9.614 + 2.563 × 10−1 × Tev,in + 1.301 × 10−2 × Tcd,out, R2 = 0.93. (3)

COPh =
Qcd
Pel

= 6.123 + 5.555 × 10−2 × Tev,in − 7.116 × 10−2 × Tcd,out, R2 = 0.98. (4)

The cooling capacity and COP of the heat pump for cooling mode are given next
for water-sink (Equations (5) and (6)) and air-sink (Equations (7) and (8)) operations, as
a function of the outlet water temperature at the evaporator and the inlet temperature at
the condenser. For cooling (with water or air), the range of validity is: inlet water tem-
perature to the condenser (Tcd,in), 16–40 ◦C; outlet water temperature from the evaporator
(Tev,out), 3–15 ◦C; and inlet air temperature to the condenser (Tair,in), 18–40 ◦C.
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Water-sink

Qev = 10.705 + 2.739 × 10−1 × Tev,out − 4.333 × 10−2 × Tcd,in, R2 = 0.92. (5)

COPc =
Qev
Pel

= 6.021 + 7.124 × 10−2 × Tev,out − 1.013 × 10−1 × Tcd,in, R2 = 0.99. (6)

Air-sink

Qev = 13.260 + 2.700 × 10−1 × Tev,out − 1.857 × 10−2 × Tcd,in, R2 = 0.94. (7)

COPc =
Qev
Pel

= 5.690 + 5.057 × 10−2 × Tev,out − 1.206 × 10−1 × Tcd,in, R2 = 0.94. (8)

The electricity consumption is then calculated from these correlations, which cor-
responds to the compressor’s electricity demand. The auxiliaries’ power consumption
is then added (e.g., water-pumps and fans), which is approximately constant when the
heat pump operates (about 230 W). Total power consumption is referred to as the system
electricity consumption.

3.2. PVT Collectors

The unsteady heat gain equation, as given by Equation (9), is used to model the
PVT collectors [33]. The unsteady term allows for better modeling of heat and electricity
production over time, including the low-solar-radiation periods when there is no solar fluid
circulation, but a small amount of electricity is still produced.

EHCPVT
δTPVT,M

δt
+

.
msolcp,sol(TPVT,out − TPVT,in) = APVTPth. (9)

In Equation (9), TPVT,M = 0.5 (TPVT,in + TPVT,out) is the mean solar fluid temper-
ature in the PVT collector, TPVT,in, TPVT,out are the inlet and outlet fluid temperatures
from the collectors, respectively, δt is the time-step,

.
msol is the mass flow rate of the wa-

ter/glycol mixture, and cp,sol is its specific heat capacity. Moreover, APVT = 8.6 m2 is
the total PVT collector surface (i.e., 4 collectors with a surface area of 2.15 m2 each), and
EHCPVT = 252.96 kJ·K−1 is the total effective thermal capacity of the 4 collectors. In
the right-hand side of Equation (9), Pth is the heat gain per m2 of the collector given by
Equation (10):

Pth = nth,b·Ib,T·IAMth + nth,d·Id,T −
[
ath,1·(TM − Tamb) + ath,2·(TPVT,M − Tamb)

2
]
, (10)

where Ib,T and Id,T are the beam (direct) and diffuse radiation components on the tilted
collector surface, respectively, IAMth is the thermal incidence angle modifier, and Tamb
is the ambient temperature (outdoor). The thermal efficiency coefficients nth,b and nth,d
correspond to heat acquisition by beam and diffuse irradiation, respectively. These coeffi-
cients and the thermal loss parameters, ath,1 and ath,2, are characteristic of the collector and
obtained during outdoor testing; they are given in Table 3.

Table 3. PVT collectors—Efficiency parameters.

Parameter Value Units Parameter Value Units

nth,b 0.543 - nel,b 0.1083 -
nth,d 0.504 - nel,d 0.095 -
ath,1 3.87 W·m−2·K−1 ael 0.0036 K−1

ath,2 0.026 W·m−2·K−1
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The nominal (DC) electrical production per m2 of the PVT collector is given by Equation (11):

Pnom
el.PVT = [nel,b·Ib,T·IAMel + nel,d·(Id,T + Iref,T)]·[1 − ael·(TPVT,M − Tstc)], (11)

where Tstc = 25 oC is the standard temperature at test conditions, nel,b and nel,d are the
electrical efficiency coefficients that correspond to electrical production by beam and diffuse
irradiation, respectively, ael is the temperature loss coefficient as given in Table 3, and IAMel
is the electrical incidence angle modifier.

However, the actual electrical production provided to the AC grid is lower, due to the
losses of the solar inverter. This is expressed through the efficiency of the inverter ηpvt,inv,
which was estimated as being equal to 0.95 by matching the calculated with the measured
values over a long period during the commissioning phase. Thus, the electrical production
per m2 of the PVT collector injected to the grid is given by Pel.PVT = ηpvt,inv·Pnom

el.PVT.
The water/glycol mixture circulating in the PVT circuit has a concentration of glycol

of 40% by vol., with anticorrosive additives to protect the aluminum receiver of the PVT
collector. The mixture properties (density and specific heat capacity) are given as a function
of concentration and temperature, from the available dataset provided by the supplier [34].
Further details of the collector, with its individual performance parameters and modeling
features, are provided in Refs. [35,36].

3.3. Water Tanks
3.3.1. Buffer Water Tanks

The modeling approach of the two buffer water tanks is kept simple, since their
temperature range is limited, due to the small variation between the inlet and outlet tem-
peratures of the water flows. This makes it possible to model these tanks as a single-volume
tank, assuming the same water temperature within the whole tank. This temperature is
calculated based on a heat-source and sink approach, considering the heat losses to the
ambient. The overall energy balance within each tank of this type is given by Equation (12):

Mwcp,w
Tb − Told

b
δt

=
.

Qin −
.

Qout − UAt(Tb − Tamb), (12)

where Mw is the total water mass in the tank, cp,w = 4.18 kJ·K−1 is the water specific heat
capacity, Tb and Told

b are the (uniform) water temperatures within the BWT in the current
and previous timestep, respectively,

.
Qin and

.
Qout are the heat source and sink, respectively,

and UAt is the coefficient of the heat losses through the outer surface of the tank.
The expressions for

.
Qin and

.
Qout, as well as the calculation of UAt for the solar and

space buffer water tanks, are given next.

Solar Buffer Tank

The solar BWT is charged with low-temperature heat from the collectors, and pro-
vides heat to the evaporator of the heat pump. The heat input and output are given by
Equations (13) and (14), respectively:

.
Qin =

.
msolcp,sol( Tsol.bsol,in − Tsol.bsol,out), (13)

.
Qout =

.
mhp.evcp,w(Tev.bsol,out − Tev.bsol,in), (14)

where Tsol.bsol,in and Tsol.bsol,out are the temperature of the solar fluid in and out the solar
coil, respectively, Tev.bsol,in and Tev.bsol,out the temperature of the water from and to the HP
evaporator, respectively, and

.
mhp.ev is the mass flow rate of water through the evaporator.
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In this case, the solar fluid delivers heat to the tank through a coil with efficiency ηsol, as
given by Equation (15) [37]:

ηsol =
Tsol.bsol,in − Tsol.bsol,out

Tsol.bsol,in − Tb
. (15)

In this case, the temperature of the water flowing to the evaporator is Tev.bsol,out = 0.5·(
Tbsol + Told

bsol

)
, where Tbsol and Told

bsol are the temperatures of the solar buffer tank in the
current and previous timestep, respectively.

Space Buffer Tank

During winter, the space buffer water tank is coupled with the condenser of the heat
pump to store the hot water and be able to supply the space heating network. The heat
input and output in the heating mode are provided by Equations (16) and (17), respectively:

.
Qin =

.
mhp.cdcp,w

(
Thp.bspc,in − Thp.bspc,out

)
, (16)

.
Qout =

.
mspccp,w

(
Tspc,in − Tspc,out

)
, (17)

where Thp.bspc,in and Thp.bspc,out are the temperature of the water from and to the HP
condenser, respectively,

.
mhp.cd is the mass flow rate of water through the condenser, Tspc,in

and Tspc,out the temperature of the water to and from the space, respectively, and
.

mspc is
the mass flow rate of water to the fan coils of the building.

During summer, the same tank is supplied with chilled water by the heat pump
evaporator to be kept cold and cover space-cooling demand. The heat input and output in
cooling mode are provided by Equations (18) and (19), respectively:

.
Qin =

.
mspccp,w

(
Tspc,out − Tspc,in

)
, (18)

.
Qout =

.
mhp.cdcp,w

(
Thp.bspc,out − Thp.bspc,in

)
, (19)

where Thp.bspc,in and Thp.bspc,out the temperature of the water from and to the evapor-
ator, respectively.

In both cases, the temperature of the water running from the space buffer tank to
the heat pump (i.e., to the condenser in winter and to the evaporator during summer) is
Thp.bspc,out = 0.5·

(
Tbspc + Told

bspc

)
, whereas the temperature of the water flowing to the fan

coils is given by Tspc,in = Tbspc. In these equations, Tbspc and Told
bspc are the temperatures of

the space buffer tank in the current and previous timestep, respectively.

3.3.2. Domestic Hot Water Tank

To account for stratification effects, the DHW tank is modeled by dividing it in a finite
number of volumes along its axis, with each volume being characterized by its stored
water temperature, Tt,i [38,39]. Heat transfer occurs between the water volumes, as well as
between the stored water and the solar immersed heat exchanger, if present at the specific
volume. Moreover, heat is delivered in the tank from the heat pump, while it is rejected
by the external heat exchanger that produces the DHW. Additionally, when there is flow
of condenser water and/or DHW demand, heat is delivered from the upper to the lower
volumes of the tank due to recirculation inside the tank. Ambient heat losses are also
included. Considering all these heat and mass transfer processes, the 1-D energy balance
applied on the i-th volume (N in total) for the stored water is given by Equation (20):

Mt, icp,w
Tt,i − Told

t,i
δt = r1,iUsol.ihxAsol.ihx, i (Tsol.ihx,i − Tt,i) + r4,i

.
mhp.cd cp,w (Tt,i − Tt,i+1)

+ r2,iQ.DHW − r5,im.rec cp,w

(
Told

t,i − Told
t,i+1

)
− UtAt, i(Tt,i − Tamb,in) + bikwAc

(Tt,i−1−Tt,i)
∆xi−1

+ cikwAc
(Tt,i+1−Tt,i)

∆xi
.

(20)
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The terms at the right-hand side describe the several instances of heat transfer between
the stored water of the i-th volume and the solar IHX, the heat pump, the cold-water
external heat exchanger, the internal recirculation, the losses to the (indoor) environment,
and the heat transfer due to conduction to the previous volume; the description is i − 1
to i, and to the next one, i + 1 to i, respectively. In Equation (20), Tamb,in is the indoor
temperature, and Q.DHW the hot-water heat demand.

The parameters r1,i, r2,i, r4,i and r5,i in the above equation indicate the presence/contribution,
or not, of the PVT, cold/tap water, heat pump, and recirculation in the energy balance of
the i-th volume. The value of r1,i depends on the height of the solar coil, whereas the values
for r2,i and r4,i depend on the position of the inlet and outlet of the external coil and the
heat pump, respectively. The value of r5,i is related to the operation of the condenser and
the external heat exchanger (EHX) for DHW production, and the position of the inlet and
outlet of the latter.

The term UtAt, i is the total heat transfer coefficient of the i-th volume, in order to
account for the heat losses to the ambient, with At, i being the surface area in contact with
the tank walls, and Ac the area of the tank’s cross-section. In addition, the parameter kw is
the effective thermal conductivity, which equals that of the water (i.e., 0.62 W·K−1·m−1) if
Tt,i−1 > Tt,i, whereas it assumes very high values (i.e., 105 W·K−1·m−1) if Tt,i−1 < Tt,i to
account for buoyancy effects. The coefficients bi and ci in the previous- and next-volume
terms of Equation (20) indicate whether there is a previous/next volume to the current i-th
volume. If this is true, they are equal to unity, otherwise they are zero and the corresponding
term is eliminated. Finally, ∆xi is the distance of the centers of two consecutive volumes,
whereas Mt,i is the mass of the water in the i-th volume.

Based on the geometry of the tank and some test simulations, it was decided to use
the N = 4 computational volumes (CVs) shown in Figure 5 to model the DHW tank of
the system. The water from the condenser enters the tank at (5) and exits at (6); thus,
r4,0 = r4,1 = 1 and r4,2 = r4,3 = 0. The solar immersed heat exchanger is contained entirely
in CV2, so r1,2 = 1 and r1,0 = r1,1 = r1,3 = 0. The tank water enters the external IHX at
(3) and returns at (4), thus r5,1 = r5,2 = 1 and r5,0 = r5,3 = 0. As the opening (3) is near
the CV0-CV1 boundary, Told

t,i in the recirculation term of Equation (20) is replaced with

the mean temperature of these two CVs, i.e., 0.5·
(

Told
t,0 + Told

t,1

)
. For DHW production, tap

water enters the external IHX at (1) and exits at (2). The necessary heat to cover the DHW
demand is removed primarily from CV0 and the remainder from CV1; thus, r2,0 = 0.9 and
r2,1 = 0.1, whereas the bottom two CVs are not involved in this process, i.e., r4,2 = r4,3 = 0.
Finally, for the specific tank discretization, the previous- and next-term coefficients are
b0 = 0, b1 = b2 = b3 = 1, and c0 = c1 = c2 = 1, c3 = 0, respectively.

As the solar IHX is fully contained in CV2, the energy balance of the solar fluid within
the immersed heat exchanger is given by Equation (21):

Mihx.solcp,sol
Tsol.ihx − Told

sol.ihx
∆t

= m.sol cp,sol (Tsol.ihx,in − Tsol.ihx,out )− Usol.ihxAsol.ihx, i(Tsol.ihx − Tt,2) , (21)

where Tsol.ihx,in, Tsol.ihx,out are the temperatures of the solar fluid at the inlet (7) and the
outlet (8) of the solar IHX, respectively, whereas Tsol.ihx = 0.5·(Tsol.ihx,in − Tsol.ihx,out) is
the average solar IHX temperature. Moreover, Mihx.sol, i is the mass of the solar fluid in the
solar IHX, whereas Usol.ihxAsol.ihx is the total heat transfer coefficient of the solar IHX.

The temperature of the DHW at the outlet of the external heat exchanger (2) is con-
nected to the temperature of the water at the top of the tank (CV0) through Equation (22)
(temperatures in K):

TDHW = 0.6043·Tt,0 + 124.75. (22)

This correlation has been obtained, while tuning the PID controller of the DHW
recirculation pump, by setting a target outlet flow temperature of 45 ◦C and a dT of
1 K. Several measurements have been processed based on many tapping periods, and
a fitting process determined for this type of correlation, one that expresses the outlet
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tap water temperature as a linear function of only one volume temperature close to the
temperature sensor.
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3.3.3. Calibration of Water Tanks’ Parameters
Total Heat Transfer Coefficient

When a buffer tank is neither charged nor in use, i.e., Qin = Qout = 0, Equation (12)
is simplified and describes only the tank’s heat loss to the environment and can be used
to estimate the overall heat loss coefficient, UAt. This is achieved by minimizing the error
between the simulated, Tb.sim, and the measured tank temperature, Tb. exp. The normalized
root mean square error (nRMSE) is used for these calculations, as defined by Equation (23):

nRMSE =
RMSE
T̄exp

·100%, (23)

where RMSE =

√
1
N

(
∑N

k=1 δ
2
k

)
is the root mean square error and T̄exp = 1

N ∑N
k=1 Texp the

mean observable tank temperature. In these equations, δk = Tsim,k − Texp,k is the deviation
at timestep k, and N the total number of timesteps used for error calculation.

Using this approach, the overall heat transfer coefficient was estimated for all tanks,
working with appropriate experimental measurements, i.e., when each tank was inert dur-
ing the following periods: (a) solar buffer tank, 4 June 2022 and 5 June 2022; (b) space buffer
tank, 17 September 2022 and 18 September 2022; and (c) DHW tank, 13 September 2022 to
20 September 2022. As shown in Figure 6, the normalized root mean square error becomes
minimum for UAt equal to 5.2 W·K−1, 2.8 W·K−1 for the solar and the space buffer tank,
respectively, and equal to 1.5 W·K−1 for the DHW tank.

It should be noted that only the temperature at the top of the tank (CV0) was used for
the estimation of its UAt, in order to minimize the effect of the solar coil when the tank was
inert, and that the same value of the total heat transfer coefficient (Ut) was then used for all
four CVs of the tank.
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Figure 6. Normalized RMSE vs. UAt for DHW (continuous), solar buffer (dashed), and space buffer
(dotted) tanks.

Solar Coil Effectiveness (Solar Buffer Tank)

The effectiveness of the solar coil, ηsol (Equation (15)), which was immersed in the
solar buffer, was estimated by minimizing the absolute relative error between the calculated
thermal energy delivered to the tank by the PVT (solThEnrgsim) and the experimental one
(solThEnrgsim) at the same period (Equation (24)).

reThEnrgsol =

∣∣∣∣∣ solThEnrgsim − solThEnrgexp

solThEnrgexp

∣∣∣∣∣·100% (24)

Outdoor temperature, solar fluid flow rate, and the temperature of the solar fluid
when entering the solar buffer coil (Tsol.bsol,in) were used as inputs to solve the system
of equations that describes the solar buffer charging by the PVT. By applying this model
for the measurements obtained on 4 June 2022, between 09:30 and 15:00 (continuous
charging) for different ηsol, the absolute relative error for PVT thermal energy delivered
to this tank was then calculated. As shown in Figure 7, this error becomes minimum at
ηsol = 0.40 (reThEnrgmin

sol = 0.006%). It is noted that the normalized root-mean-squared
errors are less than 1.4% for the various calculated temperatures (i.e., solar coil out and
solar buffer temperatures).
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Figure 7. Relative error (absolute) of thermal energy from PVT delivered in the solar buffer tank vs.
the effectiveness of the solar coil, ηsol.

Solar Immersed Heat Exchanger Heat Transfer Coefficient (DHW Tank)

Similarly to the methodology used for the solar coil of the solar buffer tank, measurements
of solar fluid flow rate and its temperature at the inlet of the solar IHX and DHW demand
were used as inputs to solve the system of equations that describes the DHW tank operation
between the 15th and 18th of September 2022 for different heat transfer coefficients of the
solar IHX, Usol.ihx (Equations (20) and (21)), and calculate the absolute relative error for PVT



Energies 2023, 16, 4691 15 of 28

thermal energy delivered to the tank through the solar IHX (Equation (24)). As shown in
Figure 8, this error becomes minimum at Usol.ihx = 104.2 W·K−1·m−2(reThEnrgmin

sol = 0.21%).
The corresponding relative error for the thermal energy absorbed by the DHW is 3.7%.
Moreover, the root-mean-squared relative errors are less than 6.1% for the calculated
temperatures (i.e., solar IHX out, DHW tank bottom and buffer, DHW outlet).
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Figure 8. Relative errors (absolute) of thermal energy from PVT delivered in the DHW tank (continuous)
and absorbed by the DHW (dotted) vs. heat transfer coefficient of the solar IHX, Usol.ihx.

3.4. Connection/Piping Heat Losses

Experimental observation showed that in some piping lines of the installation, there
were significant heat losses. These heat losses were modelled using experimentally derived
linear correlations between the involved quantities. In particular, the heat losses from
the outlet of the PVT to the inlet of the solar IHX of the DHW tank are expressed as a
temperature difference given by Equation (25):

TPVT,out − Tsol.ihx,in = 0.02747·(0.5·(TPVT,out + Tsol.ihx,in)− Tamb), (25)

whereas the heat losses/temperature difference in the reverse route, i.e., from the outlet of
the solar IHX of the DHW tank to the inlet of the PVT, are given by Equation (26):

Tsol.ihx,out − TPVT,in = 0.00722·(0.5·(Tsol.ihx,out + TPVT,in)− Tamb), (26)

Similarly, the losses from the outlet of the PVT to the inlet of the solar coil in the solar
buffer tank are given by Equation (27):

TPVT,out − Tsol.bsol,in = 0.005413·(0.5·(TPVT,out + Tsol.bsol,in)− Tamb). (27)

Moreover, the heat losses from the outlet of the HP, which is in the containerized
control room, to the space buffer tank, which is outdoors, are described by Equation (28):

Thp,out − Thp.bspc,in = 0.01348·
(

0.5·
(

Thp,out + Thp.bspc,in

)
− Tamb

)
. (28)

All other connection/piping losses were found negligible. Finally, the above correla-
tions have been obtained by processing many measurements during steady-state operation,
neglecting any transient term and the piping temperature itself.

3.5. Numerical Tool

Equations (1)–(10), (12)–(22) and (25)–(28) define each component of the building’s
energy system. To solve the non-linear system of equations which describe the integrated
energy system, a numerical tool developed in Python based on a thermal energy networks
approach was employed. In short, the tool needs input parameters that describe the sizing
and operation of the components, data regarding local solar irradiation, ambient (outdoor)
and tap water temperatures, and the building’s DHW and heating/cooling demand. The
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time-dependent temperatures for all system components are calculated for all timesteps.
This in turn allows for the subsequent calculation of a wide variety of quantities that can
be used to assess the system’s operation and performance; heat and electricity produced
by the PVT, the capacity of the HP, and its electricity consumption so the straightforward
estimation of the COP, heat flows in each tank etc. are defined in the desired timeframe
(e.g., per timestep, per day, or a specific period of interest).

At the core of its operation is the definition of flags that are based on the operational
setpoints and regulate the energy flows within the system in every timestep. There are
three types of flags: (a) a flag that controls whether the HP is needed to charge the DHW
tank (which has priority), the space buffer tank, or if it was not needed at the specific
timestep; (b) a flag that indicates the HP source (or sink, in cooling mode) when it operates,
i.e., the BTES, solar buffer tank, or air (in this order); and (c) a flag that controls whether the
heat generated by the PVT is directed to the solar buffer, the DHW tank, or rejected to the
ambient. Further details of the numerical tool, such as the necessary inputs (e.g., weather
data) can be found in Ref. [9].

Finally, the same tool can be also used for sizing purposes, except when from system
simulations, as well as for investigating a variety of configurations with different com-
ponents, especially when the system’s operation is flexible, based on either rule-based
control or an even more advanced control. This feature distinguishes it from commercial
software, such as TRNSYS, with similar functions, making it a valuable numerical platform
for further research or even system design.

4. Results

Data collected during the Athens pilot system testing were used to validate the in-
tegrated numerical model for the whole energy system. Two 5-day periods were used
for comparison: one during summer, and one during winter. The summer dataset corre-
sponds to measurements from 5 August 2022 to 9 August 2022, when there was demand
for DHW and space cooling. The winter dataset corresponds to measurements from
31 December 2022 to 4 January 2023, when there was demand for DHW and space heating.

Measurements of outdoor and tap water temperatures, total and diffuse irradiation,
space heating/cooling demand, and DHW demand were used as input data for the simula-
tions and the components’ temperatures were obtained with a 1-min timestep. The model
prioritized DHW demand over space heating/cooling demand to regulate the heat pump
supply on each timestep. The temperature setpoints for each component of the Athens
pilot energy system were set to the same values as in the actual control of the system (space
buffer tank allowed to fluctuate between 40–46 ◦C for heating, 9–12 ◦C for cooling and
44–50 ◦C for DHW tank). Next, the simulation results were compared against the test data
for both periods.

4.1. Daily Variations
4.1.1. Summer Period: 5 August 2022 to 9 August 2022

Time variation of PVT heat production over the 5-day summer period is shown in
Figure 9, as calculated by the measurements and the model. The comparison shows a
consistently higher peak heat production in the simulations during midday, when the
solar irradiation was the highest. Excluding the midday spikes, the measured daily peak
PVT heat was ~2.3 kW, whereas the corresponding calculated value was ~2.6 kW, i.e., 13%
higher. This could be attributed to the fact that the model does not consider losses due to
dust accumulated on the PVT collector’s surface.
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Moreover, the strong dynamic phenomena that occur early in the morning and in the
afternoon, when the solar pump starts and stops operating, respectively, are captured by the
model. Especially during start-up (at around 08:00 local time), the collectors start producing
heat, but due to the losses in the piping, some heat is removed from the DHW (negative
values), causing the controller to force the pump to stop. The same effect is also observed
in the afternoon, but is much weaker, since the piping is already at a high temperature.

The accurate modeling of these dynamic phenomena requires the use of the transient
term of Equation (9), as well as consideration of the piping losses between the compo-
nents. Both features are included in the model, calculating with a sufficient accuracy
all phenomena, as observed in Figure 10, which shows the comparison of the inlet and
outlet collector temperatures with the measured values during the day, with the higher
fluctuations of solar radiation due to clouds. The relative error for the maximum inlet
collector temperature is 4.6% (71.9 ◦C calculated against 68.8 ◦C measured), whereas the
corresponding error for the outlet collector temperature is 5.9% (78.8 ◦C calculated against
74.4 ◦C measured). However, the relative error of the maximum outlet–inlet temperature
difference, i.e., δTPVT = TPVT,out − TPVT,in, is only 2.4%.
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Figure 10. Temperature of the solar fluid at the inlet (IN) and the outlet (OUT) of the PVT collectors
on 8 August 2022: experiment vs. simulation.

During the period that the collectors were active and continually produced heat (from
around 08:00 until 14:30), there was a very good match of the inlet and outlet collector
temperatures. After that due to clouds, the solar pump started and stopped very frequently,
because it was not possible to keep a steady heat production at such a high temperature of
more than 65 ◦C.

Concerning the direction of the solar flow, the calculations showed that the heat
produced by the PVT in summer was directed entirely to the DHW tank, which agrees
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with the experimental data. However, the midday higher heat production resulted in
higher temperatures of the DHW tank (i.e., temperatures of the top water volume (CV0)
in Figure 5) in these hours, as demonstrated in Figure 11. The relative error for the daily
maximum DHW tank temperature varies from 2.4% (4th day) to 5.7% (5th day), whereas
the corresponding error for daily average tank temperature varies from −3% (4th day) to
1.2% (2nd day). The heat provided by the collectors was sufficient to keep the DHW tank
hot enough to cover the DHW’s demand without the need of additional heat from the heat
pump, as was observed in the experiments. The same holds for the simulation, except as to
the early morning hours of 9 August 2022, when the HP had to operate to charge the DHW
tank for a few minutes (the previous day was cloudy, reducing the heat production of the
collectors), before the collectors started to charge the tank.
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Figure 11. DHW tank temperature (top) during the summer period: experiment vs. simulation.

During the summer period, there was a significant amount of space cooling demand.
The HP evaporator removed heat from the space buffer tank (maintaining its temperature
within the setpoints) from which cold water was running in the fan coils of the building
according to the signals from four controllable thermostats placed in each main room. In
Figure 12, the heat removed by the evaporator (EV) from the space buffer tank is given.
The model results are in good agreement with the experimental measurements. Excluding
the measured negative flows, the measured mean heat absorbed by the evaporator was
~10.9 kW, whereas the calculated value is ~10.4 kW, i.e., 4.6% lower. It is notable that the
negative values of heat based on the measurements were during the start-up phase, when
the (outdoor) piping was still warm.
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The temperature variation of the space buffer tank temperature during the summer
period is well within the setpoints and in agreement with the test results, as shown in
Figure 13. The calculated average daily tank temperature is ~3% lower than the measured
one. Moreover, the timing of heat pump operation matches the tested system operation
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with minor variations. A small overshoot of the measured tank temperature above 12 ◦C
was due to the start-up delay of the heat pump of around 2 min. Such a delay is not
included in the system model, which engages the heat pump operation the next timestep
after the tank temperature is above the maximum setpoint.
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Figure 13. Space buffer tank temperature variation during the summer period: experiment vs. simulation.

4.1.2. Winter Period: 31 December 2022 to 4 January 2023

The calculated variation of PVT heat production over the 5-day winter period is in very
good agreement with the experimentally measured one as shown in Figure 14, similarly to
the summer period case. During this period the measured peak heat production varied
from 2.2 kW (second day) to 2.7 kW (third day). The highest relative error for peak heat
production was 5.1% during the second day, when solar irradiation variance was high. The
model predicts that this heat should always be delivered to the solar buffer tank, as was
the case during testing. Moreover, the model predicts that the solar pump should start
operating about 1 h before the actual system, but in that case, it could not keep a positive
temperature difference, leading to the removal of a small amount of heat from the tank
(negative heat value).
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The stronger dynamic phenomena were observed during the second day of this period,
when it was partially cloudy after early noon, showing the start-up phase more clearly in
Figure 15. The measured maximum inlet collector temperature was 29.7 ◦C, whereas the
calculated is 31.4 ◦C (relative error 8.2%). The corresponding values are 37 ◦C and 39.6 ◦C
for the measured and calculated maximum outlet temperatures, respectively (relative
error 6.9%). The relative error of the maximum outlet–inlet temperature difference is 7.7%.
The temperature calculations lead to some preheating of the collector fluid to 12 ◦C by 08:30,
exploiting some heat of the solar buffer, while the solar pump is predicted to maintain the
heat production after 09:40, as aligned with the measured data.
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Figure 15. Temperature of the solar fluid at the inlet (IN) and the outlet (OUT) of the PVT collectors
on 1 January 2023: experiment vs. simulation.

The outcome is that the calculated solar buffer tank temperature closely follows the
measured one (Figure 16) and the tank during noon was highly charged (with a maximum
of 25 ◦C). The relative error for the maximum tank temperature varies from −1.3% (5th day)
to 6.5% (3rd day), whereas the corresponding error for the average daily tank temperature
is up to 2% (2nd day). This allows for occasional use of this tank, instead of BTES, as the
heat source for the heat pump, to improve the COP and increase the heating capacity. This
fact was also experimentally observed.
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Figure 16. Solar buffer tank temperature variation during the winter period: experiment vs. simulation.

During this 5-day winter period, the experimental observations showed that the
collectors did not provide any heat to the DHW tank; thus, the heat pump was needed
to keep the tank within the appropriate temperature range for DHW production. This
was also perfectly aligned with the findings of the simulation. Time variation of the heat
provided by the HP condenser to the DHW tank over the 5-day winter period is shown
in Figure 17 as experimentally measured and calculated by the model. The calculated
heat when the HP charges the DHW tank agrees with the measurements, however the
model predicts fewer timesteps in which the DHW tank needs additional heat from the HP
and at different times. The measured mean heat delivered to the tank by the condenser is
~14.7 kW, whereas the calculated is ~15.3 kW, i.e., 4.1% higher.
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Calculated and experimental hot water tank temperatures are given in Figure 18.
The sharp increases of this temperature correspond to the HP condenser’s operation for
charging this tank. Although the calculated buffer temperature variation does not coincide
with the experimental, it is kept well within the setpoints (allowing a small overshoot
beyond the 50 ◦C threshold, since the flag is set at the beginning of each timestep), and the
tank fully covers the DHW demand during winter. The calculated daily maximum DHW
tank temperature is up to 1.9% lower than the measured value (second day), whereas the
relative error for the daily average tank temperature varies from −0.2% (first day) to 2.6%
(second day).
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Figure 18. Domestic hot water tank buffer temperature variation over the winter: experiment
vs. simulation.

When the DHW tank does not need additional heat, the HP condenser provides heat to
the space buffer tank for the system (if requested) to also cover the building’s heat demand
in the winter period. The charging process of the space buffer tank by the heat pump is
shown in Figure 19. The model estimations agree well with the experimental observations.
The calculated mean heat delivered to the space buffer tank by the condenser is up to 2.7%
lower than the measured one (14.2 kW calculated against 14.6 kW measured, third and
fourth days) Once again, the negative heat values are caused during start-up, when the
return piping is still cold.
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Figure 19. Heat provided by the HP condenser to the space buffer tank during the winter period:
experiment vs. simulation.

The heat provided by the heat pump during this period is adequate to always maintain
the space buffer tank temperature within the setpoints and in good agreement with the
corresponding measured temperature (Figure 20). The daily average tank temperature
relative error varies from −1.5% (first day) to 0.4% (fifth day). Space heating demand is
covered fully during the winter period, and this was confirmed by the model, as well.
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Figure 20. Space buffer tank temperature variation during the winter period: experiment vs. simulation.

4.2. Cumulative Daily Energy
4.2.1. Summer Period: 5 August 2022 to 9 August 2022

The calculated daily thermal energy and electricity produced by the PVT collectors
are given in Figure 21 for the summer period, as against the experimentally derived ones.
Simulation consistently overestimates PVT production by 5–14% for thermal energy (the
highest divergence occurring on 8 August 2022, when there were few clouds and perhaps
the diffuse radiation impacted this more) and by 10–11% for electricity. This overestimation
could be attributed with a high degree of confidence to the dust on the PVT collectors,
which is not considered in the model. However, the effect of dust on performance is being
examined at the moment, and it could be included in a future version of the model.
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Figure 21. Daily production of (a) thermal energy and (b) electricity by the PVT collectors during the
summer period: experiment vs. simulation.

The daily thermal energy removed by the heat pump from the space buffer tank for
cooling and the total electricity consumption of the HP (i.e., HP compressor and auxiliaries’
consumption) are given in Figure 22 for the summer period. The model calculates higher
thermal energy absorption for all days, as compared to the experiment, by 5–13%, whereas the
calculated electricity consumption agrees well with the measured one (varies by −3 to 5%).
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Figure 22. Daily (a) heat removed by the HP evaporator, and (b) total electricity consumption of the
HP during the summer period: experiment vs. simulation.

4.2.2. Winter Period: 31 December 2022 to 4 January 2023

In Figure 23 the calculated daily thermal energy and electricity produced by the
PVT collectors are given for the winter period against the experimentally derived ones.
Simulation consistently overestimates PVT production by up to 6% for thermal energy and
by 17–18% for electricity, in the same way as in the summer period.
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Figure 23. Daily production of (a) thermal energy and (b) electricity by the PVT collectors during the
winter period: experiment vs. simulation.

The daily thermal energy provided by the heat pump and its total electricity con-
sumption (i.e., HP compressor and auxiliaries consumption) are given in Figure 24. The
model calculates lower thermal energy production for all days, as compared to the tests,
by up to 5%, whereas the calculated electricity consumption is up to 10% lower than the
measured one.
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5. Discussion

In Table 4 an overview of the integrated energy system model performance for the
Athens pilot operation is shown. The total thermal energy from PVT collectors and HP
to the tanks, the electricity produced by the collectors and consumed by the HP, and the
average COP are given for both examined periods (summer and winter). Moreover, the
system’s self-consumption, that is, the share of the produced electricity consumed to cover
energy needs on site, and the renewable energy share, i.e., the contribution of renewable
energy to the total energy demand, are included.

Table 4. Overview of the integrated energy system model performance (HP duty is negative for cooling).

Summer
5 August 2022 to 9 August 2022

Winter
31 December 2022 to 4 January 2023

Experiment Simulation Experiment Simulation

T
he

rm
al

En
er

gy PVT [kWh] 58.07 63.14 60.03 61.17
PVT to Solar buffer [kWh] 0.00 0.00 61.98 59.08
PVT to DHW tank [kWh] 39.55 45.95 0.00 0.00

HP duty [kWh] −200.53 −219.16 437.01 423.99
HP to/from Space buffer [kWh] −200.52 −205.25 369.11 355.13

HP to DHW tank [kWh] 0.00 1.32 44.28 42.39

El
ec

tr
ic

it
y PVT [kWh] 21.29 23.57 12.30 14.42

HP compressor [kWh] 49.99 51.28 123.76 119.62
HP system [kWh] 55.67 55.69 131.38 125.83
Average COP [-] 3.60 3.93 3.33 3.37

Self-Consumption 32.8% 28.5% 37.2% 32.3%

Renewable energy share 85.1% 86.1% 68.2% 70.3%

The model estimates 8.7% and 1.9% higher PVT thermal energy production and
10.7% and 17.2% higher electricity production than the experimental ones during summer
and winter periods, respectively, as discussed in the previous sections. The variation of
the simulated performance is introduced due to the unsteady effects during the start-up
operation in the morning, when the solar pump is switched on, and there is a chance that
it will stop operating if there is not a positive temperature difference (i.e., negative heat
gain from the collector). This is the case when the stainless steel piping is still cold, and a
significant amount of heat is used to warm up the circuit. Periods of clouds throughout
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the day can also result in transient phenomena because of sharp fluctuations in solar fluid
flow rate. Aside from that, dust accumulated on the glazing could have a small impact,
since the collectors are not cleaned every day, in an attempt to approach the operation of a
real system. The collectors supply only the DHW tank in the summer period and only the
solar buffer tank in the winter period; however these tanks receive lower amounts of heat
due to connection/piping losses. These piping losses also have an important effect on the
charging process of the space buffer by the heat pump.

The relative error of the calculated to the measured HP heat absorbed by the space
buffer tank during summer is equal to 2.3%, whereas during winter, values equal −3% and
−4.3% for the HP heat supplied to the space buffer tank and the DHW tank, respectively.
Moreover, the relative error for the compressor’s electricity consumption is equal to 2.5%
in summer and −3.3% in winter. The corresponding error for the total HP electricity
consumption equals 0% in summer and −4.2% in winter. These small variations on both
heat and electricity are highly relevant to the start-up phase of the heat pump, when its
inverter gradually increases the frequency up to 35 Hz, operating at that speed for some
seconds and then accelerating to 50 Hz. On the other hand, the model considers that the
heat pump operates at once at 50 Hz, with this transient phase not accounted for.

The deviation of the COP during summer is related only to the inaccuracy of the
heat loss calculations, which greatly affects the charging process of the space buffer. The
temperature correlations that describe these losses (or gains) have been developed based on
measurements at steady-state operation, without including any transient term. Moreover,
heat removed from the space buffer tank was about the same, indicating the reliability of
the model for such demanding simulation tasks.

In addition, the calculated self-consumption was found to be 13% lower than the
experimental in both seasons, as the model predicts that the HP would operate slightly
less, compared to the experimental findings. On the other hand, the renewable energy
share as calculated from the model is in good agreement with the one estimated from the
measurements in both periods. The high values of this share indicate that the potential of
the integrated system to decarbonize the energy use in buildings is significant and could
have been even higher in cases in which more collectors, or even PV panels, had been
included. This would also increase the self-consumption indicator during both periods.

6. Conclusions

A numerical model has been developed to simulate the operation and performance
of an experimental energy system for a small building in Athens, Greece. The numerical
model combines the energy balance equations for the PVT collectors and the water tanks
with correlations for the heat pump operation and the piping losses. The corresponding
integrated numerical tool in Python requires several input parameters: building’s space
heating/cooling demand and DHW needs, location-specific solar irradiation and outdoor
temperature data, and sizing and operating parameters. The components’ sizing is included
in the software through a variety of parameters, e.g., tank volumes, external surface
areas, and PVT collectors’ surface area for the sizing, and specifications such as heat
transfer coefficient for the tanks’ outer wall or the immersed heat exchangers, and glycol
concentration in the solar fluid. Such parameters can be given by the manufacturer, obtained
experimentally, found in the literature, or by a combination of these. Moreover, operational
parameters are mostly introduced by imposing constraints on the operation of the different
components. The key operational parameters are those that control in each timestep the
operation of the heat pump and the selection of its source/sink (i.e., ground, solar buffer
tank, or air), and the direction of the PVT flow (i.e., solar buffer tank or DHW tank).
The model parameters have been fine-tuned to account for the components used in the
experimental renewable energy-based energy system, and the rule-based control features
have been aligned with the actual control settings.

The software was designed with long-term flexibility in mind: easy inclusion/exclusion
of system components, ease of components’ equations’ updates/changes, inputs all as-
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signed to changeable parameters that are controlled by the user in a simple input file,
ability to handle any timeframe (e.g., a day, months, or years), and ability easily to cal-
culate a variety of quantities during post-processing (power, efficiencies, stored thermal
energy, COP, etc.) at each time-step or over a time period of interest. The type and extent
of changes in the numerical tool needed to simulate a different building and/or energy
system depend on what kind of changes in the building’s energy system will be applied.
For example, different space heating/cooling demands can be easily accommodated by
using a scaling factor for the heat pump output and/or changing the size of the space
buffer tank. Providing local solar irradiation and outdoor temperature data, simulations for
different locations can be performed. The effect of PVT collectors’ surface area is studied
easily by increasing or decreasing the number of collectors through the corresponding
parameter in the input file. The same can be done for all sizing parameters of the energy
system components, such as the tank volume. The operation of the system is managed by
a Python module that incorporates the control features of the energy system as desired.
Through this module, implementation of different operational modes or configurations can
be as simple as changing an input parameter that indicates if, e.g., BTES or the solar buffer
tank are considered in the simulation or not, and/or changing the temperature limits of
the tanks (i.e., set-points). Finally, it is also straightforward for a Python user to update
the heat pump’s correlations if an entirely new one needs to be numerically tested. All
these characteristics render the numerical tool especially useful for conducting parametric
studies, e.g., for system design, components’ sizing, and control testing for maximization
of self-consumption and/or renewable energy share depending on a building’s DHW and
heating/cooling demands and location. Such a numerical tool can be a valuable support
decision tool in practice. It can be used for extensive and in-depth analysis of a building’s
energy system prior to construction for evidence-based case-specific design and implemen-
tation. It can also be applied to existing energy systems to identify problematic areas and
indicate solutions to increase their efficiency.

Overall, the simulation results show that the developed model can predict, both
qualitatively and quantitatively, the building’s energy-system performance, as well as the
operating modes that have been followed per period and during the day. The deviations
of the calculations compared with the measured values are less than 5–10% in most of the
cases, and could have been even lower in cases in which the PV inverter’s efficiency has
been fine-tuned for the specific periods (around 0.85 would eliminate any PV electricity
difference). This efficiency indicator has been calibrated under the early stages of operation
(equal to 0.95), whereas the two testing periods were many months after that. The various
deviations from the experimental findings, mostly of the thermal energy flows, which are
especially prominent early in the morning when the system operation starts (e.g., solar
pump running, adjustment of room setpoint requesting more heating or cooling), are
mostly because of the highly transient phenomena that the model now treats with a simple
approach (e.g., piping losses), but efforts are being made to incorporate these factors once a
reliable model becomes available and generalized for various installations. Moreover, the
discrepancies in PVT performance attributed to the accumulation of dust on the collectors
will also be studied in future works. Efforts will also be made to replace the DHW and the
connection/piping heat losses correlations with the appropriate equations which describe
the physical phenomena involved.
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