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Abstract: The demand for on-site production of energy is showing a rapid increase as the trend of
decentralisation and energy self-reliance gains momentum. This paper studies and compares three
of the main solar energy technologies: photovoltaic, solar thermal panels and hybrid photovoltaic
thermal panels. A prototype experimental installation consisting of the aforementioned technologies
was set up on the campus of University Politehnica Bucharest. Data were collected over several
months, then the instantaneous power production and overall system performance was computed.
The system was analysed in four types of weather patterns, and its suitability was assessed in each
case. The results show that the performance of PVT panels is closely connected to the dissipation of the
thermal energy collected in the thermal storage tank. In addition, PVT collectors can outperform the
PV panels in accordance to the thermal energy demand of the end user when used in an installation
with suitable dimensions.

Keywords: renewable energy; PV; PVT; energy production; experimental study

1. Introduction

The introduction of small-scale decentralized solar energy is an essential contributor
to the energy mix of the future. On site-production of renewable heat and electricity is
beneficial for multiple reasons, including less pollution, less heat/electrical losses due to
transportation, increased reliance of the system.

The integration of solar energy has significant benefits in both urban and rural areas,
especially at remote agricultural sites. A study [1] showed that in a greenhouse with
25% photovoltaic coverage ratio the energy costs can be reduced by 15%. In urban areas,
an experimental installation [2] of 144 solar thermal panels for a hospital produced a total
of 558 MWh of thermal energy, an equivalent savings to 58 tonnes of oil. An experimental
study for a three-bedroom residential home in England showed that 15 m? installed area of
PVT panels was able to supply 51% of the electrical energy demand and 36% of the thermal
energy demand [3,4].

Currently, there is an emerging worldwide focus on research and development for
PVT collectors. The International Energy Agency (IEA) has implemented the research
projects Task 35—PV-Thermal Solar Systems [5] and Task 60—PVT Systems: Application of
PVT Collectors and New Solutions in HVAC Systems, which aim to accelerate the adoption
of high-quality collectors in order to develop international standards of performance,
monitoring, and testing of PVT collectors and to investigate innovative PVT technologies,
with a focus on HVAC solutions [6].

A price study was performed as part of Task 35, identifying an average cost of 300 € /m?
for unglazed modules with thermal water agent, 120 €/ m? for PV, and 220 €/m? for
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thermal collectors. These average prices indicate that even in the current commercial stage
the installation of a PVT system is more economical than the use of separate PV and solar
thermal panels.

In addition to the price of the modules, another important economic aspect is repre-
sented by subsidy schemes. The ‘Feed-in Tariffs’ (FiT) scheme is widely used in Europe;
this is a flat-rate subsidy system for injecting excess electricity into the grid. One study [7]
has shown the major impact of this tariff rate on investment, concluding that with FiTs and
for a large installed capacity PVT becomes more profitable than PV and ST, the investment
is recovered shortly, and the NPV during the lifetime of the installation is higher.

Several studies have been conducted to analyze PVT systems in comparison with
individual PV systems and solar thermal collectors. Euh et al. [8] obtained an efficiency for
an experimental PVT system without transparent coating that, while it was 13% lower on
the thermal side, had 0.8% higher electrical efficiency for electrical conversion compared
to the two separate panels. In this way, the total conversion efficiency of the system can
be increased by up to 40% [9]. The benefit of PV cell cooling has been studied experimen-
tally through various cooling configurations, with an improvement in electrical efficiency
between 13.9% and 15.9% being obtained [10].

A dynamic numerical simulation was carried out over a period of one year to compare
three types of collectors: unglazed, glazed with a protective layer, and double-glazed
(two layers) [11]. The results showed that the unglazed collectors can cover up to up to
100% of the electrical energy demand and that the best thermal efficiency was achieved
by the double-glazed collectors. A numerical study [12] compared a 300 kW PV solar
systems with three types of technologies: mono-crystalline (mono-Si), poly-crystalline
(poly-5i), and amorphous silicon (a-5i). The results indicated that mono-Si and poly-Si
were economically feasible for small-scale and medium-scale installations, while a-5i was
not due to higher costs and lower efficiency.

Another study extensively analysed the environmental impact of PVT collectors [13],
in particular the CO; emissions resulting from their production and the energy payback
time. The energy payback time was estimated at between 1 and 14 years depending
on the configuration (BAPVT, BIPVT, CPVT). A lifecycle analysis was carried out for
different types of modules, resulting in a wide range of quantifiable environmental impacts
depending on the type of production and the materials used.

Other studies [14,15] have examined the influences of various external parameters,
such as geometrical, thermo-physical, and electrical properties, climate conditions, and the
thermal parameters of the installation (i.e., tank size, consumer demand curve, temperature
at the inlet of the cold water main and outlet flow of the tank) on the performance of PVT
system, highlighting the significant impact of the consumer demand curve.

Research on PVT collectors first started in the 1970s [16]. Subsequently, significant
progress has been made and important work has been dedicated towards increasing their
performance by studying and optimising their constructive and operational parameters.
Several comprehensive reviews have been carried out on trends in development of this
technology and the advances made in recent years [17,18]. Higher levels of solar energy im-
plementation are currently leading to new challenges in electrical network planning; these
can be addressed by statistical machine learning techniques able to carry out probabilistic
power flow calculations based on multiple scenarios [19].

In this paper, we investigate a small-scale hybrid renewable energy system based on
solar energy. The system [20] combines photovoltaic (PV), photovoltaic-thermal (PVT), and
solar thermal (ST) panels in a hybrid system that provides domestic hot water (DHW) for
the local end user (a preschool) and feeds the electricity into the local grid.

This paper describes the experimental setup of the hybrid system and the meteoro-
logical data station. Data collected over a period of four months are analysed in terms
of system performance and the total amount of energy produced. The suitability of the
different panels for this particular type of end user is discussed in terms of matching the
demand curve while taking into account the fluctuations in energy production.
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2. Materials and Methods

A hybrid solar-based system comprising solar thermal (ST), photovoltaic (PV), and
photovoltaic-thermal (PVT) panels was implemented for a preschool in Bucharest, Romania.
The aims of this installation were to provide green domestic hot water (DHW) and electricity
to the building, promote renewable energy sources among preschool children, achieve
energy independence and economic savings, reduce CO, emissions, and provide a useful
resource for academic and teaching purposes.

The scientific methods used for this study were experiment, data collection, data
analysis, and drawing conclusions.

2.1. System Overview

The hybrid project was designed and implemented in 2020 at University Politehnica
of Bucharest (UPB). The rooftop on which the panels were located has the geographical
coordinates 44°26/18.5316"" N and 26°2/35.8116"" E. According to Figure 1, the building is
oriented in the S-N direction with a deviation of 15° to the W-E direction. The terrace
has the dimensions of 40 m x 40 m. The solar panels were placed parallel to the south
side of the terrace, while the boiler and other installations are located inside the building
in a designated service room). The building has an annual consumption of 1.6 MWh of
electricity and around 1000 m® of water. Hot water is used for the kitchen, laundry, cleaning,
and personal use of the students.

Figure 1. Satellite view of the UPB preschool building [21].

The new system for domestic hot water complements the existing connection to the
local municipal system. The solar system for producing electricity was connected to a
General Electric Panel through an inverter, and a battery system was installed as well.

The entire system was designed for the dual purposes of preparing DHW and elec-
tricity and producing data on the external parameters, water demand, and the operational
scenario of the system for subsequent analysis. The data obtained by monitoring the ther-
mal and electrical parameters and the production and usage of hot water and electricity
were displayed in a dispatcher as well as on a live monitor located inside the building.

2.2. Description of Experimental Setup

The studied system was a six-panel hybrid installation consisting of three types of
collectors: two photovoltaic (PV) panels, two solar thermal (ST) panels, and two hybrid
photovoltaic-thermal (PVT) panels. In addition, there was a meteorological station for
collecting live weather data consisting of a solar radiation sensor, ambient temperature
sensor, wind direction transmitter, and wind speed sensor.
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Figure 2 shows photographs of the panels and the meteorological station, while

Figure 3 shows the thermo-mechanical scheme of the system; the detailed nomenclature
shown in Abbreviations and the technical parameters of the components are summarised
in Table 1.

(A) (B)

Figure 2. Photographs of (A) the installed panels and (B) the meteorological station [20].

Table 1. Main components of the experimental system.

No. Type of Equipment Parameters
1. PV Panel Pel = 280-310 Wp
2. PVT Panel Pel = 280-310 Wp, Pt = 700-850 W
3. Solar Thermal Panel Pt =700...850 W
Cell voltage: 24 V
Max. charging current: 10 A
4 Solar Regulator MPPT 0 Y f,ower; 24 V@290 W
Max. voltage: 75 V
Input voltage: 24 V
5. PV inverter Output voltage: 230 V
Nominal output power: 1500 W
. Battery cell voltage: 12 V; OpzV cell
6 Batteries Storag}; capaci’cy%y x 100 AhP
7. Thermal Storage Volume 500 L
8. Plate heat exchanger =~ Pt =35...50 kW
9. Meteo station Temperature, solar radiation, wind speed and direction

The functioning regime of the system is very interesting, as it can be easily changed

and adapted to multiple configurations and operational scenarios. The main features of the
system are described below:

By default, the four thermal panels are connected in parallel, as seen in Figure 3;
The configuration of the serpentine exchanger in the thermal storage tank can be
modified by changing the (open /close) configuration of the valves.

When there is no thermal consumer and the no heat is being drawn from the tank, it is
possible to cool the water in order to ensure that the panels do not overheat.

There is a thermal energy backup system consisting of electrical resistances in both
boilers and a connection to the municipal heating system.

The electrical energy produced by the system is stored in two 100 Ah/12 V batteries.
Depending on the electrical requirements, the electrical power is either used for
the building’s own services or injected into the grid. This decision is made by an
automated system.

All the collectors had a tilt angle of 35 degrees. The chosen solar thermal collectors

were evacuated tube collectors (ETC), model WESTECH B58-22, shown highlighted in
yellow in Figure 4. ETCs are typically designed with two parallel rows of glass tubes, with
each inner glass tube containing a metal heat pipe attached to an absorber fin. The air
between the two glass tubes is evacuated to form a vacuum, which reduces conductive and
convective heat loss [22].
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Figure 3. Thermo-mechanical diagram of the hybrid installation [20].

Two Dual Sun FLASH flat high-efficiency monocrystalline silicon PV panels were
used for the installation,. These panels use Passivated Emitter and Rear Cell (PERC)
technology, which has become an industry standard for the latest-generation PV panels [23].
Figure 4 shows the two roof-mounted PV panels highlighted in red. The technical data are
summarised in Table 2.

The PVT panels (Dual Sun SPRING) were from the same French company that manu-
factured the PV panels, allowing for easy comparison of the two modules in terms of their
overall efficiency. The PVT panels were composed of high efficiency monocrystalline cells
cooled by water circulation on the back side of the panel, and used anti-reflective glass
that helps with high performance even in diffuse light. The chosen PVT panel model was
insulated. The PV and PVT panels both used the same electrical characteristics and design.
Figure 4 shows the roof-mounted PVT panels highlighted in green. The technical data are
summarised in Table 3.

A double serpentine boiler from Thermal Energy with a 500 L volume capacity (model
WP-TWS-2W 500) was installed as the heat exchanger between the solar energy system and
the DHW main. There was an existing boiler installed in the system, shown in Figure 3 on
the right hand side of the diagram, connected to the municipal heating system. The new
boiler was connected to the old one, with hot water from the new boiler being circulated
towards the existing boiler and from there towards the DHW consumer. Both boilers used
backup electrical resistances to heat the water. The existing boiler was connected to the
municipal heating system of the university campus through a heat exchanger.
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Table 2. PV panel technical data.
Module name Dual Sun FLASH Temperature (°C) —40 to +85
Cell type PERC Mono-C Max. voltage 1000 VDC
Width (mm) 991 Nominal Power (W) 300
Length (mm) 1650 Efficiency (%) 18.3
Total area (m?) 1.635 Temperature coeff. (%) —0.39
Weight (kg) 18.5 NOCT (°C) 45 + =2
Table 3. PVT panel technical data.
Module name Dual Sun SPRING NOCT (°C) 45+ -2
Cell type PERC Mono-C Volume of liquid (L) 5
Width (mm) 991 Max. operating pressure (bar) 1.5
Length (mm) 1650 Optical efficiency a0 (%) 58.2
Total area (m?) 3.76 Maximum temperature (°C) 75.6
Weight (kg) 251 Heat loss coefficient (W/K/m?) 10.8
Op. temperature (°C) —40 to +85 Pressure loss (Pa) @ 100 L/h 47
Electrical Efficiency (%) 18.3 Temperature coeff. (%) —-0.39

Figure 4. Photograph of the panels installed on the roof, showing ST panels in yellow, PVT panels in
green, and PV panels in red [20].

2.3. Data Collection

Live data were collected at multiple points from various sensors, with all data directed
towards the DAS system. The temperature sensors were located in multiple points: on
the back of the panels, on the ducts, in the boiler, and in the pumps. Additional measured
parameters were power, meteorological parameters, and battery state. Sampling was
carried out at fixed intervals of 5 min. A total of 288 readings were performed for each day.
The data collection system was installed and tested on 11 May 2020, and started to collect
full system measurements at all points on 8 February 2021.

2.4. Data Analysis

Daily analyses were carried out for each day from 00:00 to 23:59. A number of repre-
sentative days were chosen for graphical illustration. When choosing a representative day
for graphical analysis, several factors were taken into account:

¢  Solar radiation within average limits for the specific time of the year (excluding
extreme weather conditions);
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¢ Ambient temperature within average limits for the specific time of the year (excluding
extreme weather conditions);
* A thermal consumer exists, i.e., there activity in the preschool building.

Four types of days where chosen for analysis:

¢ Cloudy spring days, referred to as day A

*  Sunny spring days, referred to as day B

*  Cloudy summer days, referred to as day C
*  Sunny summer days, referred to as day D

These representative days were analysed in terms of their meteorological parameters,
the temperature evolution at the back of the panels, the temperature of the thermal agent at
the inlet and outlet of the panels, and energy production.

2.5. System Performance

The energy performance of the system can be described in terms of electrical efficiency,
thermal efficiency, and overall efficiency (§er, #TH, Hoverai1)- The electrical efficiency is the
ratio between the electrical power output (Pg;) and the solar radiation incident on the
collector (AGjy,):

Pgr,
= 1
MEL = 46~ @D

where A is the area of the collector (m?) and Gj,, is the incident solar irradiation (W /m?).

The thermal efficiency can be described as the ratio between the amount of thermal
energy generated by the system (Qy,) and the solar radiation incident on the surface of the
collector (AGj;,): '

Qth
TH = 4G, @)

A more suitable definition for the thermal efficiency of a PVT is that provided by [24],
which proposes a distinction between thermal and electrical output; in this case, the
electrical power is subtracted from the total radiation:

% ch NTH
pu— — . 3
TrH AGjr —Pgr 1—7EL ®)

The overall efficiency of the collector (171 ) can be calculated as the sum of the thermal
and electrical efficiencies, known as the first law efficiency:

6L = NEL +1TH- 4)

Other approaches for calculating the overall efficiency have been described in [14,24-26].
In this paper, we used the first law efficiency method.

3. Results
This section discusses the results of our analysis of the collected data.

3.1. Temperature of the Thermal Agent at the Inlet and Outlet of the Panels

For the analysis of the temperature at the inlet and outlet of the panels, in this particular
configuration the two PVT panels are in parallel, the two ST panels are in parallel, and the
two sets of panels are in series.

Figure 5 shows the temperature difference between the inlet and outlet for four
representative days. It can be observed that the highest temperature increase occurs during
day B, which is defined by high solar radiation, average ambient temperatures, and low
water draw. On the other hand, the lowest increase occurs during day D, which is defined
by high temperatures, high solar intensity, and high water draw. This is due to the fact
that during this day the thermal energy accumulates in the tank, the temperature increases
significantly, and the water draw is insufficient to cool it. During the course of this day,
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the delta T falls to 0 at around 15.50 PM, which was found to be simultaneous with the
high water draw. This is due to the fact that there is a sudden large water draw and the
tank is refilled with cold water from the main, causing it to lose its thermal stratification.
During day A and day C, the temperature increase is variable in keeping with the high
variation in the meteorological conditions. The period of heat accumulation starts around
8-8.30 a.m. depending on the particular day, and continues until late in the day at around
9.30-10 p.m.

It is important to note that this analysis is based based on multiple factors that influence
the outcome, rather than on any single variable; therefore, the implications and relationships
between the parameters are not straightforward.

20
18
16
14
12
10

8

Delta T (oC)

=

2
0 : ‘/“Q.J S
0:00 3:57 7:55 11:52 15:50 19:48 23:45
Time

DayA ——DayB DayC ——DayD

Figure 5. Evolution of the temperature difference between the inlet and outlet for four representative
days [20].

3.2. Comparison of Representative Days

The results of each of the analysed days are summarised in Table 4. The highest
values are highlighted in red, the average values are shown in yellow and the lowest
values are shown in green. A number of conclusions can be drawn from these results, as
discussed below.

*  Although day B has significantly lower ambient temperature compared to day D,
the maximum temperature at the outlet of the panels is similar for both days. Both
days have high solar intensity and similar available energy. This suggests that the
intensity of the solar radiation has a much higher impact on the temperature of the
collectors than the ambient temperature.

*  The total hours of electrical energy production are lower during the two days with
the highest solar intensity (day B and day D) compared to the other two days. Al-
though counterintuitive, this shows that overheating of the PV cells has a significant
impact on the power production capability of the collectors.

*  The total electrical energy collected is the highest on the cloudy spring day, which is
due the cells being sufficiently cool and the efficiency of the collector not decreasing
as much as on the warmer days.

*  On the other hand, the period of thermal energy production is the longest on the clear
summer day (day D) and the shortest on the cloudy spring day (day A).

¢ The highest thermal energy production occurs during the two clear days.
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¢  The functioning of the system’s thermal and electrical components show trends that
suggest an inversely proportional relationship, in that when the thermal energy
production peaks, the electrical energy production drops.

*  PVT collectors are effective during both spring and summer seasons, producing high
outputs of either electrical or thermal energy, as opposed to the individual ST and PV
collectors, which are only highly productive during one season.

Table 4. Summary of experimental results for the four analysed days.

Day A | Day B | Day C | Day D

Maximum ambient temperature (°C) 10.3 22 25.7 35
Average ambient temperature (°C) 3.9 9.3 17.4 16.8
Maximum solar radiation (W/m?) 11909 | 1031.9 | 949.1 921.9
Average solar radiation (W/m?) 130.4 | 300 112.6 | 278.3
Maximum wind speed (m/s) 4 4 4.1 3.1
Average wind speed (m/s) 0.32 0.37 0.45 0.35
Hours of solar radiation 13 13.5 15.7 16
Total energy that can be collected (kWh/m?/day) | 3.9 7.15 2.67 7.12
Total water draw (L) 500 170 1060 970
Maximum outlet temperature (°C) 30.5 54.7 36.3 53
Hours of thermal power production 47 7.5 8.3 9.5
Hours of electrical power production 11 4.6 15 7.3
Total thermal energy collected (kWh) 3.89 5.71 2.78 10.9
Total electrical energy collected (kWh) 1.24 0.23 1.01 0.95

3.3. Monthly Energy Output

Data were collected over four months, from 1 April to 30 July. The instantaneous
power during this period was measured at each time step, then the monthly specific energy
output was calculated; the results are shown in Figure 6.

° |
; [ = N I

Thermal PV Energy  PVT Energy Total Electrical Total Energy
Energy Energy

wApril wMay wlune «July
Figure 6. Specific thermal and electrical energy collected over four months [20].

Overall, it can be observed that the energy produced by the PVT panels exceeds that
produced by the PV collectors. This occurs due to the better cooling of the PV cells and
their effective operation at lower temperatures. This effect is especially noticeable during
July, when the panels tend to overheat. The energy collected by the PV collectors peaks
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in May, while for the PVT collectors it peaks in July. This indicates that PVT collectors are
more suitable for high-temperature operating conditions than the traditional PV collectors.

The amount of thermal energy collected increases as the summer season approaches,
with the lowest output in April and the highest output in July. The total energy collected
by the system has an ascending trend approaching the peak summer temperatures in July.

3.4. Comparison of PV and PVT Panels

The electrical efficiency can be defined in two ways, either by comparing the total
power produced to the available solar radiation (Equation (5)) or by using the temperature
coefficient (Equation (6)).

o Pel
el = G- A (5)
et = o[l — Bev(Tpy — To)] (6)

The first method is based on measuring the instantaneous power and solar radiation,
while the second is based on measuring the temperature with sensors placed on the back
of the panel. The latter can lead to inaccuracy, as the sensors are not located directly on
the PV cell; the area on the back of the panel is is shaded, meaning that the temperature
is likely to be lower than that the actual operating temperature of the PV cell. This effect
can be observed in the results shown in the figures below, which show the evolution of the
power and electrical efficiency of the PV and PVT collectors over the course of a day along
with the solar radiation intensity for reference.

Figure 7 shows the electrical performance during day A. It can be observed that the
efficiency calculated based on the temperature sensors (Figure 7a) shows higher values
than the efficiency in Figure 7b calculated by the measured power. The measured power
efficiency shows more dips during the day compared to the temperature efficiency. This
example is a cloudy spring day with low ambient temperatures and variable solar radiation.
Power production peaks before the peak of solar radiation due to the low operating
temperature. Although power production increases when the solar radiation peaks, it
does not reach the previous peak. Comparing PV and PVT, it can be observed that PVT
performs slightly better in terms of both power production and efficiency .

25 1200 25 1200

1000

3
8

S 3 8 -~
= ] 00 £ % 800 g
£ 15 'v - g
2 | ] g 1
S ! s 2 38
g ! w § g 00 g
= - 35
g0 £ B £
£ 00 % -] 400 %5
2 2 B £
= s @ =2 @
200 200
[ SSSSSSEERN S Lo 0
00:00:00 04:48:00 09:36:00 14:24:00 19:12:00 00:00:00 00:00:00 04:48:00 09:36:00 14:24:00 19:12:00 00:00:00
Time Time
Solar Radiation NPV ——n_PVT Solar Radiation NPV ——n_PVT

(@) (b)
Figure 7. Electrical parameters during Day A: (a) theoretical electrical efficiency calculated with
Equation (6) and (b) measured electrical efficiency calculated with Equation (5) [20].

Figure 8 shows the electrical performance during day B. Again, the efficiency calcu-
lated based on the temperature sensors shows higher values than the efficiency calculated
using the measured power. When the solar radiation peaks, the efficiency drops, while
the power intensity decreases as the solar radiation intensifies. The power and efficiency
decrease more rapidly for PVT than for PV, which is due to heat accumulating in the tank
when the water consumption by the end user is insufficient to dissipate this heat.
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Figure 8. Electrical parameters during Day B: (a) theoretical electrical efficiency calculated with
Equation (6) and (b) measured electrical efficiency calculated with Equation (5) [20].

Figure 9 shows the electrical performance during day C, with the same difference
between the two methods of calculating the electrical efficiency as discussed in the para-
graphs above. The same trend can be observed, with dips in efficiency when solar radiation
peaks. On this day, PV provides slightly higher power than PVT.

Figure 10 shows the electrical performance on day D, again showing the difference
between the two methods of calculating the electrical efficiency. Due to high accumulation

of thermal energy in the tank, the power generated by the PVT panels drops significantly
compared to the PV panels.
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Figure 9. Electrical parameters during Day C: (a) theoretical electrical efficiency calculated with
Equation (6) and (b) measured electrical efficiency calculated with Equation (5) [20].
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Figure 10. Electrical parameters during Day D: (a) theoretical electrical efficiency calculated with
Equation (6) and (b) measured electrical efficiency calculated with Equation (5) [20].

4. Discussion

As a result of the comparison in Section 3, a few interesting facts can be observed.
First, the electrical efficiency calculated as a function of the temperature recorded at the
back of the panel is not entirely accurate. Furthermore, the electrical efficiency shows dips
when the solar radiation peaks in intensity. When comparing the two type of collectors,
PVT collectors have better performance on days when there is no excess heat accumulated
in the tank (either because the heat is dissipated appropriately to the consumer or because
the meteorological conditions do not lead to overheating). On the other hand, PV collectors
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have slightly better performance on days when the thermal energy accumulated in the tank
is not dissipated, when instead of cooling the cells of the PVT the thermal agent contributes
to heating the cells. This accentuates the importance of finding a suitable consumer for
the system. Another solution would be to eliminate the provision of extra heat to a cold
source; however, this would mean the loss of energy and a decrease in the overall efficiency
of the system.

A technical recommendation that can be drawn from this analysis is that PVT collectors
are only suitable for systems that have a source of thermal energy dissipation, such as a
consumer, district heating system, or some type of thermal storage.

In terms of suitable end users for this type of installation, one important aspect is that
the energy consumption curve is similar to the curve of solar radiation, with operating
hours from 8 am to 6 pm and a peak at mid-day. Unlike residential consumers, for whom
energy consumption typically peaks in the morning and evening with low demand at
mid-day, the type of consumer studied in this case (a preschool) is more suitable for a solar
energy system.

This particular preschool offers a summer program for children with an average of 80%
attendance, unlike most academic institutions which are closed for the summer. There are
two weeks of holiday at the end of August, where the demand decreases significantly to 20%.
This is not an issue with respect to the excess electricity, which is sold to the grid. For the
excess thermal energy, a thermal energy storage system could be a solution; however, the
large investment that would be required is not feasible for this small installation. Another
solution would be an agreement with the local district heating provider to supply heat
for feeding the thermal energy to the local system in return for a discount on future
heating bills.

5. Conclusions

In this paper, we analyse a hybrid demonstration installation comprising six energy
collectors: two photovoltaic panels, two solar thermal panels, and two PVT panels. The in-
stallation is located on the UPB campus, and the end user is a preschool. Weather data
were collected from a meteorological station, while the system parameters were recorded
by multiple sensors, flowmeters, and energy meters and then exported to the DAS system.

Our analysis of four types of representative days (a sunny spring day, cloudy spring
day, sunny summer day, and cloudy summer day) showed that the best electrical perfor-
mance occurs on overcast days with lower temperatures, while the best thermal perfor-
mance occurs on warm sunny days. As in most co-generation systems, there is a trade-off
between the thermal and electrical performance of the system. In order to improve the
electrical efficiency during very hot days, sufficient dissipation of heat from the tank is
necessary; otherwise, the thermal energy accumulates and the cells are not cooled. Overall,
the PVT collectors produced more total energy during the four months we used for analysis.

Although generally speaking the demand curve of the consumer matches the func-
tioning hours of the PVT collectors, solar energy has random characteristics that are both
predictable (day-night cycle) and unpredictable (due to nebulosity). Currently, the use of
hybrid photovoltaic solar thermal collectors is conditioned by combining the solar source
with a backup source or external storage system.

In can be concluded that PVT collectors in a suitable setup can efficiently replace
PV-ST side-by-side systems, especially where roof space is limited and valuable. A further
investigation could be carried out into the technical and economic aspects of this technology,
especially considering the constant fluctuations in electricity and material prices in the
current energy market.

It should be noted that this paper only investigated the default configuration described
in Figure 3 with two PVT panels in parallel, two ST panels in parallel, and the two sets of
panels in series. We intend to carry out further studies on this installation by changing the
configuration of the valves. In addition, the system can be truncated by changing the valve
configuration, and the different panels can function individually instead of in series or in
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parallel. This should be investigated in terms of system performance and by identifying
the most suitable system configurations for different end users.
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Abbreviations

PVT Photovoltaic Thermal Panel

1% Photovoltaic Panel

ST Solar Thermal Panel

LCA Lifecycle Analysis

BAPVT Building-Applied PVT

BIPVT Building-Integrated PVT

DHW Domestic Hot Water

Pel Electrical Power

Pt Thermal Power

DAS Data Aquisition Aystem

PS Solar thermal panel

PVE Photovoltaic Panel

Pcir Circulation pump for boiler heating Q =5 m?2/h, H=2.5mCA
Pleg Circulation pump against legionela Q =2 m?/h, H = 2.5 mCA
Ks Solar Kit for water circulation

SC Danfoss plate heat exchanger

SCext Existing plate heat exchanger

B Vertical boiler DHW V =500 L

Bext Existing vertical boiler DHW V =500 L

SS Safety valve 3 bar

Vex acm Expansion vase closed with membrane for DHW

Vex acm ext  Existing expansion vase closed with membrane V =200 L
Vext solar Expansion vase closed with membrane for solar circuit
V3C Mechanical three way valve

v2C Variable two way valve 0-10 V

E Electrical resistance P = 2.3 kW

Eex Existing electrical resistance P = 9 kW

RS Sectioning valve

CSs Reversing flap

VAA Venting valve

TC Temperature sensor

C Thermal energy meter
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