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Abstract—The domestic sector is one of the major energy
consumers and hot water is a compulsory service in modern
society. Therefore, one of the possibilities for reducing energy
expenses is heating water using solar collectors. However, the
optimization of such installations requires careful planning and
preliminary simulations. This study presents a model for
simulating the energy flows in a heat pipe solar collector. Unlike
previous studies, it also accounts for the self-shading of the
vacuum tubes at certain hours of the day. An experimental setup
was organized to collect reference data for model validation, and
the data was automatically stored in a database by a
microcontroller-based electronic system. The modeled and
experimental data were compared and a PME of 1.55%, and a
PMAE of 16.33% were obtained. The proposed model could be
used for simulating the useful power of hybrid hot-water systems
under different application scenarios.
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I.  INTRODUCTION

The domestic sector is one of the major energy consumers,
responsible for 35% of the world's energy usage and 38% of
the global direct and indirect CO, emissions [1]. Water heating
is a requirement for modern society and therefore has a
significant share in utility energy consumption. In this context,
the integration of hybrid systems with renewable energy is an
option to increase buildings’ energy efficiency and to protect
the environment [2].

Solar energy is widely used in hot water installations,
because of its easy accessibility, high efficiency, and
environment friendliness, which is especially important for
modern society [3, 4]. The application of hybrid installations
has proven its efficacy in improving energy sustainability [5].
Another reason for the increased interest towards them is the
increased reliability and profitability, which overcomes the
periodicity and uncertainties, related to solar energy [6].
Hybrid solar systems usually combine different renewable and
non-renewable technologies, as well as storage of thermal
energy [7]. The most common technologies used in hybrid
systems for hot water are flat plate solar collectors and vacuum
solar collectors [7-9], which are usually extended with
conventional energy sources, such as electrical energy from the
grid and LPG [10,11].

Numerous studies have investigated the application of flat-
plate solar collectors (FPC) for heating water [12-15].
However, solar water heating systems (SWHS) rely on
vacuum-based evacuated tube collectors (ETC), whose global

share reaches up to 70% among all solar collectors [16]. ETCs
can operate with high efficiency under cold and cloudy
meteorological conditions and provide higher energy
generation, making them better than FPCs [17]. For the
abovementioned reasons, they are a common means of
providing hot water in the utility sector [18,19]. In study [20]
the efficiency of FPCs and ETCs were experimentally
compared. According to the obtained results, vacuum solar
collectors have significantly higher energy efficiency than flat-
plate ones, which can be explained by the lower losses due to
convective heat transfer.

To optimize the application of SWHS in practical
situations, their energy output should be modeled and
simulated, which is an object of investigation in many studies.
In study [21] a model for two types of SWH systems is
developed and validated. It relies on the transient systems
simulation (TRNSYS) software. The main component of the
model is a solar collector, based on either the flat plate
technology or the vacuum-based heat pipe technology. For the
FPC system, the study achieved average relative errors of the
output collector temperature, the heat power, and the
accumulated heat of 16.9%. 14.1%, and 6.9%, respectively.
Similarly, for the ETC system, they are 18.4%, 16.8%, and
7.6%, respectively. The authors believe the model could be
used for long-term forecasting of hot water systems and
simulation of the system performance under different weather
and operating conditions.

In another study, a heat transfer model of an all-glass
vacuum tube collected was proposed in study [22]. The energy
balance is formed by the natural convection in a single glass
tube and forced convection in the collector, with the model
estimating the temperature at the output of the collector.
However, in this study, the shadows from one collector to the
other are neglected, which might influence its accuracy. In
study [23], a dynamic numerical model of a solar thermal
installation with evacuated water heaters was presented. It was
built in the TRNSYS18 environment and was aimed at
forecasting solar energy gains. In another study [24] a
theoretical model of an evacuated tube heat pipe solar collector
with phase-change fluid was proposed. The solar water heating
system contains a raw of ETC tubes, which are connected to a
common manifold. The heat absorption and release modes are
modeled using a combination of mathematical algorithms.

In study [25] an analytical thermal model of a solar water
heater system was proposed, which is a combination of a heat
pipe solar water heater system with phase-change material
thermal energy storage. Approximate analytical solutions for
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estimating the amount of absorbed solar energy and the thermal
behavior of the supplied water were proposed. Similarly, in
study [26] a model of vacuum solar collectors with a heat pipe
was proposed, which is used in a solar desiccant cooling
installation. After validation, the model was used to simulate
the behavior of such an installation, used for cooling a building
in the summer season under different climatic conditions.

Similarly, in study [27] TRNSYS was used to simulate the
behavior of a forced circulation solar water heating system of a
single-family house in Algeria. The study reported that the
solar fraction of the system varied between 54% and 84% for
the different months of the year. According to another study
[28], industrial hybrid systems require uninterrupted access to
hot water; i.e., an additional energy source, such as LPG and
electrical energy should be provided. The authors presented a
TRNSYS-based model of solar collectors in a hybrid system,
allowing simulations for performance evaluation.

To ensure the efficient application of conventional energy
and minimize the exploitation costs of a hybrid system for hot
water production, it is necessary to choose an appropriate
management strategy. This can be achieved by simulating
different scenarios of the system’s exploitation, which should
be based on an appropriate model of the solar collectors.

The performed analysis showed that most of the previously
developed models do not account for the shadows, dropped
from one tube to the other, which might influence their
accuracy in the evening and morning hours. Furthermore, it
was observed that almost all authors from the last years have
used the Transient System Simulation program (TRNSYS).
While this tool supports shading simulation, it does not include
an integrated solution that accounts for the self-shading from
the heat-pipe solar collector.

This study aims to develop a model of the energy flows in a
heat pipe solar collector, which allows us to estimate the
thermal energy production for a certain level of solar radiation.
The model should account for the self-shadings between the
tubes of the collector and allow simulation of the instantaneous
energy accumulated in the form of heat.

The rest of the paper is organized as follows: In Section Il
the methodology of the study is explained, and in Section Il
the experimental results are presented. In the final Section 1V,
conclusions are made about the accuracy and applicability of
the study results.

Il. MATERIALS AND METHODS

A. Obiject of the Investigation

The objects of the investigation are the energy flows in
glass vacuum tube collectors (see Fig. 1). In other words, the
heat pipe is surrounded by a vacuum, ensured by a surrounding
glass tube. Furthermore, the heat pipe is filled with heat
transfer phase-change fluid, which condenses on the inner
surface of the condenser and then returns to the sun-exposed
base of the tube, and the main channel for energy transfer to
the water heating chamber. This process continues as long as
the vacuum solar collector is heated by the sun. Furthermore,
in this study is assumed that the heat pipe is in contact with
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water, where the absorbed solar energy is “stored” in the form
of heat.

Fig. 1. Main energy flows in a vacuum solar collector with a heat pipe.

B. Energy Balance in a Vacuum Solar Collector with Heat

Pipe

For the modeling purpose, it is accepted that the amount of
energy gained by the solar collectors is proportional to the
intensity of solar radiation and the surface of the solar
collectors. Therefore, the receiving surface of a stationary solar
collector is a function of its positioning in space and of the
Sun's instantaneous location in the sky. The solar energy
receiving surface depends on the total receiving surface of the
collectors, the distance between their tubes, their azimuth and
tilt angles, and the available solar irradiance. An additional
factor that could influence their performance is dustiness;
however, it is not an object for the current study.

To model the amount of energy, received from the Sun, it is
accepted to be proportional to the amount of falling solar rays
on the receiving surface, which is determined by projecting it
on a surface, perpendicular to the solar rays. The movement of
the Sun in the sky could be modelled using well-known
dependencies and quantities, such as the study in [29]: the Sun
declination; the geographic latitude; the hour angle ®; the solar
azimuth angle A; the solar altitude angle h; the slope angle
between the accepting surface plane and the horizontal plane S;
the azimuth angle of the receiving surface y; the direction of
the solar radiation 0; and the angle between the normal plane of
the receiving surface and the sun rays.

The power balance of the vacuum collector can be
expressed with:

Qsot — Quoss = Qrube + Qfl' w 1)

where Q,,,; is the available solar radiation in W, Q,,ss are
the losses due to radiant heat transfer from the heat pipe to the
environment in W, Qe iS the power used for heating the
vacuum tube in W, and Qy, is the power used for heating the
water in W.

91|Page

www.ijacsa.thesai.org



(IJACSA) International Journal of Advanced Computer Science and Applications,

The solar power, accumulated in the vacuum solar collector
can be estimated according to:

Qsol = QS-Fcol-kref' w (2)

where Qg is the instantaneous value of the total solar
irradiance, falling on the sloped receiving surface in W.m™2,
F_,; is the projection of the vacuum solar collector’ surface on
the perpendicular plane to the solar rays in m?, and k. is the
reflection coefficient of the vacuum tube surface.

The maximum total solar irradiance for a certain
geographic location, day of the year, and hour of the day are
estimated according to well-known dependencies [30]. In the
case of cloudiness, the reduced amount of solar energy could
be estimated using an average cloudiness coefficient k., taking
values between 0% and 100%:

100%cl , (,0%cl__100%cl) 100—k¢q
4s +(q5 —4s ) 100

0%cl
q2 %c

Qs = Qsmax W (3)

where Qs .nqx 1S the maximal possible solar radiation for the
corresponding hour and day of the year W, g:°°%" and q2%
are the lowest (with maximal cloudiness) and highest (with
lowest cloudiness) solar radiation rates in W.m™2 for a certain
month of the year at the corresponding time. The last two
quantities can be obtained from archive meteorological data for
the corresponding location.

South
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C. Modelling of the Energy Flows in a Vacuum Solar
Collector

To model the energy flows in a vacuum solar collector, the
following basic approximations are accepted:

e The available solar irradiance reaching the vacuum
solar tubes depends on the parameters of the Sun’s
movement on the horizon;

e The available energy is used for heating the elements
of the construction, for heating the fluid, and for losses
from radiant heat transfer;

e Considering the vacuum between the receiving surface
and the glass tube, losses due to convective heat
transfer are ignored;

e The energy entering the vacuum solar collector heats
simultaneously the internal part of the tubes, the heat
pipe, and the copper contact plate.

The solar energy, falling on a sloped surface is proportional
to the projection of this surface over a plane, perpendicular to
the solar rays. To determine the width of the projection b%,
the correction angles —a.,, and «.,,, and the solar azimuth
angle should be accounted for. Fig. 2 summarizes the
methodology for estimating the width of the projection, where
1, 2, and 3 are the active surfaces of the vacuum tubes.

South
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Fig. 2. Graphical representation of the methodology for estimating the width of the receiving surface projection.

It can be seen that whether the solar rays will fall on a
certain tube depends on the angle A.,;. The quantity A.,; =
(A — y) represents the difference between the azimuth angle of
the Sun and the azimuth angle of the receiving surface, where
the value of A_,; is negative during sunrise and positive during
sunset.

If A,y is within the zone (—a,or .. @cor), the receiving
surface of each tube is equal to its diameter d,,;,, in m and the
total azimuth width of the solar collector is:

(4)

where n;,,. IS the number of tubes in the collector. At
sunrise A.,; < —@.,r and each tube partially shades the next
one. In this case, the first tube is irradiated entirely, and the
remaining ones only partially. When A_,, is outside the zone
(—Qgor - Acor) , the total width of the projection of the
receiving surface on the perpendicular plane to the solar rays
is:

az _
bcol - dtube-ntube

az
col

®)

= deype + Ma. (Mpype — 1)
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In this case m, = ﬁ is the part of the diameter of the
col

tube, corresponding to its irradiated surface and Ly, is the
distance in m between the tubes. The dependency is the same
during sunsets, when A.,; > @cor-

To obtain the angle a.,, the following dependency can be
used (see Fig. 2):

Aeor = 90° — a3 =90° — (90° — ay) (6)
The cosine of the angle «, is calculated according to:
Ttube
= —He 7
cos @z Ltupe/2 ( )

where 71,5, iS the radius of the absorbing tubes inside the
solar collector in m. By combining Eq. (6) and Eq. (7), the
value of a,,, is estimated with:

Acor = 90° — (900 —acos (%)) = acos (ZZZZ> ®)

2 2
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The algorithm for modeling the energy flows in a vacuum
solar collector with a heat pipe during a certain day of the year
is summarized in Fig. 3. It begins with block 1, where the
initial conditions are set: the day of the year, the cloudiness
coefficient, the latitude, the tilt and azimuth angles of the solar
collectors, as well as other parameters of the solar collector.
Next, in block 2 are estimated the general parameters of the
Sun trajectory, which depend on the latitude and the day of the
year, as well as of the solar collectors: the declination, the
duration of sunlight, the hour angles, the sunrise and sunset
hours, as well as the correcting angles -a,,, and a.,,., which
depend on the distance between the tubes and their diameters.

In block 3 are set the initial values of some of the model
parameters, which vary over the day, such as the initial time,
the hour angle of the Sun, the initial temperature of the vacuum
tubes, and of the fluid, and in block 4 are modified the cycle-
controlled variables.

Start

v
1. Setting the initial
conditions

2. Estimation of the parameters of the solar
daily position and of the solar collector

v

3. Set the initial values of some parameters

v
14. Estimation of the
projection width of
partially self-shaded
solar collector on a
plane perpendicular
to the solar rays

v

4. Modify variables for next cycle of the
algorithm

l

5. Estimation of the instantaneous
parameters of the sun and of the receiving
surface

}

6. Estimation of the direct irradiance on a
surface perpendicular to the solar rays

}

7. Estimation of the direct irradiance on the
sloped receiving surface of the solar collectors

l

8. Estimation of the diffuseirradiation on a
horizontal plane

}

9. Estimation of the diffuse irradiation on the
receiving surface of the solar collectors

10. Estimation of the total solar irradiance on
the receiving surface of the solar collectors

)

11. Estimation of the total solar irradiance on
a horizontal plane

L]

Yes 12. A< -Upgp OF A>Uegr? = —ND

v
13. Estimation of the
projection width of

unshaded solar
collector on a plane
perpendicular to the
solar rays

15. Estimation of the receiving surface of
the solar coll ector

A d

16. Estimation of the energy gains in the
vacnum solar collector over a time At

¥

17. Estimation of the energy losses from
radiant heat transfer over a time At

A J

18. Estimation of the heat flow towards the
fluid over a time At

A4
19. Estimation of the heat energy
accumulated in the vacuum tubes over a
time At

A J

20. Estimation of the new temperature of
the heat pipe

i No

L2
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Yes

22. Visualization of the results

v
End

Fig. 3. Algorithm for modeling the energy flows in a vacuum solar collector with heat pipe.

Each cycle continues with block 5, where the instantaneous
parameters of the Sun's position and the receiving surface are
estimated for a certain time of the day: the elevation angle of

the Sun, the azimuth of the Sun, and the direction of the direct
irradiation relative to the receiving surface. Next, in blocks 6
and 7 the intensity of the direct irradiance, respectively on a
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perpendicular plane and the receiving surface are estimated.
Similarly, in blocks 8 and 9 the diffuse irradiance on a plane
perpendicular to the solar rays and the receiving surface are
obtained. In blocks 10 and 11 the total solar irradiance, falling
respectively on the receiving surface of the solar collectors and
a horizontal plane are evaluated.

In block 12 is verified whether the solar collector is
partially self-shading itself. If no self-shading occurs, the
algorithm continues to block 13, where the projected width of
an unshaded receiving surface on a plane perpendicular to the
solar rays is estimated by Eq. (4). Otherwise, Eq. (5) is applied
in block 14 to evaluate the projected width of the self-shaded
receiving surface.

In block 15, the surface of the solar collector using the
following equation is estimated with:

— az 2
Fcol - bcol-ccol: m (9)

where c.,; is the length of the vacuum tubes in m. Next, in
block 16 the solar energy received by the vacuum solar
collectors over a time interval At is estimated, according to Eq.
(3). In block 17 the energy losses to the environment due to
radiant heat transfer are estimated and in block 18 the energy
accumulated into the fluid of the collector is obtained:

Epp = Qg 41, | (10)

where Qf; is the power accumulated in the fluid in W. It
can be estimated according to:

Qfl = th. ahp. (thp — tfl)' w (11)

where Fy,, is the contact surface of the heat pipe with the
fluid in m? and a,, is the convective heat transfer coefficient
with the fluid in W.m™2. K~1. In this study, it is accepted that
the temperature of the fluid is constant.

Next, in block 19 is estimated the energy, accumulated in
the vacuum tubes E;,,. , based on the energy balance,
described with Eq. (6). The cycle is concluded in block 20,
where the new temperature of the heat pipe is obtained using a
calorimetric equation:

,°C, (12)

cur _ 4pr Etube
thp - thp +

Mglass-CglasstMcopper-CcoppertMhp-Ccopper

where ¢, is the temperature of the tube in the previous
moment in °C; Myiaes , Meopper » anNd my, are the masses,
respectively of the glass part, of the copper contact folio, and
of the heat pipe of the vacuum tubes in kg; cgiass and Ceopper
are the specific heat capacities, respectively of glass and copper
inJ.kg t.K™1.

If the maximal time of the simulation has not been reached,
the algorithm returns to block 4. Otherwise, all obtained results
are visualized to the user in block 22 and the algorithm is
concluded.

D. Methodology for Verification of the Model

The model can be validated by comparing its results with
experimentally obtained ones. Therefore, an experimental
setup was created, whose structure and organization are
summarized in Fig. 4. It includes the following components:
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e Two vacuum tubes with heat pipes, which accept solar
radiation;

e A third vacuum tube that is used only as a source of
shading;

e An insulated heating chamber, which accepts the
available energy from the vacuum tubes and
accumulates it in the water in the form of heat;

e A water tank, which is used as a source of cold water
for the system;

e A circulation pump, which is used to periodically
replace the hot water in the heating chamber with cold
one;

e Two temperature sensors, used for monitoring the
temperature of the water in the heating chamber and of
the environment, respectively;

e A microcontroller system, responsible for obtaining the
sensors’ readings and controlling the circulation pump.
The temperature measurement is implemented over a
1-Wire interface using one digital 1/0 each and the
turning on and off the pump is implemented over a
digital output;

e A database on a nearby laptop for storing the process
information. The communication between the
microcontroller and the laptop is implemented over a
serial interface.

Circulation

pump

* 5

Water temp.

Heatiiig Database

chamber

o & ©

Cold
water
tank

Vacuum
solar
tubes

Pololu
A-Star 328PB
microcontroller

Env. temp.
sensor

Fig. 4. Overview of the experimental system for verification of the vacuum
solar collector model.

The system operates according to the following procedure.
The microcontroller reads the temperature readings
periodically. Thereafter, the changes in the temperature of the
water and the losses to the environment are accounted for, so
that the microcontroller can estimate the energy gain by the
vacuum solar collectors between two consecutive readings.
The power losses from the heating chamber to the environment
are estimated by accounting for its insulation parameters and
the temperature difference between the water and the
environment, according to:

_ Twater—Tenv
Qloss.exp - Swall -Fwall: W, (13)
Awall

where 6,4 is the width of the chamber’s wall in m, A,,4;;
is the wall’s thermal conductivity coefficient in W.m=1. K1,
and F,,; is the total wall surface of the chamber in m?.
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When the water temperature gets higher than a certain
threshold, the circulation pump is started and the hot water is
replaced with cold water, to prevent boiling. The average heat
power Q... accumulated in the hot water over the period At
reduced with the heat losses Q,,s, is estimated with:

mfl-cfl-(TFlAT_Tfl)
Qtube.exp =T a7 w, (14)

where my, is the mass of the heating chamber water in kg,
Cr, is the specific heat capacity of the fluid, which in this case
is Cr; = 4186 J.kg™*. K™, Ty, is the fluid temperature at the
beginning of the period and T, “‘T - At seconds later, both in K.

All measured and estlmated values are stored in the
database, located on the laptop. The acquired heat flow
Qtube.exp accumulated in the water is compared with the
modeled one to assess the model’s accuracy. This is done using
two measures - percentage mean absolute error (PMAE) and
percentage mean error (PME), estimated accordingly with:

PMAE =2 LW'% (15)
and
PME = 100 ZN w %, (16)

e where Ag;,, and A, are the simulated and measured
values, respectively, and N is the total number of
compared records.

I11. RESULTS AND DISCUSSION

A. Results from the Experimental Study

The verification of the developed model was performed by
conducting an experimental study in the city of Ruse, Bulgaria,
located at latitude 43,85°N and longitude 25,97°E . The
experimental setup was installed on the roof of Building 2 of
the University of Ruse “Angel Kanchev” (Fig. 5), following
the presented methodology for verification of the model. The
experiment was conducted on 26.09.2023. In addition to the
experimental setup, a Vantage Pro2 Plus meteorological station
by Davis Instruments was used to monitor the environmental
parameters. During the day the ambient temperature varied
between 15 °C and 29.4 °C and the solar radiation reached up
to 639 W.m™2 around noon. No cloudiness was observed
durlng this day; i.e., the used cloudiness coefficient is 0%.

) enperltal\sy\s(;g/{l

Fig. 5. Geographic location of the experimental setup: a) Approximate
location on the Bulgarian map; b) Exact location on the roof of Building 2 of
the University of Ruse.
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Fig. 6. General view of the experimental setup for investigating the energy
yield by a vacuum solar collector (a) and a closeup of the water chamber (b).

The experimental setup is characterized with the following
key parameters (Fig. 6):

e The volume of the water in the heating chamber is 0.7
L.

e The insolation of the water chamber was implemented
on two levels: 9 mm rubber was used to limit the
convective heat transfer, and tinfoil was used to limit
the influence of solar radiation on the temperature of
the water.

e The used temperature sensors are DS18B20 by Dallas
Semiconductors, which are characterized with 0.5 °C
accuracy from -10°C to +85°C and 0.1 °C resolution.

e The used circulation pump has a debit of 0.4 I.m™1.

e The two vacuum tubes are of type SPU-H58/1800-30-
C by SunPower (China), characterized with 0.92
transmittance of the glass, 0.94 absorbance of the
coating, and 0.08 hemispherical emittance.

e The azimuth and tilt angle of the vacuum tubes are 0°
and 60°, respectively.

The characteristics of the parameters of the installation,
used in the simulation are summarized in Table I. The
electronic system has been operating as described in the
methodology. The time series of the temperature readings
during the sunny part of the day with approximately 19-20 s
step of discretization is presented in Fig. 7. It can be seen that
during the day the water in the heating chamber was replaced
39 times; i.e., the temperature of approximately 27.3 | was
increased by approximately 22 °C.

Based on the proposed methodology and Eg. (12) and Eg.
(13) the time series of the power accumulation in the heated
water was obtained (Fig. 8). It can be seen that for the period
from 9:00 to 18:30, the power absorbed in the water in the
form of heat varies between 15 W in the morning/evening and
135 W around noon. The power accumulation process varied
without sudden changes as the experiment was conducted on a
sunny day with no cloudiness.
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TABLE I. SUMMARY OF THE EXPERIMENTAL INSTALLATION PROPERTIES
Ne Parameter Value
1. Specific heat capacity of water 4186 J. kg t. K1
Specific heat capacity of the water 1 -1
2 chamber (made of PVC) 900/ kg~ K
Convective heat transfer coefficient
3. between the water chamber's inner walls | 400 W.m?2.K
and the water
Convective heat transfer coefficient
4, between the water chamber's outer walls | 5.6 W.m?. K
and the environment
Thermal conductivity coefficient of the -1 -1
5 water heat wall (PVC) 0.15W.m™.K
Thermal conductivity coefficient of the -1 -1
6. water chamber insulation (rubber) 0.16 W.m™". K
7. Width of the water chamber insulation 0.0090 m
8. The total surface of the water chamber 0.060 m?
9. Mass of the fluid 0.69 kg
10. | Mass of the water chamber 0.082 kg
11. | The radius of the vacuum tubes 0.029 m
12. | Length of the vacuum tubes 1.75m
Distance between the axes of the vacuum
13. tubes 0.07m
14. Number of vacuum tubes 2
Mass of a vacuum tube without the heat
15. - 2 kg
pipe (the glass)
16. | Mass of the heat pipe of a vacuum tube 0.33kg
17. | Specific heat capacity of glass 84). kg . K™t
18. | Specific heat capacity of copper 385). kg t. K™t
19. Total exchange surface of the two heat 0.0061 m2

pipes with the water

B. Validation of the Developed Model

The proposed model for simulation of the energy flows in a

heat pipe solar collector was implemented in a software tool,
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developed in the Microsoft Visual Studio 2019 environment.
To validate the developed model, the modeled heat
accumulated by the solar collectors should be compared with
the experimentally obtained. The model’s parameters used
during the simulation are selected following the used hardware
components, as shown in Table I.

As was already mentioned, for the investigated day no
cloudiness was observed. This is also confirmed by the
maximal measured solar radiation (639 W.m™2), which is
almost identical to the theoretically maximal value for this
geographic location and day of the year (659 W.m™2%).
According to the developed methodology, the power
accumulated by the fluid is estimated with a 5-minute time
step, which is thereafter compared with the experimentally
obtained one.

The integrated fluid energy gain was obtained similarly -
according to the developed model and experimentally. The
time series of the powers and daily energy gains are
summarized in Fig. 9. It can be seen that the experimentally
obtained and modeled quantities generally correspond very
well. Furthermore, the daily cumulative heat gain is almost
identical: 0.97 kWh and 0.96 kWh, obtained experimentally
and via simulation, respectively. This corresponds to a 1%
relative error at the end of the day.

Nevertheless, to get a better understanding of the

difference, the absolute errors in the power and energy gains
were evaluated and summarized in Fig. 10. It can be seen that
the errors in the instantaneous power vary from -40 W to +20
W, with peak values occurring mostly in the morning and
evening hours. This could be explained by shadows, falling
from nearby buildings, which were not accounted for by the
model.
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Fig. 7. Time series of the ambient temperature (orange), water temperature (blue) and solar radiation obtained from the meteorological station (red).
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Fig. 10. Time series of the absolute errors of the heat power and heat energy gains during the experimental period.
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The integrated daily energy gains are close to zero during
the first half of the day and increase up to 0.04 kWh in the
afternoon, though they fall back to 0.01 kWh at the end of the
day. The obtained PME and PMAE measures for the heat
power, absorbed by the water, are 1.55% and 16.33%,
respectively. These values indicate that there are some errors in
the obtained results with different signs, which compensate for
each other, and at the end of the day the error is very low.
Similarly, the PME and PMAE for the integrated accumulated
energy are -7.69% and 8.02%, respectively. In this case, the
difference between PME and PMAE is almost insignificant,
because the errors in the integrated energy production are
mostly with the same sign.

The model could be further evaluated by comparing its
performance metrics with those obtained in previous studies.
The authors of study [21] used a TRNSYS model to simulate
the absorbed heat power in FPC and ETC systems. The
achieved PME measures were 7.9% and 7.6%, respectively and
the PMAE measures — 6.9% and 18.4%, respectively. In study
[23] a numerical model in the TRNSYS environment was
developed for simulating the temperature and energy gain from
evacuated tube solar collectors. The study reported a PMAE of
8.02% for the daily energy production and a relative error of -
0.2%. In another study [28], the output temperature of an FPC
was simulated. The study reported a 2.01% root mean square
error (RMSE) for the water’s temperature; however, no error
was reported for the estimated useful power. In general, it can
be seen that the proposed model achieved similar results, as the
previously developed in terms of PMAE, and higher accuracy
when it comes to instantaneous power, measured with the PME
metric. This indicates that the model could be used for
simulating different scenarios of application of vacuum solar
collectors, i.e. estimating their optimal regimes of exploitation.

A limitation of the proposed model is that it uses a
cloudiness coefficient, to account for the available solar
energy. This means that the obtained results might be
inaccurate under dynamic  meteorological conditions.
Nevertheless, this should not affect the obtained results for
long-term analysis as the errors would be with different signs
and are expected to compensate for each other.

IV. CONCLUSIONS

In this study, a physical model for simulating the heat flows
in a vacuum solar collector with a heat pipe was proposed. It is
based on the power balance of the collector and accounts for its
equivalent surface, the self-shading, and the position of the
Sun. The model validation is performed by organizing an
experimental study. A vacuum solar collector with two tubes
was used to heat 0.7 | of water, which was periodically
replaced with cold water. Based on the temperature changes,
the useful power of the solar collectors was obtained and used
as reference data for validating the model.

The obtained simulated values showed high
correspondence with the experimentally obtained ones. The
absolute power error is mostly around 0 W during the day and
increases up to 40 W during the morning and evening hours.
They can be explained by the shadows falling from nearby
buildings, which were not accounted for in the model. The
absolute errors of the cumulative useful energy vary between 0

Vol. 16, No. 3, 2025

and 0.04 kwWh. The error at the end of the day is approximately
0.015 kWh, which corresponds to 1.6%.

These results indicate that the model can be used for
precise simulation of the power and energy flows in a vacuum
tube collector. It can be applied for forecasting the useful
energy gains of vacuum collectors, as well as for optimization
of water management in hybrid installations. Furthermore, it
could be used to compare different scenarios in specific
applications and to obtain the best-performing ones. The
abovementioned is an object for our future studies.
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