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Abstract: Due to some serious environmental problems like global warming and greenhouse effect, studies on
solar energy systems are being conducted all over the world. The studies conducted in recent years are on hybrid
designs in which solar energy systems can realize both electricity and heat production at the same time. In this
way, both electrical energy and heat energy can be generated from the same system In this study, the design and
analysis of a concentrated solar air collector with a heat storage unit were carried out. In the solar air collector,
heat energy was depot in paraffin wax, and the electrical energy which was stored in the battery using the PV
(photovoltaic) modules in the system enabled the operation of the system fan. The experiments which aimed at
determining system performance were carried out in winter when the ambient temperature was low. The
experiments were performed with or without a heat storage unit, and a comparative analysis was made. It was
found that the temperature of the air released from the collector ranged from 15°C to 40°C when the exterior
temperature was —5°C. The average efficiency of the concentrated system without the heat storage unit was

calculated as 67%. The average efficiency of the concentrated system with the heat storage unit was calculated as

96%.
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1. Introduction

The interest in solar energy is increasing continually.
Scientists are developing new technologies and methods
to exploit this renewable resource. Solar energy has been
used in many different applications over the years, one of
the most important of which is heating applications with
solar collectors. Solar radiation is transferred to fluid as
heat energy with solar collectors. The most used fluid is
water, since it has a high heat capacity. Today, air is also
used in solar collectors. However, water is preferred as it
transfers heat well. Although this situation prevents the
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widespread use of solar air collectors, the increasing need
for energy has shown that solar air collectors can also be
used in different areas efficiently [1-3]. When the studies
on solar air collectors are examined, it is seen that Zheng
et al. [4] developed a mathematical model by examining
the performance of a new metal corrugated packed air
collector in buildings in cold areas. The study revealed
that the use of metal corrugated packed solar air
collectors is appropriate in rural areas in cold regions due
to their high heat transfer coefficient and economic
performance. Abuska and Sevik [5] performed V-groove
air collectors with the 4E (energy, exergy, economic and
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Nomenclature

A module area/m?

AM air mass

AR area ratio

a sensitivity

a-Si amorphous silicon

CdTe cadmium telluride

CE concentrator efficiency
CIS copper indium selenium
CR concentrator rate

c specific heat/kJ-kg "K'
h enthalpy/kJ-kg ™'

Iy solar radiation/W-m *-K ™'
1 current/A

L latent heat

P power/W

PAP performance absorber plate
PCM phase change material

PV photovoltaic

PV/T photovoltaic thermal

0 rate of thermal energy/kW
RMSE root mean square error

S standard deviation

STC standard test condition
T temperature/°C

U uncertainties

UTC unglazed solar air collector
V voltage

w Watt

X; observations conducted
X, arithmetic mean of observations
Greek symbols

o absorptivity

i thermal coefficent

o packing factor

n efficiency

p density/kg-m

T transparency
Subscripts

c cell

f fan

1 liquid

m module

s solid

u useful

environmental) analyses. V-groove air collectors were
made of copper and aluminum plate. The researchers
calculated that the average energy efficiency of solar air
collectors was 43% to 60%, while their exergy efficiency
was 6%—12%. They argued that despite their high cost, in
particular V-groove solar air collectors must be preferred
because of their performance. In their study, Gulcimen et
al. [6] examined the drying of sweet basil with solar air
collector and observed that the collector efficiency
ranged between 23% and 69% depending on the
changing air speed. Li et al. [7] used different absorbent
surfaces to find a solution to the problem of low thermo-
physical properties of air in air collectors, and they found
that heat transfer coefficient, pressure drop, and perfor-
mance increased as the absorbent surface area enlarged.
El Khadraoui et al. [8] designed an indirect-type forced
convection solar dryer using paraffin-wax as the phase
change material (PCM). The tests they conducted under
load with and without the PCM revealed that in the
system with the PCM, the temperature of the drying
chamber was found to be 4°C to 16°C higher than the
ambient temperature all through the night, while the
relative humidity was calculated as 17% to 34.5%.

In their study, Bahrehmand et al. [9] developed a
mathematical model to simulate the thermal behavior of
single and double-glazed solar air collectors under forced

convection conditions. Hernandez and Quinonez [10]
compared the measured and simulated values by
experimentally validating an analytical model accounting
for the thermal behavior of natural convection dual
parallel flow solar air collectors. They found that the
RMSE values were less than 6% for outlet air temperature
and available energy obtained by the collector. Demou
and Grigoriadis [11] calculated the yearly energy
efficiency of the solar air collectors in a one-dimensional
model, which they formed considering the regional
meteorological specifications, the effects of the
geometric design, and the materials used. In their study,
Al-damook and Khalil [12] experimentally and
theoretically investigated the benefits of using a
perforated absorbent plate (PAP) and an unglazed solar
air collector (UTC) under the climatic conditions of West
Iraq. Comparing the thermal performance and economic
characteristics of the collector with other heating systems,
they found that such collectors offer economic and
thermal benefits in western Iraq climatic condition in
winter season. Al-Sulaiman et al. [13] conducted the
performance analysis of a system involving a
humidification - dehumidification seawater purifier using
a concentrator in a parabolic grooved solar air collector.
Guarracino et al. [14] presented a dynamic model of
PV/T collector with a sheet-and-tube thermal absorber.
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Using this model, they estimated yearly electrical energy
production and thermal energy gain. Renno [15]
developed thermal and electrical model for CPV/T
(Concentrated  Photovoltaic/Thermal)  system and
compared with the traditional system in terms of the
primary energy and economic saving. Haifei [16] et al.
experimentally analyzed high concentrated PV system
with dish concentrator. They state that when the
concentrator ratio is 200, the electrical efficiency of PV
system is about 25%. In their study, Bouadila et al. [17]
designed a solar air collector with a latent heat depot
system using a spherical capsule and evaluated its
performance. In the system they designed, the energy
stored in the spheres during the day could be used
throughout the night. While the energy efficiency of the
experimental system varied between 32% and 45%, the
exergy efficiency varied between 13% and 45%.

In the studies conducted so far, different designs were

created to increase the performance of solar air collectors.

Also, different mathematical models have been
developed for the parameters affecting system perfor-
mance. In contrast to the studies in the literature, in this
study, a solar air collector with both a heat storage unit
and a concentrator was designed and manufactured. The
collector operates according to forced convection
conditions and produces the required fan power using the
PV modules added to the same system. In this way, in the
system, no energy is consumed to heat the air, and the air
is heated even when solar radiation is reduced. In
addition, as opposed to the other systems, in the system
designed with a heat storage unit, a transparent paraffin
wax glass and an aluminum panel were used.

In this study, for the first time, the ideal temperatures
for heating in winter were increased using the
concentrated air collector. Other air collectors cannot
reach sufficient temperatures for heating due to low solar
radiation during the winter season. Also, the PCMs used in
systems cannot be changed practically when their lifetime
is over. The microcrystalline PCM collector used in our
system was used in the front surface of the collector to
ensure interchangeability. Energy analysis was made for
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the designed and the manufactured system. For the system,
the concentrator rate, the heat energy stored in the PCM,
and module and collector efficiency were analyzed.

2. Material and Method

In this study, a concentrated solar air collector with a
heat depot unit was designed. The design is shown in Fig.
1. The design details of the collector are shown in Fig. 2.
The photo of the system produced with these designs is
shown in Fig. 3. The system shown in Figs. 1 and 2
includes a Concentrator (1), PV panel (2), a double glass
with transparent paraffin wax (3), charge controller (4),
solar battery (5), fan (6), fan speed controls (7), and an
inverter (8). The energy stored in the batteries using PV
panels is used to operate the fan of the air collector. As
long as the collector is exposed to the sun, electric energy
is stored in the batteries, while heat energy is stored in
microcrystalline paraffin wax. Fig. 4 shows the micro-
crystalline paraffin wax sample. It is between two layers.
The layer at the top is made of glass and the one at the
bottom is made of aluminum. Sun rays pass through the
microcrystalline paraffin wax and heat the aluminum
material. Perceptible and latent heat is stored in paraffin
through the heated aluminum. During the evening hours
when there is no solar radiation, the fan, which is
operated by the electrical energy stored in the batteries,
transfers the heat energy stored in the paraffin to the
environment to be heated.

The designed system is a low concentrator system. In
the low concentrator system, concentration rate ranges from
2 to 10. The main advantage of these systems is that they
do not need a solar tracking system. Therefore, the initial
investment and operating costs of these systems are low.

2.1 Photovoltaic system design

The calculations made for the equipment used in the
design are shown below. Equipment capacities and
quantities obtained as a result of calculations are shown in
Table 1.

1. Concentrator; 2. Photovoltaic panel; 3. Air collector with heat store; 4. Charge regulator;
5. Solar battery; 6. Fan; 7. Fan speed controllers; 8. Inverter.

Fig. 1 Concentrated photovoltaic panel and solar air collector with a heat depot
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1. Glass; 2. Microcrystalline paraffin wax;
3. Aluminum plate; 4. Collector case.

Fig. 2 Details of the designed air collector with a heat storage
unit

Fig. 3 Manufactured concentrated solar air collector with a
heat storage unit

Fig. 4 Sample of microcrystalline paraffin wax

Table 1 The equipment properties

Equipment name Capacity Quantities
Inverter 100 W 1
Charge regulator 2A 1
Battery 100 W 1
PV panel 15w 2
Fan 25W 1

3. Theoretical Analysis

Microcrystalline paraffin wax was used as the heat
storage material in the system. The microcrystalline
paraffin wax is completely transparent. Solar radiation can
penetrate into it and reach the back side. The thermal

specifications of the paraffin used as the heat depot
material are shown in Table 2.

The relationship between temperature and enthalpy for
the paraffin wax is expressed as follows [18, 19]:

Tm

h = j ¢dT  T<T,  solid phase (1)
T
T

by = [ qdr T>T,  liquid phase  (2)

T,

Stored heat energy by the paraffin wax can be
calculated with Eq. (3) [20]:

O, =0+ 0 +0 3)
where, QS is the heat energy in the solid state of paraffin
wax; Q.lt is the heat energy gain during phase change, and

Q.1 is the heat energy in the liquid phase of paraffin wax.

PV panel efficiency includes module efficiency and
cell efficiency. Cell efficiency can be calculated with Eq.
(4) [21-23]:

ne=m[1-B(T. ~25)] “
where 7 is the standard test efficiency (STC), i.e. ({
=1000 W/m?, T.= 25°C, AM = 1.5); T, is the solar cell
temperature, and S is thermal coefficient. § value changes
according to the structure of the cell. For crystal-silicon,
about 0.0045 K" was taken, while 0.0035 K™', 0.0025
K™, and 0.002 K ™' were taken for CIS, CdTe, and a-Si,
respectively [23]. In this system, polycrystalline silicon
PV module was used.

PV panel efficiency can be calculated using Eq. (5):

Mo =1 " Te " O - O, (5
where 7 is the PV module transparency; « is solar cell
absorptivity, and ¢, is the packing factor; these parameter
values are 0.9, 0.95, and 0.9, respectively [24].

PV module efficiency can also be expressed as in the
following equation:

P

A L)
where A, is the photovoltaic panel area, and P is the
power from photovoltaic panels.

M (6)

Table 2 Microcrystalline paraffin wax thermal specifications
[19]

Property Value

Melting point 7,,/°C 47

Density p /kg-m™ 818 (Solid), 760 (Liquid)
Latent heat L/kJ-kg™ 266

Thermal conductivity &/W-m™"-K™* 0.24 (Solid and Liquid)
Specific heat ¢ /kJ-kg 'K 2.95 (Solid), 2.51 (Liquid)
Mass/kg 11
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The power (P) obtained from the photovoltaic panels
can be calculated using Eq. (7).
P=V-I @)
The rate of electrical energy gain from the
photovoltaic panels was calculated with Eq. (8):

El = Am L) 3

The overall rate of thermal of the system is expressed
in Eq. (9):

Qu,overall = QHTmﬂl + QSC (9)

Qsc is the of thermal energy for solar air collector..
This value can be calculated using Eq. (10).

Osc =A-v-p-c,-AT (10)

In this equation, v is the average velocity of the air; 4,

which denotes the cross-section area of air channel, can be
calculated as seen below:

z-D?
A= 11
2 (11)
Solar air collector efficiency is obtained using Eq. 12.
Qu overall
Mg =il (12)
Ly - Asc +Wr

The total efficiency of the experimental setup was
calculated as follows:

Thotal = TIsc R/ (13)

3.1 Calculation of the concentrator efficiency

In the system, solar radiation was measured from the
lower part and the upper part of the concentrator. The
concentration ratio (CR) according to the proposed
method can be calculated using the Egs. (14-16) [25,
26]:

CR = ]t,const (14)

10
where I is the upper part solar radiation, and /, ¢ons is the
lower part or concentrated solar radiation.
The area rate (AR) can be calculated with the rate of
the upper concentrator area to the lower concentrator area.

A
_top (15)

panel
where Ay, is upper side area of the concentrator, and
Apaner 1s the area of the panel or lower side area of the
concentrator. Concentrator efficiency can be written
according to the area ratio (AR) and the concentrator rate
(CR) as in the following equation:

CE =—= (16)

AR =

3.2 The analysis of uncertainty

The uncertainty analysis is performed to measure the
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accuracy of the given information. Uncertainties can be
calculated using Egs. (17-20) taking the standard
deviations of the measurement device used in the system
into account [27, 28]:

1 N
szﬁlZ:l:Xi (17)
1 N 2 %
S = X, -X, 18
LN—DE( )} (19
1
= 19
“= (19)
R
U= [>a%s? (20)

Measurement devices and uncertainty analysis results
can be seen in Table 3.

Table 3 Technical characteristics of the equipment used in the
experimental system

Devices Technical properties Uncertainties
NTC sensor.
Temperature Range: —10°C to +60°C
Termo- Sensitivity: +0.5°C 40.71°C
hygrometer  Relative  humidity = measurement ’
range: 0 to 100% RH
Sensitivity: £2.5% RH (0 to 95% RH)
Digital Range: 0 to 2000 W/m? )
solarmeter Sensitivity: £5% W/m? £76.16 W/m
Anemometer Rang‘e-: (.)'6 m/s 0 20 m/s (Fixed air
Sensitivity: £0.2 m/s .
velocity)

4. Results and Discussions

Solar radiation and duration of sunshine decrease in
winter. The decrease in solar radiation leads to a decrease
in the temperature of the fluid released from the collector.
Due to these low output temperatures in winter, the
collectors are not very useful. Although the efficiency of
the collectors is high, they are not preferred in winter for
their low output temperatures. In order to increase outlet
air temperature from the air collectors during the winter
season, for the first time a concentrator was used in the
system. No studies in the literature have yet focused on
concentrated solar air collectors.

In this study, the design and experimental analysis of a
concentrated solar air collector with a heat storage unit
were carried out for the first time. The solar radiation
data obtained from the system are shown in Fig. 5.
Concentration rate was calculated as 1.5 using Eq. (14).
The designed system with and without a heat storage unit
was tested at different times. The initial experiments
were performed on the system without the heat storage
unit. Fig. 5 shows the concentrated solar radiation values
for the system, which was tested with and without
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paraffin. The system without the heat storage unit was
tested for three days during the winter season. The first
graph in Fig. 6 shows the ambient and collector outlet air
temperatures of the system without the heat storage unit.
It was found that when the outlet air temperature was
—10°C, the supply air temperature of the concentrated
solar air collector without the heat storage unit reached
above 45°C. After the system was filled with micro-
crystalline paraffin wax as the heat storage material, it
was analyzed experimentally for four days. The solar
radiation data for the system with the paraffin wax is
shown in Fig. 5.

The thermal energy gain from the collector of the
system is shown in Fig. 7. The black graph of Fig. 7
shows the thermal energy gain of the system without the
heat storage unit, while the red graph in the figure
demonstrates the thermal energy gain of the system with
the heat storage unit. In the black graph, the thermal
energy gains in the system without the heat storage unit
show abrupt fluctuations according to the solar radiation
value, but these fluctuations are not observed in the
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system with the heat storage unit. The thermal energy
gains of the system with the heat storage unit are less
affected by the sudden changes in solar radiation, and
heat can be absorbed for a longer period of time.

Fig. 8 shows the change in sensible and latent heat
depot in the paraffin wax over time. The amount of the
heat stored increased or decreased parallel to the
incoming solar radiation. After 3 p.m., as solar radiation
on the collector surface decreased considerably in the
winter season, the heat stored in the paraffin began to be
used. Therefore, as the graph in Fig. 8 shows, the stored
heat decreased. Also, as understood from the graph in Fig.
9 showing the change in system efficiency, efficiency
exceeded 100% after 3 p.m. After this time of the day, the
energy depot in the paraffin was used without solar
radiation input.

Fig. 9 shows the change in collector efficiency over
time. Solar collector efficiency is calculated using Eq.
(12). In this equation, solar radiation is one of the most
important parameters affecting efficiency. As can be seen
in the figure, the efficiency of both collectors with and
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without paraffin wax is very close to each other when
solar radiation is sufficient during the day. However, with
the decrease in solar radiation, a striking difference
begins to occur between the collectors. For example,
when the change in values obtained from the experiments
using paraffin wax on February 24 was examined, it was
observed that the collector efficiency started to increase
significantly after 4 p.m. This is due to the fact that the
paraffin wax continued to transfer heat to the system

1200
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despite the decrease in solar radiation. For this reason,
collector efficiency increased above 100%, especially in
areas where solar radiation reduced. While the average
collector efficiency of the systems without paraffin wax
was 55%, the average collector efficiency of the systems
using paraffin wax was calculated as 85%.

The variation in PV module efficiency at different
times of certain days is given in Fig. 10. The main reason
for these changes is the changes in the ambient
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temperature on the days of the experiments. For example,
during the experiments carried out on January 31, the
ambient temperature was at its lowest value (Fig. 6).
Thus, the cell temperature decreased, resulting in
increased PV module efficiency. While the average PV
module efficiency was 13% in the experiments dated
January 31, the value was calculated as 11% in the
experiments conducted on February 24, when the PV
module efficiency was the lowest.

5. Conclusion

The results pertaining to the designed and
experimentally analyzed concentrated solar air collector
system with a heat storage unit are listed below.

(1) The use of a concentrator in an air collector has
made it possible to use the temperature of the air released
from the collector. The outlet air temperature from the
collector changed between 15°C and 40°C when the
outside temperature was about —5°C.

(2) The three-day average efficiency of the
concentrated system without the heat storage unit was
calculated as 67%.

(3) The average efficiency of the concentrated system
with the heat storage unit during the day was calculated
as 96%. The system continued to generate heat and
electrical energy during the evening hours when there
was no solar radiation.

(4) The energy stored in the system with the heat
storage unit and the duration of use at night changed
depending on the amount of solar radiation during the
day.

(5) During the experiments, the duration of use from
the system with the heat depot unit in the absence of sun
is approximately 4 hours.

(6) Microcrystalline paraffin wax was used as the heat
depot. When the paraffin expires, the heat storage process
can be continued by easily changing the collector glass.

(7) Although microcrystalline paraffin wax was used

for heat storage, normal paraffin wax can also be used. In
that case, the surface between glass and aluminum should
not be fully filled with paraffin. The solar radiation
passing through the other side of the surface, one side of
which is filled with paraffin, will heat the black
aluminum plate below the paraffin. The aluminum whose
temperature increases stores heat by melting the paraffin.
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