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Abstract- In order to reduce carbon dioxide, the use of renewable energy is inevitable. Among the different renewable
energies, solar is the most abundant and easily harness able. To convert solar energy to useful energy solar collectors are the
bridge between them. Therefore designing an appropriate and efficient solar collector which is able to make solar energy
feasible and useful. In this paper, a concentrated hybrid photovoltaic-thermal collector is developed and analyzed its electrical
and thermal characteristics. The unique design has been developed under Solarus AB, Alvkerleby, Sweden. Also, it has been
tested in Alvkerleby and at University of Dalarna, Sweden. The designed collector has been compared with another similar
collector and also the thermal analysis has been compared between two regions. The novel collector constitutes a hew technical
approach to maximize the total efficiency compared to the traditional hybrid collector.

Keywords- Solar collector, PV/T (Photovoltaic thermal), Compound Parabolic Collector (CPC), Thermal and electrical
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1. Introduction

A hybrid solar collector can be defined as a type of solar
collector which has a capability of producing both heat and
electricity without compromising either. It provides the same
advantages of photovoltaic (PV) and thermal collector. In
[1], it shows conventional PV system has an efficiency of 10-
25%, it means it can convert 10-25% incident solar energy to
electricity, the excess temperature decreases the cell
efficiency [2]. Another undesirable consequence is
permanent physical damage and shorter product life [1]. The
hybrid photovoltaic-thermal (PVT) collector is able to
introduce the solution if these undesirable problems. It can
generate higher electricity output than a common PV system,
maximizes available roof surfaces and minimizes installation
cost. The concept of photovoltaic/thermal (PV/T) gives an
opportunity to use the excessive heat and which will increase
the overall efficiency of the system. Commonly, to increase
the output voltage and decease the resistive loss of the
system, the cells are connected in series. Although, by
connecting the cells are in series, the least efficient solar cell
will affect the current flow. This phenomenon has been
defined as current matching problem [3]. Therefore, it is very
important to keep a uniform temperature distribution
throughout the PV array. In this concept, the water will flow

through the channels and the solar cells are laminated on top
of the channels. The water decreases the cell temperature by
absorbing the heat and produce hot water.

The research has been going on in the field of hybrid
photovoltaic thermal collector. The main concepts of this
type of collectors has been introduced in [4], they used water
and air as a fluid coolant. A non-empirical structure of the
PVT system has been presented in [5] which also includes
the usual solar thermal concept. In [6], a performance
analysis has been done on hybrid collector.

The transfer of the energy between the different
components of the hybrid PVT system by the use of liquid
coolant has been analyzed [7]. The study on the PVT air
heating system in simple and alternative glazing system has
been discussed [8].

Various research work has been published such as the
hybrid PVT collector integrated with the system in [9], [10],
and [11].

The air cooled PV modules for the building integrated
photovoltaic system has been proposed in [12-15]. In these
research, the modelling of PV modules has been discussed.
In [16], the building integrated air-cooled photovoltaic
system include the multi-operational PV with solar air
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collectors and the ventilated building PV facades has been
discussed in [17-19], also the design process for cooling air
to reduce the efficiency loss has been proposed in [20].

Moreover, in [21], the reliability analysis has been done
for a building integrated photovoltaic-thermal system, the
TRANSYS software has been used to simulate the system for
different latitude [22]. In [23], [24] the performance
improvement of the PVT system has been discussed. The
objective of this paper is to introduce a new PVT collector
design, analyzing its thermal and electrical performance, and
compare with an off-the-Shelf PVT collector.

2. A proposed design of Concentrating Asymmetric
Photovoltaic/Thermal Collector (CPC-PV/T)

The modules manufactured and marketed by Solarus AB.
This model has evolved from the MaReCo (Maximum
Reflector Collector) design. This model came from
Vattenfall’s solar energy research program. It has an
asymmetric concentrator which means the receiver located to
the side of the concentration trough rather than in the center.
This gives a Compound Parabolic Concentrator (CPC) shape
to ensure that reflected light reaches the receiver.

This asymmetric design is basically suited for thermal
applications in northern and southern climates, and was
designed to provide maximum thermal heat in the winter.
This is achieved because of the unique acceptance angle of
the modules.

The collector has an aluminum plate, inside that plate it has
hollows to flow liquid. The solar cells are laminate on the
aluminum plate. The backside of the plate also has PV cells
and to concentrate solar radiation, a parabolic concentrator
has been used in the design.

The concentration factor of the parabolic concentrator is
around 1.5, which is low. Though, the concentrator is able to
affect the cell efficiency of the PV cells by increasing its
temperature.

To reduce the temperature, the water has been flown into the
hollows. Therefore, it increases the electricity generation and
also hot water by absorbing the heat. The parabolic reflector
which has been used in this system is made of anodized
aluminum and the reflection coefficient of around 95% [25].
As it is depicted in the figure 1, the optical axis of the
concentrator is 90 degrees to the covering glass of the
collector. The glass cover of the collector made of low iron
glass with solar transmittance of 0.9 at normal incidence
angle.

This asymmetric design is basically suited for thermal
applications in northern and southern climates, and was
designed to provide maximum thermal heat in the winter.
This is achieved because of the unique acceptance angle of
the modules.

There are four PV strings in the receiver, two of them are at
the font side and other are on the backside. Each string
consists of 38 PV cells. The total number of PV cells per
receiver is thus 152 cells. The total area of PV cells on a
receiver was approximately 0.58 m2. The system has been
made in such a way that the active glazed area is maximum,
in this case it is 0.87 m2 In [26], the active glazed area has
been defined as the area of the both cells but avoiding the
area of the edges and spaces between cells [26].
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Fig. 1: Basic Geometry of Solarus PVT collector
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Fig. 2: Cell configuration of Solarus PV/T collector

The total area of the PVT system is 2.21 m2 The height of
the reflector which contributed to the electricity generation is
0.292 m. The height of the parabolic trough is 0.44m. This
height includes the effective height of the concentrator and
also, the height of the PV cells.

3. Thermal Analysis
The collector has a unique frame where the two collectors

are placed. The two absorber plates were painted by the two
selective surfaces (paints).
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The collectors were facing the south during the
measurements with a fix tilt of 45° as shown in Figure 3.
Global and diffuse irradiation were measured by the two
pyranometers, they were mounted on the collector plane,
with a static shading ring was mounted in front of the
pyranometer which was measuring the diffuse irradiation, as
shown in Figure 4.

Fig. 3: Picture shows how the Thermal collectors were
installed

The inlet and outlet temperatures of the collector were
measured with temperature sensors (Pt 100) as shown in Fig.
5. Flow rates have been measured by the two inductive flow
meters, a data logger stores data every 10 seconds during the
evaluation period.

Fig. 4: The two pyranometers for measuring the global and
diffuse irradiation, mounted in the collector plane

Fig. 5: Collector inlet side with Pt 100 sensors inside

Before the two collector troughs with different selective
surface coatings are compared, the trough which has to be
compared originally it was planned to do measurements on a
solar thermal low-concentrating collector to see if the two
troughs identical in geometry and material properties, to
show the same performance. Although identical, there is a
risk that the heat losses from the lower trough will heat up
the upper trough through convection, and therefore reducing
the heat losses from the upper trough. There is no air
exchange between the two troughs and therefore it is
assumed that the heat losses from the front side will be equal.
Eventually there will be an air movement from both sides of
the lower trough by convection through the air to the upper
trough, which will reduce the heat losses from the upper
trough. Another phenomenon could be tested is the air
between the trough on the back side of the collectors heated,
which affects the heat losses from the two troughs
differently.

Two thermometers were placed under each trough to see the
difference in temperature, if really there are more losses in
one trough comparing to the other. We measured the two
temperatures of the both troughs, we found the same
temperature, and therefore it can be assumed that any heat
loss between the troughs mainly depends on the different
absorber paints.
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Fig. 6: It shows the temperature reading of the two trough

Calculation

Measurements of the temperature inlet and outlet of the
liquid in the collector, the ambient temperature,
hemispherical radiation in the collector plane and the flow
rate, allow us to evaluate the thermal performance of solar
collectors, The EN 12975 standard has been maintained
during the thermal performance analysis of the collector. The
overall efficiency is defined as in Equation 1, with C, is the
specific heat capacity, Ac is the aperture area of the collector

and 1 is the mass flow rate. The specific heat capacity of

the water varies with water temperature; therefore it should
take into an account the mean temperature of the liquid in the
collector.

n= Cp(T,,.,—T:n)/Gri; (1)

The thermal performance measurements make the calculation
of the optical efficiency 1o of the solar collector possible, by

rearranging the Equation 1 in Equation 2.

My = qF'U(T,,—T,)/Gr 2

Where, Gy= Global annual radiation on a tilted surface.
T,...=Outlet temperature of the fluid

T; .= Inlet temperature of the fluid

F'U, = Heat loss.

This evaluation has been done to show the difference in
performance between the two troughs, which belong to the
same solar collector. The solar collector was mounted facing
south. The first is painted with mate (Q Loss) and the second
is painted with a glossy paint (Solkote), this evaluation will
show which paint performs better, Therefore we had to vary
the flow rate for different values, from 20 to 90 I/h with a
step of 10, in order to have different DT/G with different
efficiencies, for both troughs and plot the efficiency curve, as
shown on the Figure 7, in order to define the optical
efficiency and the heat losses.

The measurement devices which are used in the eperiemntal
test have shown in the Table I.

The inlet and outlet water temperatures were measured using
Pt 100, at an average hemispherical irradiance of 935 W/m?
with varied water inlet temperature from 37°C to 25°C,
which decreased with increasing the flow rate, the ambient
temperature was almost constant at 16°C, with a variation of
1°C during the test and the hot water reached to a maximum
temperature of 53°C.

Table 1.Measurement devices used during the experiment

Measurement Specification Model
Devices
Pyranometers Operational Kipp &

temperature Zonen CM22

range: -40 °C

to +80 °C.

Maximum solar

irradiance:4000

W/m2
Temperature Temperature Pico
Sensors(for range: —-30 to | Technology,
inlet/outlet +350 °C. PT100
fluid) Accuracy:+0.15

°C @ 0 °C

Class A
Temperature Temperature Texas
Sensors(ambient | range: Instrument
temperature) LM35

-40 to 110

-55 to 150

0 to 100

Oto70

The standard efficiency curves of the two troughs and its
results are shown in Figure 7 and in Table II.
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Fig. 7: The standard efficiency curves of the two troughs
with different selective surfaces.

In the figure 7, the heat loss coefficient F’UL value is the
slope of the graph and the intercept of the graph with the Y-
axis is the optical efficiency, no.

The thermal efficiencies for both troughs with different
painted absorber were found from the Equation 2 and based
on the Gross area of each trough. Areas of both troughs are
equal. The intercept of each line with the Y-axis defines the
optical efficiency 7o of each trough and the lines’ slopes
define their heat losses, these values are presented on the
Table I.

The heat loss coefficient of the trough with Glossy[31]
painted absorber as the slope of the line showed is F'U.=
8.37 W/m?’C. The intercept F’U_ of the line with the Y-axis
is 0.646, which represent an optical efficiency of about 65%.
The trough with mate painted absorber has a slightly higher
heat loss coefficient with F’U. = 8.61W/m?°C, and slightly
lower optical efficiency of 0.643 which represent almost
64%.

The two values of heat loss coefficient for the two troughs
are quite high, if we compare them to the value which
Solarus company report on their technical specification for
this collector, because according to (Solarus AB, 2013) this
collector has a heat loss coefficient of only 1.9 W/m?°C,
while the value which was found after the measurements is
about 4 times higher. This could be happened due to the
experimental environment and the company experiement
condition is unknown.

There are some clear differences between the parameters, of
both troughs, According to [27] only the operating conditions
would decide which one should be used, and the range of
values of DT/Gy that was expecting in an application, to heat
a pool for example, no need for a high difference in
temperature between the ambient and the absorber, in the
other extreme case, when we make steam to turn a turbine we

need a significant difference in the temperature at high
efficiency for large values of DT/Gr.

Table 2. Heat Loss coefficient and Optical Efficiency

Heat  losses Ontical
Trough FUL o ftF')icienc
[W/mzC] ¥y o
Glossy 8.366 0.646
Matte 8.606 0.643

4. Electrical Analysis

4.1 Experimental Set up

The Solarus collector has been tested to analyze the
electrical performance. The collector has been mounted at
Alvkerleby Bruk, Gavle. The testing methodology was
followed from L.R. Bernardo et al. (2011) [28] and Bernardo
Ricardo et al. (2013) [20].

The solar irradiance was around 800W/m? and the average
sunshine total hours of 1270 and an ambient temperature
during operation of 13°C.

The collector was mounted in the outdoor testing laboratory
at Solarus AB, Alvkarleby, Sweden (geo-coordinates:
60°33°58.9644"’ North, 17°26°43.5984”’ East), at an angle of
44° to the horizontal, facing due South. The laboratory was
located in a section of the factory parking lot and due to the
winter season the floor was covered with thick ice which has
given a significant portion of the diffuse light, reflected from
snow surface. So the collector’s tilt has been chosen carefully
to reduce the diffuse light.

Electrical Output

Variation over a day

0 0
00:00:00 04:48:00 09:36:00 14:24:00 19:12:00 00:00:00

Time

Fig. 8: Electrical output across a day
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In figure 8, it illustrates that at the noon when the solar
irradiation is high then we get higher electricity. It has some
abrupt changes due to cloud and shading. The maximum
electrical power was around 110W. It should be mentioned
that here in this experiment only on trough has been tested.
And one collector has two troughs.

4.2 Performance Analysis

4.2.1  Cell efficiency Vs Cell temperature

The changes in photovoltaic cell efficiency with cell
temperature have been showing in figure 9. Cell electric
efficiency is different from overall electric efficiency, as it is
calculated based on the solar irradiance input to the cell area,
whereas overall electric efficiency is based on the entire
collector. The cell electric efficiency gives a better estimate
of the operating conditions of the silicon cells in the receiver.

Solarus CPCPVTV11,3 May 2013
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Fig. 9: Photovoltaic cell efficiency vs Receiver mean
temperature

The collector was tracked to the sun in a vertical axis
between each measurement, and the variation of the flow rate
was between 15 I/h to 90 I/h in five even steps to control the
mean cell temperature.

4.2.2  Electrical efficiency Vs Cell Temperature

The average electrical performance of a trough has been
shown in the figure 10. It can be compared with other
photovoltaic panels in order to observe the efficiency. At
standard conditions (25 °C and 1000 W/m?), the cells were
operating at an efficiency of ~12.7 %. Though the
manufacturer’s datasheet states that the efficiency around
18.8% [29]. This is because of the glazing and reflection
losses in the collector.

Solarus CPCPVTv11, 8 May 2013
10.2%
10.0%
9.8% —=

9.6% H
. fix) = -0.000381524x + 0.1067221495
9.4% Re=102178125888

9.2%
9.0%

Electrical Efficiency [%)]

8.8%
23 24 25 26 27 28 29 30

Receiver Mean Temperature [C]

Fig. 10: Electrical efficiency (based on trough’s aperture
area) vs Cell temperature at University of Dalarna

4.2.3  Thermal efficiency Vs Reduced Temperature

The main cause of reducing efficiency in thermal
collector is that the receiver loses heat by radiation. The
reduced temperature is a proportional constant which in
proportion to the collector heat loss. In figure 11, it shows
how the receiver behaves as a thermal absorber.

Solarus CPCPVTv11, 8 May 2013
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60%
50%

40% == i
30% :xiﬁ\

f(x) = -9.7875734591x + 0.5032264627
20% R*= 09404830555
0 0.002 0.004 0006 0.008 001 0012 0014 0016 0.018 002

Reduced Temperature [CAWMI

Themal Efficiency [%)]

Fig. 11: Thermal efficiency vs reduced temperature

When the reduced temperature is zero (0), it means there is
no loss. At higher temperature the losses from the collector
increases significantly.

4.2.4  Thermal Vs Electrical Efficiency

The data of this analyzation have been gathered on 1st of
April. This experiment gives an overall idea about the total
efficient of the PVT collector.

1451


nayeem.chowdhury
Typewritten Text
     1451

nayeem.chowdhury
Typewritten Text

nayeem.chowdhury
Typewritten Text


INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

N. R. Chowdhury, Vol.6, No.4, 2016

TIME (HOURS) |

12343567
80.00%

§ 9 WM I21314151617 18192021 222324

70.00%
60.00%
50.00%
Electrical

40.00% Thermal

30.00%

EFFICIENCY

20.00%
10.00%
0.00%

THERMAL AND ELECTRICAL
EFFICIENCY

Fig. 12: Thermal vs Electrical Efficiency across a day
Discussion

A latest design [30] has been studied in order to compare the
efficiency with the new collector discussed in this paper.

Thermal efficiency

10.152x + 0.4532

0 0.02 0.04 0.06 0.08 0.1
(T; - T)/G

A Unglazed
* Glazed

Fig. 13: Glazed and unglazed PVT collector thermal
efficiency[30].

In figure 13, it is depicted that the thermal efficiency of the
PVT collector is approximately 55%. Whereas in figure 12,
the thermal efficiency of the proposed design is more than
60%.

Which concludes that from the literature review and the
experiment data the new design able to show better
performance.

5. Conclusion

In this paper, a novel PVT hybrid collector is proposed with
a new design approach. The aim is to increase the total
efficiency of the collector. The total efficiency of almost
80% is achieved.

The experimental results show that the experimented solar
collector has higher efficiency than an off the shelf PVT
collector.

The detailed discussion and thermal and electrical
performance analysis of a PVT system have been determined
in this paper.

The determined efficiency of this system is higher than
combining the individual efficiency of solar and thermal
collectors. This is because, the excessive heat has been
converted to useful energy. Advantages of PV/T collectors
include higher electricity output than a standard PV panel,
Maximizes available roof space and Lower installation costs.
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