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ABSTRACT

The purpose of this research was to increase the generating
efficiency of CPV within a restricted area using solar tracking
and heat pipe. At the same time, we demonstrated that the
proposed system had the ability to extract thermal energy from
a CPV using thermal absorbers containing heat pipe, which
could then be used for a heating system or hot-water supply.

Tracking the sun, calculating the sun’s position, reinstating
the heating device towards the east again for the next day’s
tracking, and system shutdown were programmed using
Simulink. A comparison of the experimental results with
KASSI(Korea Astronomy & Space Science Institute)
mathematical data for the sun’s position confirmed that the
algorithm used for the solar-tracking device was correct.

As this system can collect heat from the CPV, the efficiency
was much higher than that obtained using air cooling. We
performed parametric analysis of the concentration ratio with
respect to the operating temperature of the CPV and outlet
temperature. The simulated and experimental results for the
thermal absorber containing heat pipe were in good agreement.

INTRODUCTION

Solar cells are a popular solution to replace limited
conventional energy sources [1]. A new type of solar cell
consisting of concentrated photovoltaic (CPV) technology has
been developed recently. CPV devices are fabricated using
Groups 3-5 compound semiconductors from the periodic table
and consist of several layers containing substances from
Groups 3 (Ga, In, Al) and 5 (P, As). Because CPVs are
accumulated using several different layers, the cell can absorb a
wide range of incident light, and thus its efficiency is much
higher than that of other types of solar cells [2]. However, for
high efficiency, CPV technology requires a solar-tracking
device and a cooling system [3].

A solar-tracking device is essential for CPV technology
because maximum efficiency is obtained when the orientation
of the CPV plane is perpendicular to the incident light. If the
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angle between the sun and the CPV device is not perpendicular,
then the light becomes out of focus, which significantly
decreases the efficiency of the device. A cooling system is also
necessary for CPV devices, as their electrical efficiency is
related to the temperature of the CPV. The efficiency of a CPV
device decreases as its operating temperature increases due to
the concentration of light. Because CPVs are installed and
operated in regions where the sunlight is strong, their
temperatures usually rise above 200°C, so cooling is required to
raise the efficiency by decreasing the temperature. Many
methods of cooling such as natural convection fins have been
introduced in the past, but they have not been efficient because
they waste a large amount of the heat from the CPV device [4].
In recent years, heating systems have been developed that use
air [5]. However, these devices are also inefficient due to the
lack of light concentration and their inability to track the sun
[6].

The idea behind the present research was to solve the above
problems by implementing a heating system that uses water as
a coolant to recycle leftover heat. The water passing through
the CPVs absorbs heat. A heating system containing a large
amount of heat energy can also be operated as a boiler or a
turbine. Heat pipes can be used with the heating system to
increase the efficiency further. Heat pipes have extremely high
thermal conductance during steady-state operation, unlike
conventional heat-transfer methods such finned heat sinks.
Heat pipes can be used to transfer heat from a heat source, such
as a CPV device, to a thermal absorber and water.

This research had three objectives. The first was to design a
solar-tracking device that is both sensor and program based,
which is essential to maximize the efficiency of CPV devices.
The second objective was to improve the electrical efficiency of
CPV devices and the thermal efficiency of a thermal absorber
by using heat pipes. The third objective was to assess whether
the proposed system is practical for use as a heating system or
hot water supply by considering a system consisting of 16
connected CPV devices.



NOMENCLATURE

A, [m?] CPV area

Cp [J/kgK] Specific heat capacity of the water

d [m] Diameter of the CdS sensor

ha [hour] Difference between the actual time and the time for the
meridian altitude

H [m] Height of the cylindrical housing

k [W/mK]  Heat transfer coefficient

m [kals] Mass flow rate of the water

n [rad] Angle of the sun in the absolute coordinate system

Gir [Wim?] Energy density

Tin [K] Absorber inlet water temperature

Tout [K] Absorber outlet water temperature

Special characters
o [-]
T [-]

CPV absorptivity
Lens transmissivity

[%] Electrical efficiency

nelec

N, [9%] Thermal efficiency

u [m/s] x-component of the water flow velocity
v [m/s] y-component of the water flow velocity
w [m/s] z-component of the water flow velocity
Subscripts

CR [-] Lens concentration ratio

HA [rad] Hour angle

LST [deg] Local standard time

Te [min] Time equation

Tm [hour] Time at the meridian altitude

EXPERIMENTAL SET-UP

System Diagram

Figure 1 shows a schematic diagram for the proposed
heating system using CPV devices. The system is composed of
three parts: a positioner, the CPV devices, and a thermal
absorber. The positioner tracks the sun, the CPV generates
electricity based on the light concentration obtained while
tracking the sun, and the thermal absorber extracts thermal
energy from the CPV devices using cooling water.

A triple-junction-based CPV device (Emcore Co., USA) 10
mm in length and width was used for this research. The raw
material of the CPV device consisted of InGaP, InGaAs, and
Ge. A Fresnel lens with a 290-mm focal length (Fresnel
Factory, South Korea), 200 mm in length and width, was used.
The solar power was measured using a TM-207 meter
(Tenmars Electronics Co., Taiwan), which had an average error
of +1 W/mZ.

» 4

P

| PV |_—)| Electricity |
Thermal
absorber

Figure 1 Schematic diagram of a heating system using CPV
devices
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The CPV device used several wavelengths; thus, a Fresnel
lens was required to obtain the desired light concentration. The
solar-tracking device was necessary to ensure that the
orientation of the CPV plane was perpendicular to the incoming
light. If the angle of the sun were not perpendicular to the CPV,
the light would be out of focus, thereby significantly degrading
the electricity generation.

Figure 2 shows the insulated thermal absorber used for this
study, which was constructed from aluminum (width: 80 mm;
length: 50 mm; height: 30 mm) and included a CPV device.
The CPV device (width: 10 mm; length: 10 mm) was placed on
top of the thermal absorber. Thermal grease (ZT100,
ZEROtherm Co., South Korea) was used to attach the CPV to
the thermal absorber. The 6-mm-diameter inlet and outlet of
the thermal absorber were located on the left and right sides,
respectively. Two heat pipes using water as the working fluid
were located inside the thermal absorber and below the CPV.
The length and diameter of each heat pipe were 70mm and 6
mm respectively. The thermal absorber was insulated with
glass wool to prevent thermal loss. The total volume flow rate
was 200 cc min %, A K thermocouple was used to measure the
water temperature at the inlet and outlet.

<Floor plan>

[ gomm |

<Front view>

T

Figure 2 Insulated thermal absorber with a CPV device

Overall Control System

The control system can be described as follows. A
Simulink program was used to calculate the azimuthal and
elevation angles of the sun using the signals received at 1-
second intervals from two solar sensors for the azimuthal angle
and two solar sensors for the elevation angle. When the
weather was cloudy, the position of the sun was calculated
using astronomical and mathematical formulae. After
determining the location of the sun, the Simulink program sent
signals to control the elevation and azimuthal angles of the
heating system using motors.

Solar-tracking Device

Figure 3 shows the configuration of the solar-tracking
device, which consisted of a controller, two stepping motors,
and four CdS sensors. The controller used Simulink to
calculate the sun position and operate the stepping motors, as
described in the previous section.  Stepping motors are
commonly used in precision positioning-control applications; a



stepping motor is brushless and load independent, and it has
open-loop positioning capability, good holding torque, and
excellent response characteristics. The stepping motor used in
the prototype had specifications of 24 V, 0.072° per step, and
five phases. The voltage of the CdS sensor changed with the
brightness of the light. Depending on the position of the sun,
the cylindrical pillar had differing shadows. On the outside of
the cylinder, the north-, south-, east-, and west-facing CdS
sensors detected the brightness of the ambient light. The
voltage values, which varied with the brightness of the light,
were supplied to an analog-to-digital converter. Of the four
CdS sensors (labeled A, B, C, and D), A and B were used to
detect the azimuthal angle, while C and D were used to detect
the elevation angle of the sun.

North

West Fast

South

Cylinder

CdS sensor

Controller |—>|

Figure 3 Schematic diagram of the solar-tracking device

Motor |

The cylindrical housing height was calculated as follows. If
H is the height of the cylindrical housing, d is the diameter of
the CdS sensor, and @ is the angle of the shadow formed by the

cylindrical pillar, we have ang= 9 If the angle of the shadow
H
is 1° H can be obtained from ,__d _0003_, . .. . Ifa
tanl’ 0.017

CdS sensor (R1) and a resistor (R2) are connected to a circuit
voltage, the output voltage can be calculated by the following
expression: v oo R2 Based on this equation, the output
" R2+RL "

voltage increases in bright places because of the reduced
resistance of R1 and decreases in dark places due to the
increased resistance of R1.

Algorithms

When CdS sensors located on the east and west sides detect
voltages, the average voltage of the two CdS sensors is
compared against a threshold value. As the sun moves to the
west, shadows are formed on the east side. The reduced light
causes the voltage of the east-side CdS sensor to decrease
relative to that of the west-side CdS sensor. If the voltage on
the east side is less than the threshold of the average azimuthal
voltage and greater than the cloudy threshold, the condition is
set to a true value; if not, the condition is set to a false value.
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The error of each CdS sensor is less than 0.2% for a voltage
supply of 5 V. The system moves to track the sun when the
difference between the voltage of the two sensors is more than
0.01 V (0.2% of 5 V). The same algorithm is used to control
the elevation angle based on signals from the north-side and
south-side CdS sensors.

If the average voltage obtained from the two sensors is less
than the cloudy threshold for a given second, solar tracking is
carried out by a program that calculates the position of the sun
using astronomical and mathematical formulae. The program
uses the current time and the actual location (longitude and
latitude) of the solar-tracking device. First, the time data are
gathered using the “clock” and “fix” functions, where y is years,
m is months, d is days, h is hours, mi is minutes, and s is
seconds. Second, the angle of the sun is calculated in the
absolute coordinate system using

= 2p|[d —1+£+£+ > ) (1)
365 24 1440 86400

where da is the number of days calculated from the
beginning of the year [7]. For instance, da is 31 + 4 = 35 for
February 4. Therefore, n is the absolute angle through which
the sun has rotated. For example, n is 2 pi (= 360°) for
December 31 at 24 hours, 0 minutes, 0 seconds. Third, the
position of the sun is calculated using the equator coordinate
system. For the declination (dec) in radians [8],

dec = 0.006918 - 0.399912cos(n)
+0.070257sin(n) - 0.006758cos(2n)

+ 0.000907sin(2n) - 0.002697cos(3n) + 0.00148sin(3n) 2
For the hour angle (HA) in radians,
HA= Pl e15024 ha—ﬂoor()j 3)
180 24

where ha is the difference between the actual time and the
time at the meridian altitude (Tm):

S
ha=24+ | h+— -Tm
( 60 3600 j “)
4L-Te
Tm=12 + 5
50 (®)
Here, L is related to local standard time (LST)
L = LST - longitude(actual) Q)
and Te is the equation for time, which can be determined
from
360
= d+9
365.24 ( ) )
i 360 00167 pi 360
B= B (ar 30200 gin 2o 30 e@-9p) ®
pi 180 365.24
C=(A- ls_ooatan(tan(B)/cos('o'2344)))/180 9)
i

Te =720(C - floor(C + 0.5)) (10)



Finally, the position of the sun is calculated in the
horizontal coordinate system [7]. For the altitude (alt) in
radians,

alt = asin(sin(lat) e sin(dec) + cos(lat) e cos(dec) e cos(H)) (11)
For the azimuthal angle (azi) in radians,

(h < Tm) azi = acos((sin(dec)  cos (lat)

-cos(dec) e sin (lat) e cos(H))/cos(alt)) (12)

(h = Tm) azi = acos((sin(alt) esin (lat) - sin(dec)) (13)
/(cos (alt) e cos(lat))) + pi

In the research described in this paper, we used longitude =
127.42°, latitude = 36.35°, and LST = 135°.

The sun was tracked by activating the motor to move the
heating system toward the west until the output voltages of CdS
sensors A and B (azimuthal) were similar. The same control
algorithm was used for the elevation angle.

The procedure for calculating the azimuthal or elevation
angle was as follows. First, the number of pulses was calculated
as the motor operated clockwise. Second, the clockwise angle
was computed by multiplying the number of pulses by the per
pulse angle of the moving motor. Third, the clockwise rotation
angle was calculated by subtracting the counterclockwise angle.
Finally, the azimuthal angle was obtained by adding the initial
azimuthal angle. The same calculation algorithm was used for
the elevation angle.

The procedure for shutting down the system was as follows.
CdS sensors located on the east, west, south, and north sides
detected the voltage depending on the brightness of the light.
The averages of the four voltage values were compared against
a shutdown threshold; if they were less than the shutdown
threshold, a true value was generated; otherwise, a false value
was generated. If a true value was obtained, an algorithm was
used to calculate the number of pulses to reposition the device
toward the east, and the system was shut down.

The number of pulses to reposition the device toward the
east was calculated as follows. First, the initial azimuthal angle
was subtracted from the final azimuthal angle. Second, the
number of pulses for repositioning the azimuth was obtained by
dividing the angle per pulse of the moving motor by the above
azimuthal angle. The same algorithm was used to calculate the
number of pulses to reposition the elevation angle.
Repositioning the solar-tracking device and heating system to
the east after sunset allowed for efficient tracking of the sun at
sunrise on the next day.

RESULTS AND DISCUSSION

Verification of the Solar-tracking System

The solar-tracking system underwent extensive testing for
this study. Figure 4(a) shows the transient motion of the
heating system for every hour, on the hour. The right and left
sides of each figure correspond to the eastward and westward
directions, respectively. The solar sensor of the heating system
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moved from east to west while tracking the trajectory of the sun.
After sunrise, the solar sensor searched for the sun
automatically. Tracking of the sun was also initiated after the
disappearance of cloud cover. After sunset, the solar sensor
was shut down automatically.

«Initial State

«lpm

Figure 4(a) Transient motion of the heating system as a
function of time

The experimental azimuthal and elevation angles registered
at the Korea Advanced Institute of Science and Technology
(KAIST) were compared with the actual values obtained from
the Korea Astronomy and Space Science Institute (KASSI) [9-
11]. The average error between 9:00 am and 5:00 pm was
within 0.04°, as shown in Fig. 4(b). According to these results,
the solar-tracking algorithm used for the heating system was
accurate.

300

— — - Azimuthal angle of sun supplied by KASSI
— ——- Elevation angle of sun supplied by KASSI
Experimental azimuthal angle at KAIST

- Experimental elevation angle at KAIST

250 A

200 4

150

Angle (degree)

100

50 4

~——

8 10 12 14 16 18
Solar Time (hour)

Figure 4(b) Comparison of the actual values obtained from
KASSI with experimental data

Electrical and Thermal Efficiency

The total energy (Q1), maximum power (P), collected heat
(Q»), electrical efficiency (ng), and thermal efficiency (ny,) are
given below:

Q.= reaeAsCReG, (14)
P=VI (15)
QZ = mcp (Toul _Tin) (16)
P
. = x100(%
e = g ¥1000%) a7



-2 1000
Ny, ) 100(%)

For this study, the lens concentration ratio (CR) was 400,
the lens transmissivity (z) was 0.9, and the CPV absorptivity ()
was 0.9. Here, q i, represents the energy density, A, is the CPV
area, iz represents the mass of the water, C, is the specific heat
capacity of the water, T;, is the absorber inlet temperature, and
Tout IS the absorber outlet temperature of the water.

Figure 5 shows the electrical and thermal efficiencies of the
CPV with or without heat pipes as a function of time. The
average electrical efficiency with heat pipes was ~20% during
the day, slightly higher than the efficiency without heat pipes
(~19%). The average thermal efficiencies with and without
heat pipes were 77% and 75% respectively. Therefore, the
electrical efficiency of the CPV device and the thermal
efficiency of the thermal absorber were improved by using heat
pipes. The proposed system demonstrated 97% total efficiency
(electrical + thermal). Because this system could collect heat
from the CPV device, its efficiency was much greater than that
of other renewable energy systems. On average, changes in the
electrical efficiency were minimal. Also, the thermal efficiency
was constant, irrespective of time and outside temperature,
because the thermal absorber was insulated with glass wool.

100

(18)
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Figure 5 Electrical and thermal efficiencies of a CPV
device and thermal absorber with and without heat pipes as a
function of solar time

Verification of the Heating System Using a CPV Device
For CPV devices, the sunlight is typically concentrated by
mirrors or lenses. A lens concentrates the sunlight onto the
CPV device to increase the light density at the CPV surface.
The CPV device reaches its steady-state temperature when the
luminous power absorbed is equivalent to the sum of the
electric power delivered to the load plus the power obtained in
the form of heat. When thermal equilibrium is reached, the
conservation equation for the CPV device is as follows:
Ta'AbCRq"irr _nelecTaA\)CRq“irr - mCP (Tout _Tin) =0 (19)
where the first term in Eq. (19) denotes the luminous power
absorbed by the CPV due to the lens transmissivity (z), and a is
the CPV surface absorptivity, A, is the CPV area, CR is the lens
geometric concentration ratio, and q i is the energy density.
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The second term in the equation represents the electric power
delivered to the external load, where # is the conversion
efficiency. The last term represents the heat obtained from the
thermal absorber by the water.

The flow of water inside the thermal absorber was assumed
to be incompressible and steady state. Thus, the mass balance
equation is given as

9p  9(py) , o(pv)  A(pW) _
o ox oy oz

where p is the density of water, and u, v, and w represent the
X-, y-, and z-components of the water-flow velocity.

The momentum equations in the X, y, and z directions are
then expressed as

(20)

Du_ op, oz, +57yx or

—_— +—2+F
"ot T x y a (21)
0 0 0
pﬂz_ip+ Dy T Oy (22)
Dt o ox oy oz 7
p%:—a—p+%+%+%+ﬁ (23)
Dt oz oX oy 0z

where p is the pressure on the water element, 7., 74, and 7,
are the viscous forces, and F,, F,, and F, are the volume forces.
The energy balance equation is given as

9(pT) , 9(puT)  O(pvT) . O(pwT)
at ox oy &z
_a[k 6T:l 6[k GT} a[k GT}
= —— |+ =+ = |+ 5
x|C,ox | oy|C, oy | az|C, &z
where C, is the specific heat, T is the temperature, k is the
heat transfer coefficient, and S; is the heat source (i.e., solar
radiation energy received from the CPV).

The performance of the heating system was analyzed using
a numerical model. The energy density was 1,230 W/m?
measured using a solar power meter. The volume flow rate was
200 cc min', and the inlet temperature was 9.6°C. The heat
flux of the CPV was calculated for a lens concentration ratio
(CR) of 400. The thermal conductivity of the heat pipe was
15,000 W/m-K. The heat pipe was treated as a solid material
with extremely high thermal conductivity, and the value was
estimated based on experimental data. The values used for the
Fresnel lens transmissivity and the CPV’s surface absorptivity
were 0.9. As this experiment was performed for insulated
conditions, the temperature of the atmosphere was not
important. The Reynolds number was about 540, so a laminar
model was used. The number of nodes was 159,931. The
maximum and minimum sizes of the mesh were 1.41 x 10 m
and 7.07 x 10°° m, respectively. The maximum skewness was
0.91, and the minimum orthogonal quality was 0.21.
Hexahedral and tetrahedral elements were used.

Figure 6 shows the temperature distribution on the interface
of the CPV device and the thermal absorber with heat pipes.
The simulation gave a maximum CPV surface temperature of
25.3°C. The upper face of thermal absorber (located 20mm
from the right end of the CPV device) toward the outlet had a
temperature of 17.7°C, and the average outlet water
temperature was 11.9°C. The experimental temperatures
measured using a K thermocouple were 16.9°C for the upper

(24)



face and 11.8&C for the average water temperature,
demonstrating good agreement between the simulation and
experiment.
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Figure 6 Temperature distribution on the interface of a
CPV device and thermal absorber with heat pipes

Table 1 shows the simulated temperatures of the CPV
device and the thermal absorber with heat pipes for different
lens concentration ratios. As the lens concentration ratio
increased from 500 to 800, the outlet temperature increased
from 12.5 to 14.2°C. This means that a higher concentration
ratio generated more hot water per hour under the same inlet
conditions. However, the change in the thermal efficiency was
small according to Eqgs. (16) and (18). The average thermal
efficiency was 80%. The CPV temperature increased from 29.3
to 41.2°C as the amount of solar radiation increased.

Table 1 Simulated temperatures of the CPV device and the
thermal absorber with heat pipes for different lens
concentration ratios

Concentration Max. temp. of Average temp.
ratio CPV (°C) at the outlet (°C)
500 29.3 12.5
600 333 13
700 37.2 13.6
800 41.2 14.2

Simulation Results of the Heating System Using Multiple
CPV Devices

Figure 7 shows the simulation results for a heating system
with a CPV grid consisting of 16 connected CPV devices (four
horizontal rows and four vertical rows). The CPV grid was
attached to a thermal absorber (the same size as shown in Fig.
8). This system could generate electricity from the CPV
devices and simultaneously supply hot water collected from the
CPV devices, which was heated by the thermal absorber. The
lens concentration ratio was 400, and the distance between the
CPV devices was 200 mm. The following values were used to
simulate the same conditions that were modeled for Fig. 6:
volume flow rate of 200 cc min™ and inlet temperature of
9.6°C.

The inlet and outlet were located at the bottom left and right
corners, respectively. The maximum temperature of the CPV
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grid was 58.5°C, and the average temperature at the outlet was
45.2°C. These temperature results are suitable for CPV
operation as well as for heating and supplying hot water. Note
that if the thermal absorber were not insulated, then the outlet
temperature of the heating system would decrease due to
increased radiation and convection.
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Figure 7 Heating system using a CPV grid

Validation of the Heating System using Multiple CPV
Devices

Figure 8 shows a validation of the heating system using a
CPV grid consisting of 16 connected CPV devices (four
horizontal rows and four vertical rows). The solar sensor
located on the upper side of the heating system moved from
east to west while tracking the trajectory of the sun. The inlet
and outlet were located at the bottom left and right corners,
respectively.

Figure 8 Validation of the heating system using a CPV grid

The average electrical efficiency was ~20% during the day,
and the average thermal efficiency was 72%. Therefore, the
proposed system had a total efficiency (electrical + thermal) of
92%. On average, changes in the electrical efficiency were
minimal whereas the difference between each of the electrical
efficiency was within 1%. Moreover, the thermal efficiency
was constant, irrespective of time and outside temperature
because the thermal absorber was insulated with glass wool.
The experimental temperatures were measured using a K



thermocouple. The average water temperature measured at the
outlet was 40.8°C, which was in good agreement with the
simulation.

Therefore, this system could generate electricity from the
CPV devices, and simultaneously supply hot water collected
from the CPV devices, which was heated by the thermal
absorber. Because this system could collect heat from the CPV
devices, its efficiency was much higher than that of other
renewable energy systems.

CONCLUSION

An efficient heating system using CPV devices with heat
pipes was developed. The electrical efficiency of the CPV
devices was increased by using concentrated light and solar
tracking, and the thermal energy from the CPV devices was
extracted to increase the thermal efficiency of the heating
system. With this system, we were able to supply hot water
using a thermal absorber to collect the heat from the CPV
devices.

Simulink was used to track the sun, calculate the sun’s
position, reposition the heating system toward the east again
after sunset for the next day’s tracking, and shut the system
down. When the weather was cloudy, the position of the sun
was calculated using astronomical and mathematical formulae.
A comparison of the experimental results with KASSI
mathematical data for the position of the sun confirmed that the
algorithm used for the solar-tracking device was accurate; the
average error was within 0.04° between 9:00 am and 5:00 pm.

The average electrical efficiency was 20% during the day,
much higher than the efficiency of commonly used silicon solar
cells (13% efficiency). The average thermal efficiency was
77%. Therefore, this system had a total efficiency (electrical +
thermal) of 97%. Since this system could also collect heat from
the CPV devices, the efficiency was much higher than that of
other renewable energy systems. The simulated and
experimental results for the thermal absorber were in good
agreement.

When the concentration ratio increased, so did the outlet
temperature. However, the change in thermal efficiency was
relatively small compared with the increase in the concentration
ratio. The temperature of the CPV devices increased due to an
increase in solar radiation energy.

Multiple thermal absorbers were connected to simulate a
heating system. The simulated and experimental results for the
thermal absorber were in good agreement. This system was
capable of generating electricity from the CPV devices while
supplying hot water collected from the thermal absorber. The
heating system produced more hot water per hour during
summer than during winter and also had a higher concentration
ratio.

The advantages of a heating system using CPV devices are
as follows. The system is economical. Heating and hot water
storage are available in the absence of sunlight. The system
offers higher generating efficiency than do other renewable
energy systems, and it reduces greenhouse gas generation.
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Moreover, the system exhibits high sustainability when the sun
is present.
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