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Abstract

In the present work, experimental and theoretical study has been carried out to investigate the effect of using heat
thermosyphon on the performance of cooling photovoltaic thermal solar panel. Three test rigs are constructed. The first
system (module 1) constructed from photovoltaic panel with 0.07 mm thickness cooper plate base, four thermosyphon heat
pipes and water box heat exchanger with a capacity of 16.2 litter. The second system (module II), which was made for a
cheaper economic model than module I, comprises similar photovoltaic panel with 0.07 mm thickness aluminum plate base,
six copper heat pipes with the same dimensions for (module 1) and water cylindrical heat exchanger with a capacity of 9.537
litter. The novel panels compared with the traditional panel. The experiments are carried out in July 2017, Baghdad. A
MATLAB program is used to compute the models and establishing characteristic curves. The experimental thermal results
proved that the novel methods are successful in cooling the solar panel, the module | is colder than the module 1l and the two
modules are cooler than the traditional panel in a rate of (15-35) % for module | and (10-14) % for module Il. The
experimental electrical results showed that the efficiency of module I is improved by (11-14) % and module 1l improved by
(4-8) % compared with traditional one. The comparison between the experimental and theoretical results revealed a good
agreement with a small deviation of about (3-6) %.
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cell material used [2]. Akbarzadeh and Wadowski [3]
introduced a passive method based on thermosiphons
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which can effectively cool the Photovoltaic cells under
concentrated light. Incorporating a thermosiphon cooling
system for the photovoltaic cells has been manufactured
and successfully tested. Tonui et al. [4] studied the
photovoltaic/thermal (PV/T) panel with heat extraction by
forced or natural air circulation, prepare a non-expensive
and simple method of photovoltaic panel cooling and the
solar preheated air could be used in manufactured,
industrial and agricultural section. The paper presents the
use of a suspended thin flat metallic sheet at the middle or
fins at the back wall of an air duct as heat transfer
augmentations in an air-cooled photovoltaic/thermal
(PVIT) solar collector to improve its overall performance.
William et al. [5] wrote a research about used heat pipes to
cool the concentrating photovoltaic systems, this work
demonstrated the feasibility of a heat pipe cooling solution
for concentrating photovoltaic cells. Heat pipes can be
used to passively remove the heat, accepting a high heat
flux at the concentrating photovoltaic cell, and rejecting
the heat to fins by natural convection. Tang et al. [6]
introduced a new method by using the micro heat pipe
arrangement to cooling photovoltaic panel. The
experimentally implemented study used air or water to
cool the solar panel, the solar panel temperature can
decrease and increase the photoelectric conversion
efficiency. The temperature decreases by 4.7 °C and output
power increases by 8.4%, for air-cooling compared with
ordinary solar panel, and the temperature decreases by 8
°C and output power increases by 13.9 % for water-
cooling. Mutombo [7] presented study about the behavior
of thermosyphon hybrid photovoltaic thermal panel when
exposed to differences of environmental parameters and to
prove the advantage of cooling photovoltaic modules using
a rectangular channel shape with water. The simulation
results showed that the overall efficiency of the PV/T
module was 38.7% against 14.6% for a standard PV
module while the water temperature in the storage tank
reached 37.1 °C. During summer in South Africa, this is a
great reassurance to the marketing of the hybrid
photovoltaic thermal technology.

This research introduces a novel technique to increase
the conduction heat transfer by using a copper and
aluminum plates to increase the thermal conduction
surface area from the panel to the heat pipe. Thus, the
present work is concerned with carrying out experimental
study and mathematical verification to study the
performance of photovoltaic panel by using heat pipe as a
new technique to increase the conduction heat transfer by
using a copper plate for module 1 and aluminum plate for
module |1 to increase the thermal conduction surface area
from the panel to the heat pipe. Also, the study is coupled
with electrical and thermal model for calculating various
parameters related to the performance of photovoltaic
cooling by heat pipe system and through solving equations
of the problem numerically for all parts and determining
PV model parameters.

2. Heat Pipe Photovoltaic Modules HP-PV/IT

There are three photovoltaic panels used in the
experimental work (two modified solar module panels and
a traditional panel to compare with), there were made of
monocrystalline solar module 80(72) M1240x541. The
specifications of photovoltaic panels are; peak power
(Pmax) which is 80 (Watt), voltage at maximum power
(Vmp) of 33.3 (V), current at maximum power (Imp) 2.4
(A), open circuit voltage (Voc) of 41.5 (V) and short
circuit current (Isc) of 2.6 (A), these are provided by the
manufacturer for the reference conditions of 1000 W/m? of
irradiance level, 25 °C of cell temperature, total number of
cells are 68. Figure (1) showed the experimental setup for
modules (I and I1), which has been designed and
manufactured in this work.

Figure 1. Experimental setup system.
2.1. Module |

The test system consists of four copper thermosyphon
heat pipe, 1200 mm evaporator length with filing ratio
55% distil water as a working fluid, 14 mm inner diameter
and 16 mm outer diameter, fixed on the back surface of the
PV module. A copper plate of 0.07 mm thickness covered
heat pipes and panel from the back, the new technique was
done by envelope around the heat pipe to increase the
contact surface, Fig. (2). 50 mm glass wool insulated the
system from the back of the panel. 150 mm condenser
length with 28 mm inner diameter and 30 mm outer
diameter, immersed at (540x150x300) mm® water box.
The space between the two adjacent heat pipes were
measured to be approximately 140 mm. Schematic
diagram of the experimental rig with thermocouples
location is shown in Fig. (3).

’;

Figure 2. copper plate with heat pipe in the back of panel.
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Figure 3. Schematic diagram of module (11) and thermocouples
location.

2.2. Module 11

The test system (I) is expensive (172 $) because of the
use of expensive parts that made from pure copper 90-
95%. Therefore, a second low cost and economic (39 $)
test system (11) was used and placed next to system (1) to
study the performance of systems and compare between
them. This cheap and economic Photovoltaic module I1
was used for the first time which consists of six
thermosyphon heat pipes with the same dimension in
module I, aluminum plate instead of copper plate, heat
exchanger is made of plastic cylindrical pipe of 3 mm
thickness with 146 mm inner diameter and 540 mm length,
water tank, storage tank and stand. Schematic diagram of
the experimental rig with thermocouples location is shown
in Fig. (4).
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Figure 4. Schematic diagram of module (1) and thermocouples
location.

The most previous studies tested the performance of the
photovoltaic without a load, wherefore in this work, the
performance of the photovoltaic with load is studied and, it
showed the load effects on the photovoltaic behavior.
Because PV panel produces electricity and warm water at
the same time, the load will be a water electrical heater
(DC 40 Watt) that receives the power from the PV panel.
So, it can produce hot water instead of warm water to use
it in the houses and industrial applications.

3. Thermal analyses

In the present study, a passive technique model was
developed for an HP-PV/T system. The mathematical
model consists of five main equation sets as follows [8]:

1. Heat-balance equation of the PV module.

2. Uni-dimensional heat conduction of the base panel
(aluminum plate).

3. Heat-balance equation of the heat pipe.

4. Heat-balance equation for water in the heat exchanger.

5. Heat-balance equation for water in the storage tank.
The following assumptions were made in the model to

simplify the calculation:

1. Heat conduction in the longitudinal direction of the
aluminum plate was neglected.

2. The temperatures of the adhesive layer (EVA and TPT)
and PV cells in the same direction were considered
equal.

3. The heat capacity of the adhesive layer (EVA and TPT)
was neglected.

4. Heat loss from the heat pipe condenser to the ambient
was neglected.

Figure (7) depicts the section of the HP-PV/T solar
collector.

Glass with TPT

? EVAFilm
‘— Solar Cell
e =

e EVAFilm

TPT composite

Figure 5. Section of the HP-PV/T solar collector.

Based on assumptions described above, for the
photovoltaic layer, which includes the PV cells, EVA and
TPT, the heat-balance equation is given by [8]:

dT,
yspvppvcpv aztw = ha (Ta - Tpv) + hsky,pv (Tsky - Tpv) +
T, — T,
T =T) Rags + 6T @ = s @

Where, h, and hg,,, are convective and radiant heat transfer
coefficients, respectively, between the PV and surroundings.

Ty is the sky temperature with:

Tsky =Ta @
hy = 2.8 + 3.0u, @®)
hsiey pv = gpva(Tszky + szv)(Tsky + Tpv) “)
v is PV cell coverage ratio [9,10], and y = Apv A, )

Where, o is the Stefan-Boltzmann constant (5.6697x10
8 W/m? K*) and Ry, ,,, is the thermal resistance between the
PV layer and base panel (copper plate) expressed as [9,
11]:
Ry = dad/ 6)

b.pv Kad

Epy is given by the instantaneous PV efficiency (1)

expressed as:
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Epv = G(Ta)pv'[adrlref (1 - Bref(Tpv - Tref)) ™

Where, n,.r is the reference cell efficiency at the
reference operating temperature, Tr.y = 25 °C.

B,.s is the temperature coefficient,
0.0045 °C™1,

Tqq 18 the transmittance of the adhesive layer.

(ta)py Is the effective absorptance and is given as:

B'ref =

T
1-(1—-a)py
a is the effective absorptance of PV/T plate given as:

®

(T‘Z)pv =

a=ya, + (1 —y)arpr 9

pa 1s the reflectance of inner cover for diffuse radiation
and is given as [9, 11 and 12]:
Pa=1—Qug = Taa (10)

The base panel divided the differential grid, as shown
in Fig. (6). The two types of grid are labeled, where one
grid is connected to a heat pipe node and the other is not
(middle node). The heat-conduction equations in these two
types of grid are different and are given by Egs. (7) and
(8), respectively [9, 11 and 12].

i1 ' i1

7

Copper plate
Heat pipe

Figure 6. Differential grid partition of the base panel.
The expressed of heat-pipe node is:

T, — o°T, 1 [(T —Tp) (Tpv - Tb)/
pbcb? - kb 0x? +6—b| ‘ /Rb.a + Rb.pv

(T eva Tb) “
T ©
]
[ (Ta - Tb)/ ]
2 | b.a |
aT 0°T 1
pocy =k~ + gi + (Tpw — Tb)/R | (10)
l b.pvJ

Were Ry, is the thermal resistance between the base
panel and the ambient air, given by:

[
Rpq = s/ks + 1/ha (1)

Where, &,,, and Ay, are the thickness between the base
panel and evaporator section of heat pipe and contact area,
respectively.

For the heat pipe, the heat-balance equations were
provided for the evaporator and condenser sections,
respectively. Heat transfer from the evaporator section to
the condenser section was calculated using total thermal
resistance Reya.con-

Having known that the pressure decrease that is caused
by vapor flow along the axial length of the heat pipe is

very small, the vapor space is assumed to operate at a

constant saturation pressure. Therefore, the temperature

gradient of the working fluid along the axial length of the

heat pipe can be neglected.
The value for Reyacon Can be derived based on the

following parts:

® Reyqp, thermal resistances across the thickness of the
container wall and thickness.

®  R.,awick, thermal resistance across the wick thickness.
Reyai, thermal resistance that occurs at the vapour—
liquid interfaces in the evaporator.

o R.oni» thermal resistance associated with the
condensing process.

® Reonp, thermal resistance associated with the
conduction process through the pipe wall.

e That’s will be:

Z Reva.can = Reva.p + Reva.wick + Reva.i + Rcon.i
+ Rcan.p (12)

_In(d,/d)
4P 21k Levg
ln(do.wick/di.wick)

R g = ———— 14
eva.wick anwickl’eua ( )

(13)

2

Reva.i = heva.iTdileva (15)
ky

hevai = t
wick

k; and t,,;cx, the thermal conductivity of the fluid and

the wick thickness, respectively.
_In(d,/d;)
nP T 21k, Leon

1

Reoni =7—— 17
cont hconindil‘can ( )

R (16)

Where hgy,; is the condensing film coefficient that
may be obtained from the Nusselt analysis for film wise
condensation as [7 and 8]:

g sind - p(p, — py)kihyg v

heoni = 113
cont HIATCTLCDH

(18)

Because of using the wickless heat pipe, the R ,q wick
and R, ; Were neglected.
Therefore, XRepq.con DECOMES:

eva.con — Reva.p + Rcan.i + Rcon.p (19)
The heat-balance equation for the evaporator section, is
expressed as:

T,
Mp.eva Cp ap;va

= (Tp.con - Tp.eva)/Reva.can + (Tb - Tp.evu)/Rp.b (20)

2R

and for the condenser section as:

Mp conCp an.con
) at

= (Tp4eva - Tpcon)/ReUmmn + Awhw.con (Tw - Tp.con) (2 1)

hycon, 1S the convection heat transfer coefficient
between the heat pipe condenser and water.

ky,
hW.CDn = Nu’ (22)

con.o
Nu = CRe™Pr" (23)

Values of , m and n depend on the Reynold’s number
[7 and 13].




© 2018 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 12, Number 3 (ISSN 1995-6665) 193

In the water box, the differential grid partition for water
is shown in Fig. (7). In addition, the upwind scheme is
used in the water differential equation, and for grid (j), the
equation can be expressed as:

aT,,;
my,Cy a—:}J + IthW(TWAj - TwAjfl)
To—Ty ;i
_ (T WJ)/RM + Ayt con(Tocon — T 24)

Where, m,, is the mass of the water in a single control
volume.

m,, is the mass flow rate of the water, rh,, = p,, u,, 4.

R, is the equivalent thermal resistance between water

and ambient air.
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Figure 7. Differential grid partition of water in the water box.

The heat balance equation for the water in the storage
tank is given by [8 and 11]:

Tye

Mw.tankcw
(Ta - Tw.t)/Ra.wt +tn: ri'1wcw(Tw.out - Tw.in) (25)

Where, M, tank iS the mass of the water in the storage
tank.

R,.we is the equivalent thermal resistance between the
water and the ambient air.

Tyinand T, .. are the inlet and outlet water
temperatures, respectively, of solar collector.

n is the number of solar panel.

The instantaneous useful heat gain of the system is
given by:

QW = MWCW(Tw,out - Tw,in) (26)

The instantaneous useful heat gain of the system is
expressed as

QW = w,tankCW(Tv}/,t - T\g,t) (27)

The total efficiency of the HP-PV/T system can be
described by an equation based on the first-law of
thermodynamics (energy efficiency) and is introduced as
follows [14]:

Total thermal energy + total electrical energy
Total radiation over the PV /T

tz
t:
Jo (Qu + AcEpy)dt
J;2 AGadt

r]pvt =

npvt = =Nw + yr]pv (27)
A MATLAB 2016 was used to solve thermal equations
and establishing characteristic curves.

4. Experimental Results

The experimental results taken on 18 and 21 July-2017
were about the average temperature, temperature on the
modules parts and the electrical characteristics which were
obtained by the multi-channel thermometer, solar power
meter and solar module analyzer device.

4.1. Average Temperature

Several factors influenced the solar panel efficiency.
These factors are: direction and intensity of solar radiation,
angle of inclination, in addition to the ambient
temperature. Direction and angle are fixed to the south and
at 45°, therefor, the influencing factors will be the solar
radiation and temperature on which the photovoltaic
depends on the electricity generation.

On 18/7, the test was done on both models with
constant water flow rate (rh=10 1/h), and the average
temperature on the two modules panel at 12:00 is 68.68 °C
for module 1, 76.7 °C for module Il and for the traditional
panel is 85.36 °C with ambient temperatures is 48.7 °C.
This indicates that the two modules operate at hot weather
effectively and their average temperatures are less than
that for the traditional panel in the rate of (35.7, 30.58) %
for module | and (12.76, 12.3) % for module II,
respectively, Fig. (8).

On 21/7, the flow rate is increased to 15 I/h, and the
average temperature on the two modules panel at 12:00 is
64.06 °C for module I, 75.53 °C for module Il and for the
traditional panel is 86 °C in the rate of 34.2 % for module |
and 13.86 % for module Il with ambient temperatures 47.2
°C. The average temperature for the modules increases
with the increase in the ambient temperature and radiation,
Fig. (8). The increasing of the flow rate to 15 I/h did not
have a significant effect, but the effect of ambient
temperature is noticeable, indicating that the amount of
heat withdrawn from the condenser needs a lower flow
rate.

90 18/7 n=10 I/h

—

§80
270
8
= —o— Module |
=50 —@—Traditional
Module 11
40
8 9 14 15

0o_. 11 12 13
Time (day hour)

Temperature (°C)

90 21/7

85

80

75

70

0 ‘/—‘

gg —o— Module |

50 —— Traditional

45

0 Module 11
8 9 10 11 12 13 14 15

Time (day time)

Figure 8. Average temperature.
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4.2. Characteristics of Panel

The most important part in this study is the
characteristics of the panel, which is the result of the study
about the short and max current, the open and max voltage,
the max power and the efficiency of the solar panel
obtained by the solar module analyzer device. On 18/7, at
12:00 the open voltage is 33.84 V, short current is 2.1453
Ampere, max power is 50.5623 Watt, max voltage is
26.384 Volt, max current is 1.9164 Ampere and the
efficiency is 16.8372 % for the module I. The open
voltage is 33.493 V, short current is 2.148 Ampere, max
power is 50.57426 Watt, max voltage is 26.96 Volt, max
current is 1.8759 Ampere and the efficiency is 16.84 % for
the module 11, while for traditional panel: the open voltage
is 32.366 Volt, short current is 2.0571 Ampere, max power
is 45.4297 Watt, max voltage is 24.908 Volt, max current
is 1.8239 Ampere and the efficiency is 15.128 %. with
average temperature is 64.06 °C for module 1, 76.7 °C for
module 11 and 85.36 °C for traditional panel. The overall
characteristics for module I and module Il are close and

better than that for the traditional panel with photovoltaic
temperature decrease, as shown in 18/7 the 21/7 as well,
Fig. (9).

5. Theoretical Results

To solve the four-parameter model, a MATLAB
computer program is used to evaluate the characteristics of
photovoltaic panel. The temperature of panels and solar
radiation intensity are adopted from the experimental data.
Figure (10) shows that the theoretical results are very
closer between the modules like experimental results.
Table (1) shows the difference between the experimental
and theoretical photovoltaic characteristics results.
Theoretical efficiency of module | and module I1 are less
than experimental in a rate of 12.7% and 15.6%
respectively for 18/7 and 4% and 10% respectively for
21/7. Solar panel is influenced by several external factors,
such as dust, wind, humidity, and interior factors such as
multicellularity which led to a difference between the
experimental and theoretical results.
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= Traditional —Modgl_e |
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Figure 9. Photovoltaic characteristics.
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Figure 10. (I-V) and (1-P) for 18-21/7/2017 at 12:00 with radiation (724.7 W/m?).
Tablel. Experimental and theoretical characteristics of PV for 18, 21/7/2017 at 12:00.
Property 18/7/2017 Module | Theoretical | Module 11 Theoretical Il Traditional
Temperature °C 64.06 64.06 76.7 76.7 85.36
Vopen V 33.84 34.5867 33.493 33.82 32.366
Ishort A 2.1453 1.927 2.148 1.865 2.0571
Pmax W 50.5623 44.08986 50.57426 42.68206 45.4297
Vmaxp V 25.26.384 26.58674 26.96 25.82052 24.908
Imaxp A 1.9164 1.658341 1.8759 1.653.29 1.8239
EFF% 16.8372 14.685 16.84 14.212 15.128
Property 21/7/2017 Module | Theoretical | Module I1 Theoretical 11 Traditional
Temperature °C 64.06 64.06 75.63 75.63 86
Vopen V 34.062 35.24228 33.553 34.10882 32.303
Ishort A 2.0818 1.932858 2.1667 1.947297 2.0818
Pmax W 49.2523 47.29924 51.0137 45.12669 459124
Vmaxp V 26.484 27.24228 26.96 26.10882 24.874
Imaxp A 1.8597 1.736243 1.8922 1.728408 1.8458
EFF% 16.4 15.75 16.983 153 15.294
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6. Conclusions

The present research done to improve the performance
of photovoltaic panel by cooling it by using thermosyphon
heat pipe, the experiments carried out at different intervals
proved the success of this method in reducing the
temperature of the solar panel compared to the traditional
panel, which improved the characteristics of the panel and
the resulting in higher capacity and efficiency. Average
temperature for module | is between 55-65 °C, module |1
72-76 °C and for traditional panel is 70-more than 80 °C in
July. Module | temperature is less than the module 11 and
the two modules are less than the traditional panel in a rate
of (15-30) % for module I and (10-14) % for module 1I.
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