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Abstract

This study aimed to evaluate passive cooling performance of a PV module using
two different designs of novel passive fin heat sinks. An experimental rig under
real environmental conditions was tested. At an average solar radiation of
1000W/m? and an ambient temperature of 33°C, the results revealed that the
passive cooling with lapping fins design demonstrates the best performance with
mean PV module temperature 24.6 °C lower than the PV module without cooling.
Hence, the achieved electrical efficiency and power output are as high as 10.68%

and 37.1 W respectively. Whereas, the Life Cycle Cost Analysis (LCCA) was
conducted and the analysis showed that the payback period for PV module with
longitudinal and lapping fins are 4.2 and 5 years respectively. While, for the
reference PV module, the payback period is 8.4 years due to the performance
degradation caused by increase in PV temperature. Therefore, PV module cooling
using passive technique particularly with lapping fins design is concluded as the
preferred option.

Keywords: Passive cooling; heat sink ; concentrated; efficiency, LCCA.

Introduction

Solar energy gained via PV technology is assumed to be the key of
sustainable power generation for various applications. In 2018, solar energy
accounted for 42.5% of total investment among all new renewable energy
systems and the increase in the installation capacity of solar PV power
worldwide was recorded at 7% which gives over 107 GW of installation
capacity [l1]. PV harnesses electrical energy when it absorbs the incident
solar radiation. However, in the market today, the most efficient solar panels
can convert the absorbed solar radiation to electricity at 22.8% efficiency,
whereas most of the panels available in the market are 15% -17% in
efficiency. Such efficiency values imply that only a small fraction of the
solar radiation is captured and converted to electricity. In addition due to
the absorption of solar radiation, panel temperature undesirably increases,
which results in drop in efficiency also degradation of the performance of
panel components such as the electrical conduits, sealants, solders [2].
Reported in [2], due to the negative effect of ‘high temperature’ on the PV
performance, many research on PV cooling method have been conducted up
to date. Figure 1(a) and (b)simplify the tables and presenting an overall
image of the temperature reduction variations achieved by passive and active
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cooling of PV module, respectively. Figure 1(a) and (b) shows that without
cooling, the PV module temperature ranging from 32.8-90.0°C, depending on
the working and environmental conditions. Meanwhile, different passive and
active cooling approaches have led to lower PV module temperature ranging
from 25.0-65.7°C and 32-70°C for passive and active cooling approaches,

respectively.
Table 1: PV temperature difference using passive cooling from selected research works
Pv. module temp Pv module temp PV Temp difference
Ref™s without cooling (°C) with cooling (°C) (°C)
[3] 84.0 46.0 38.0
[4] N/A N/A 10.0
[5] N/A N/A 30.0
[6] 76.7 55.5 21.2
[7] 80.0 60.0 20.0
[8] 83.3 65.7 17.6
19[ N/A N/A 18.0
[10] 90.0 65.0 25.0
[11] 62.3 50.1 12.2
[12] 68.3 51.9 16.4
[13] 58.6 343 24.3
[14] 65.0 45.0 20.0
[15] 50.0 25.0 25.0
[16] 88.0 45.0 43.0
[17] 54.0 35.0 19.0
[18] 60.0 55.7 4.30
[19] 59.4 30.8 28.6
[20] 63.5 48.7 14.8
[21] 53.0 42.0 11.0
[22] N/A N/A 5.20
[23] 80.0 61.0 19.0
[24] 49.2 43.3 5.90
[25] 32.8 31.0 1.80
Table 2: PV/T temperature reduction using active cooling from selected research works
Pv module temp Pv module temp PV Temp
Ref™’s without cooling (°C) with cooling (°C) difference
‘O
[26] N/A N/A 22.0
[27] 60.0 37.0 23.0
[28] 58.0 32.0 26.0
[29] 90.0 70.0 20.0
[30] N/A N/A 32.0
[31] 62.0 47.0 15.0
132[ 45.0 35.0 10.0
133[ 67.0 60.0 07.0
134[ 59.0 39.0 20.0
135[ 60.0 40.0 20.0
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Figure 1: PV temperature with/without cooling (a) passive cooling and (b) active cooling.

Design of experimental software utillized for optimizing the claimete and
design parameters

(DOE) approach using response surface method (RSM) / Face Central
Composite Design (FCCD) technique to optimize the factors that affect the
passive cooling of the PV module with planar reflector and two proposed fin
configurations (lapping and Longitudinal fins). Meanwhile, the tilt angle has
been well studied in literature review and the optimum tilt angle for Bangi,
Selangor location was considered between 10-14° [37]. The design parameters
and the four aforementioned factors; fin height, number of fins, wind speed,
and solar irradiance factors are called A, B, C, and D, respectively, are
presented in Table 3.

Table 3: Input factors and respective variation ranges

Named Units Min Max Mean
A Height of fin mm 14 20 17
B Number of fins - 10 20 15
C Wind speed m/s 0.5 1.5 1
D Solar irradiance W/m? 400 1100 750
53
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Figure 2, illustrates an example that presents the optimum lapping fin height
and number of fins in DOE software at wind speed and solar irradiance kept
constant at 1 m/s, 1000 W/m?, respectively, and the mean PV module
temperature was set to be minimum. The results showed that at optimum fin
height 200 mm, number of fins is 18, wind speed 1 m/s, and solar irradiance 1000
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W/m?, the mean PV module temperature could reach 41.6 °C with a desirability of
97.3% Meanwhile, for longitudinal fins (not shown in the figure), the optimum

fin height is also 200 mm, and the number of fins is 15
Figure 2: Lapping fin height and number of fins optimizing at w, =1m/s and I, =1000W/m?
for reducing the PV module temperature to NCOT

3. Experimental work:

lapping and longitudinal fins were designed and installed from 1st of March
until 30 Sep 2017 on the 7th floor at Solar Energy Research Institute
(SERI), Universiti Kebangsaan Malaysia(UKM). Meanwhile, infrared imaging
has been performed on a clear sunny day using thermal imaging camera
TROTEC ICO85LV as shown in Figure3(a). IR help to detect the module
defects and temperature gradients within a PV module or array occurring due
to convective heat transfer [38]. In addition, two different fin designs
(lapping and the longitudinal fins) have been carried out experimentally.
Figure 3(b) shows the stages of lapping fins design with a planar reflector.

()

Figure 3: (a) IFcamera, (b) designing lapping fins with planar reflector
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An experimental setup was designed and fabricated. The setup consists of
three parts side-by side Figure 4 (a),(b) and (c) shows the setup of the bare
PV module without cooling fins (as a reference), PV module with planar
reflector with lapping fins and Pv module with planar reflector and
longitudinal fins. The experimental data were collected simultaneously from
the three designed systems through the data logger and the I-V tracer.

| PV module with longitude fins I I PV module with lapping fins I
g 5 ]

o '~y . it

(n) [ e N

= — > |

Figure 4: (a) PV with lapping fins and planner reflector (b) PV with longitudinal fins and
planner reflector, and (c) Bare PV
Results And Discussion
Figure 5, presents the hourly variation of solar irradiance and ambient temperature
distribution with and without reflector.

- Solar racgiatuon without reflectors
—Solar radiation with reflectors
Ambient temperature (oC)

Solarirradiance W/m?
Ambient temperature °C

9 1'0 |'l 1".‘ 1'3 1'4 |'5 16
Time (hr)

Figure 5: hourly variation of solar irradiance and ambient temperature distribution with and

without reflector

1. Bare PV module performance
Table 4 and Figure 6 show the results of the electrical performance of the
PV module without cooling at solar irradiance varied from 400-1000 W/m?.
The results showed that short circuit current increased from 0.94 A to 2.3 A
with the increase in solar irradiance. Meanwhile, the open circuit voltage
decreased from 19.6 V to 18.5v under the same conditions, the change in the

output power was calculated and was found to increase from 11.45w to 18.5
W.
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Table 4: Characteristic of bare PV module at different solar irradiance

Solar irradiance Isc Voc Pmax Electrical
W/m? (A) V) (Watt) eff
(nele)
400 0.94 19.6 11.45 11.09
600 1.35 19.25 14.82 10.66
800 1.93 18.8 17.1 10.25
1000 2.3 18.5 18.5 9.81
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Figure 6: I-V and P-V curves for bare PV module at different solar irradiance

2.PV module performance with planar reflector and lapping fins The results
obtained from PV module with planar reflector and 18 lapping fins “as an
optimal number of fins given by DOE software” is shown in Figure 7 and
further simplified in Table 5. It can be concluded that for

solar irradiance ranging from 400-1000 W/m? the short circuit current, open
circuit voltage, and the output power increased from (1.1-2.65 A), (19.0-20.1

V), and (11.26-31.9 W) respectively.

Table 5: PV module results with reflector and 18 lapping fins for solar irradiance varied
from 400-1200 W/m?

Solar irradiance Isc Voc Pmax
W/m? (A) V) (Watt)

400 1.10 19.00 11.26

600 1.50 19.59 16.94

800 2.07 19.85 243

1000 2.65 20.10 31.9

1200 3.02 20.15 37.1

3.5 40
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*— 35
3 1 ——1-V, 600W/m2
25 T 30 —— -V, 8O0W/m2
= 25 & —@—I-V, 1000W/m2
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Figure 7: I-V and P-V curves for PV module at 18 lapping fins

3.PV module with planar reflector and longitudinal fins For PV module with
planar reflector and longitudinal fins, the optimal number of fins given by
DOE software is 15. The experimental results are summarized and shown in
Table 6 and Figure 8. It can be concluded that for solar irradiance varied
from 400-1000 W/m? the short circuit current, open circuit voltage, and the
output power, were increased from (1.1-2.01A), (18.87-19.98V), and (11.11-
23.08W), respectively.

Table 6 : Characteristic of PV module with reflector and 15 longitudinal fins for solar
irradiance varied from 400-1200 W/m?
Solar irradiance

W/m?2 Isc (A) Voc (V) Pmax (Watt)
400 1.10 18.87 11.11
600 1.57 19.25 15.91
800 1.65 19.48 18.19
1000 2.01 19.98 23.08
1200 2.58 20.13 30.65
3 35 e |-\ fOr A00W/ M2
30 I-V for 600W/m2
- 25 ~ — |-\! for 8O00W/m2
"1-': 2() :$=« —p |\ for 1000W/m2
§ 1% § e | N fOr 1200W/m2
5 10 é -\ TOr A00W/m2
5 —p DN for GOOW/m2
\ “ PV for SBOOW/m2
0 5 10 15 20 25 el sl
Voltage i(V) —— PV fOr 1200W/m?2

Figure 8: I-V and P-V curves for PV module at 15 longitudinal fins

Overall performance of PV module with and without planar reflector and fins
configurations:

Figure 9, shows the overall experimental results for the bare PV module, PV
module with planar reflector and 18 lapping fins, and PV module with planar
reflector and 15 longitudinal fins. When compared with the PV performance
of bare PV module, the results indicated that the PV module with planar
reflector and 15 longitudinal fins enhance the electrical efficiency from
9.81% to 10.7%. Meanwhile, in the case of using PV module with planar
reflector and 18 lapping fins, the electrical efficiency improved from 9.81%
without cooling to 11.2%. Moreover, the experimental results showed that,
the PV module temperature with fin cooling at solar irradiance 1000 W/m?
was as low as 49.03 °C and 41.6 °C when passive cooled using longitudinal
fins and lapping fins, respectively. Under the same experimental conditions,
the temperature achieved by the PV module with longitudinal and lapping
fins heat sink are 23.8% and 35.3% respectively lower compared to the bare
PV module temperature without cooling. In addition, at 1200 W/m? the
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power output of the PV module are 30.6 W and 37.1 W for the longitudinal
and lapping fins respectively. It can be concluded that the lapping fins has a

superior peﬁomance compared to longitudinal fins.
4
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Figure 9: Comparison of output power for the designed fins
Life Cycle Cost Analysis (LCCA) for lapping and longitudinal fins
The overall LCC for the bare PV module, PV module with lapping fins, PV

module with longitudinal fins, net present value, and the annual energy
productivity are illustrated in Table 7 and Figure 10.

Table 7: LCC analysis of PV module with lapping and longitudinal fins with optimum

parameters
Description PV+ lapping fins PV+  longitudinal Bare PV module
fins
Life Cycle Cost LCC (USD) 151.4 140.6 42
Total Initial Cost (USD) 123 113.00 34
Maintenance Cost (USD)  4.37 3.61 2.86
Replacement Cost (USD) 24 24 4.46
Net present value (USD) 262 198 29.79
Annual Energy Productivity 54 46. 40.
(kWh)
Simple Payback (Years) 4.20 5.0 8.4
1200
1100
1000
~ 900
& 800
= 700
= 600
2 500
<. 400
£ 300
=200
Z 100
o 0

100 Lo
=200 g
-300

System iLife itime iin iYears

=0-= PV with Longitude fins PV with
=0= Lapping fins Bare PV module

Figure 10: Life cycle cost analysis for lapping and longitudinal fins
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Conclusion

From the DOE analysis, the optimum fin height is 200 mm for both lapping
and longitudinal fins heat sinks respectively. Meanwhile, the optimum
number of fins for lapping and longitudinal fins heat sink are 18 and 15
respectively. Passive cooling with lapping fins demonstrates the best
performance with mean PV module temperature 24.6 °C lower than the
reference PV module, with the achieved -electrical efficiency and power
output as high as 10.68% and 37.1 W respectively. The LCCA showed that
the payback period for PV module with longitudinal and lapping fins are 4.2
and 5 years respectively. Meanwhile, for the reference PV module, the
payback period is 8.4 years due to the performance degradation caused by
the increase in average

PV temperature. Therefore, cooling PV module using passive technique
particularly with lapping fins design is concluded as the preferred option
over longitudinal fins design due to its simplicity and low-cost.
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