Dragoljub Mirjani¢, et al., Investigation of energy efficiency of the polycrystalline silicon solar modules...

Contemporary Materials (Renewable energy sources), VI-2 (2015)

Page 87 of 94

Original scientific papers

UDK 620.91:523.9
doi: 10.7251/COMEN1502087M

INVESTIGATION OF ENERGY EFFICIENCY OF
POLYCRYSTALLINE SILICON SOLAR MODULES
IN RELATION TO THEIR GEOGRAPHICAL
ORIENTATION AND TILT ANGLE

Dragoljub Mirjanic’l’ *, Sinisa Maksimovic’z, Darko Divniél, Tomislav Pavloviéj,
Lana Panti¢’, Dragana Milosavljevi¢®
' Academy of Sciences and Arts of the Republic of Srpska, Bana Lazarevica 1,
78 000 Banja Luka, Republic of Srpska
? Elektroprenos BiH, Operational area of Banja Luka, Republic of Srpska

? University of Ni§, Faculty of Sciences and Mathematics, Visegradska 33, 18 000 Ni§, Serbia

Abstract: Investigation of the polycrystalline solar modules energy efficiency in relation
to their tilt angle and geographical orientation in the real meteorological conditions are presented
in this paper. The experimental system comprises five polycrystalline silicon modules, with sin-
gle power 50 Wp, three of which are placed vertically and oriented towards the East, South and
West, respectively, the fourth is horizontal, while the fifth is oriented toward the South at the
angle of 33° (optimally inclined solar module). The measurement period was from 01 August to
01 December, 2014. The optimally inclined solar module generated the most of total monthly
energy for all four months. The most of total monthly energy was generated in August, by the
optimally inclined solar module (6.07 kWh), horizontal solar module (5.69 kWh), the vertical
solar module oriented toward the East (2.42 kWh) and the vertical solar module oriented toward
the West (2.52 kWh), respectively. Energy efficiency of optimally inclined solar module for the
entire measurement period was 14.27%, 11.41% for the horizontal, 10.37% for the South, 5.79%
for the East and 5.23% for the West module. The obtained results can be used in modern archi-

tecture, for the application of the solar modules as roof and fagade elements.
Keywords: polycrystalline solar modules, orientation of solar modules, energy

efficiency.

1. INTRODUCTION

PV modules energy efficiency was found to
depend on the physical characteristics of the solar
modules and climatic conditions in which the modu-
les are placed. Under ambient working conditions,
the energy efficiency differs from the one obtained
by the controlled laboratory conditions measure-
ments [1—10]. Therefore, the goal of this paper is to
investigate the influence of solar radiation intensity,
temperature and wind speed on the polycrystalline
crystal silicon modules energy efficiency, differently
oriented and with different tilt angles, all under
ambient working conditions.

2. EXPERIMENT

The experiment was performed in the Solar
Energy Laboratory, at the Academy of Sciences and
Arts of the Republic of Srpska in Banja Luka

" Corresponding author: mirjanicd@gmail.com

(Bosnia and Herzegovina), from 01 August to 01
December, 2014. The experimental system is com-
posed of 5 polycrystalline solar modules with 50 Wp
of single power and the surface of 0,407 m2, attac-
hed to the roof steel structure (Figure 1). The orien-
tation of the solar modules is: Module 1 — vertical
oriented toward the East, Module 2 — vertical orien-
ted toward the South, Module 3 — vertical oriented
toward the West, Module 4 — horizontal, Module 5 —
oriented toward the South at an angle of 33°
(optimally inclined solar module). The optimum
annual inclination angle for the fixed solar modules
for Banja Luka (Latitude 44°46'0"North, Longitude
17°10'59"East) was calculated by PVGIS software.
=V characteristics of the solar modules as
well as the maximal power Pmpp, short circuit cur-
rent Isc, open circuit voltage Voc were measured by
-V analyzer PV-KLA (Ingenieurbiiro Mencke &
Tegtmeye, Germany), while the meteorological
parameters (solar radiation intensity, ambient tempe-
rature, wind speed) were measured by the wireless
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meteorological weather station Davis Vantage Pro 2
(USA).

In order to compare the measured characteri-
stics of differently oriented solar modules, in real
meteorological conditions, measuring was perfor-
med subsequently for each solar module, in the shor-
test possible time delay.

I-V characteristics of the solar modules as
well as the maximal power Pmpp, short circuit cur-
rent Isc, open circuit voltage Voc were measured by
-V analyzer PV-KLA (Ingenieurbiiro Mencke &
Tegtmeye, Germany), while the meteorological
parameters (solar radiation intensity, ambient tempe-
rature, wind speed) were measured by the wireless Figure I.Experimental system (SolarBox) with five
meteorological weather station Davis Vantage Pro 2 differently oriented solar modules
(USA).

For this type of measuring a computer con-
trolled device SolarUsbSW (MetteringSolutions,
BiH) enables connection and synchronization of
measurement cycles. Also, SolarControlM computer
software (MetteringSolutions, BiH), which controls
this device automatically, monitors the conditions,
reliability, synchronization, control, data and archi-
ving of all measuring from all modules, as well as
sending notifications of the measuring system inter-
ruption.

The logical diagram of the automatic measu-
ring system is presented in Figure 3.

Figure 2. A device for automatic control of measuring
SolarUsbSW
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Figure 3. Logical diagram of the automatic measuring system
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3. RESULTS AND DISCUSSION

The change of solar radiation intensity falling
on a square meter of the horizontal surface on 29
August, 2014, is presented in Figure 4. The
maximum value of 716 W/m2 was measured at 1:00
pm.

The change in measured power Pmpp for five
differently oriented solar modules on 29 August

800

2014 is shown in Figure 5. The maximal power for
Module 5 was measured at 1:00 pm (42.2 W), for
Module 1 the maximal power was measured at 8:45
am (33.5 W), for Module 4 maximal power was
measured at 1:00 pm (34.7 W), for Module 3
maximal power was measured at 5:15 pm (30.7 W)
and for Module 2 maximal power was measured at
1:00 pm (28.83 W).

700

600

500

400

300

Solar irradiation intensity [W/m2]

200

100

4"@ \;.@ f\:& a,'@

0
ST TSNS TSNS ST S S S
R .55“9 .,-@ GNP %

S S S
¢+ R «+ Y R
S SIS S

g

TS &S

T I I o

Time [h:mm]

Figure 4.
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The change of solar radiation intensity falling on a square meter of horizontal surface on 29 August, 2014
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Figure 5. The change in measured power Pmpp for five differently oriented solar modules on 29 August 2014

Further on, the changes of meteorological
parameters (solar radiation intensity, ambient tempe-
rature, wind speed) will be presented and their influ-
ence on energy efficiency of solar modules will be
discussed.

The change of solar radiation intensity falling
on a square meter of horizontal surface from 01
August to 01 December, 2014 is presented in Figure
6. The highest value of the solar radiation intensity
of 845 W/m” was measured on 17 August, 2014 at
12:00 pm.
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Figure 6. The change of solar radiation intensity falling on a square meter of horizontal
surface from 01 August to 01 December, 2014

The change of the ambient temperature from
August to November, 2014 is presented in Figure 7.
The ambient temperature varied from the highest
value of 36.2 °C measured on 9 August, 2014 at

40

3:30 pm, to the lowest value of -0.3 °C measured on
22 November, 2014 at 5:00 am. The average ambi-
ent temperature for the measurement period was
15.7 °C.
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Figure 7. The change of ambient temperature from August to November, 2014

The change of the wind speed from 01 August
to 01 December, 2014 is presented in Figure 8. The
highest value of wind speed was measured on 06
November, 2014 at 1:00 am, and was 6.3 m/s, while
the average wind speed for the measurement period
was 0.36 m/s.

The total monthly solar energy falling on a
square meter of horizontal surface (Figure 9) ranges
from 120.7 kWh/m2 in August to 29.7 kWh/m’ in
November. The total solar energy reaching a square
meter of horizontal surface, for the whole measure-
ment period, is 270.5 kWh/m®.
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Figure 8. The change of the wind speed from 01 August to 01 December 2014
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Figure 9. Total monthly solar energy falling on a square meter of horizontal surface
from 01 August to 01 December 2014

The daily change of average measured powers
Pmpp for all solar modules throughout the measure-
ment period is presented in Figure 10. The maximal
average power was 22.28 W for the optimally incli-
ned solar module.

Total monthly electrical energy generated by
each solar module for the period 01 August to 01
December 2014, is presented in Figure 11. One can
see that the optimally inclined solar module generated
the most of total monthly energy for all four months.
The most of total monthly energy was generated by
the optimally inclined solar module in August (6.07
kWh) while the lowest was generated in November
(2.27 kWh). The horizontal solar module generated

the most of total monthly energy in August (5.69
kWh) and the lowest in November (1.34 kWh). The
Module 2 generated the most of total monthly energy
in October (3.45 kWh) while the lowest in November
(2.25 kWh). Module 1 and Module 3 generated the
most of total monthly energy in August (2.42 kWh
and 2.52 kWh, respectively), and the lowest in
November (0.90 kWh and 0.65 kWh, respectively).

The total generated energy of each module, for
a 4-month measurement period during the fall 2014,
is shown in Figure 12. Module 5 generated 15.70
kWh, Module 4 — 12.58 kWh, Module 2 — 11.45
kWh, Module 3 — 5.77 kWh and Module 1 generated
6.37 kWh.
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Figure 10. Daily change of average measured powers Pmpp of all solar modules
throughout the measurement period
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Figure 11. Total monthly electrical energy generated by each solar module
for the period 01 August to 01 December 2014
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Figure 12. Graphical presentation of total generated energy for each module
during the measurement period
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The change of the monthly energy efficiency
of each solar module during the measurement period
is presented in Figure 13.

The average energy efficiency for each solar
module for the entire measurement period is shown
in Figure 14. Average energy efficiency of optimally

20

inclined solar module for the entire measurement
period was 14.27%, the average energy efficiency of
horizontal solar module was 11.41% and the average
energy efficiency of Module 2 was 10.37%. The
average energy efficiency for Modules 1 and 3 was
5.79% and 5.23%, respectively.
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Figurel3. The change of monthly energy efficiency of each solar module
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Figure 14. Average energy efficiency for each solar module for the entire measurement period

4. CONCLUSION

Based on the presented results for the period
from 01 August to 01 December, 2014, it can be
concluded that:

—The highest value of solar radiation intensity
of 845 W/m® was measured on 17 August, 2014 at
12:00 pm.

—The ambient temperature varied during the
measurement period in the interval from -0.3°C to
36.2°C, while the average ambient temperature for
the measurement period was 15.7 °C.

—The highest value of wind speed was measu-
red on 06 November 2014 and amounts to 6.3 m/s,
while the average wind speed for the measurement
period was 6.3 m/s.

— The total monthly solar energy falling on a
square meter of the horizontal surface ranges from
120.7 kW/m’® in August to 29.7 kW/m® in Novem-
ber.

— The maximal average power for the measu-
rement period was 22.28 W for the optimally incli-
ned solar module.

— The optimally inclined solar module gene-
rated the most of total monthly energy for all four
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months while total generated energy for a 4-month
measurement period was 15.70 kWh.

— The average energy efficiency of optimally
inclined solar module for the entire measurement
period was 14.27%, 11.41% for Module 4, 10.37%
for Module 2, 5.79% for Module 1 and 5.23% for
Module 3, respectively.

— Further research could provide guidelines
and recommendations for the use of different types
of PV panels in architecture, both as roof and fagade
elements of the buildings.
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NCIIMTUBABE EHEPTETCKE EOMKACHOCTU COJIAPHUX MOAYJIA
O] ITOJIMKPUCTAJIHOT' CUJIMLINTYMA Y 3ABUCHOCTHU O/]
BUXOBE I'EOI'PA®CKE OPUJEHTAIIUJE U YI'JIA HAT'MBA

Caxkerak: Y pagy cy AaTH pe3yJTaTH HUCIUTHBaba EHEPreTcKe e(PUKaCHOCTH
COJIAPHUX MOJyJia O IOJIMKPUCTAIHOT CHIIMIKjyMa y 3aBUCHOCTH OJ1 lbUXOBe reorpadcke
OpHMjEeHTalMje M yrila Haruba y peaHUM KIMMATCKUM YcCloBMMa. EkcriepuMmeHTanHn
CHCTEM CE CacTOjH OJ] IIeT COJapHUX MOyJa nojeanHadne cHare 50 Wp, o kojux cy Tpu
NIOCTaBJbEHA BEPTUKAIHO ITPEMa UCTOKY, jyTy U 3amajy PeCIeKTHBHO, YETBPTH j& XOPU30H-
TaJlaH, a MEeTH je IIOCTaBJbEeH NoA yriioM of 33° npema jyry. OnTUMaiHO MOCTaBJbEH coJlap-
HU MOJYJI je TeHeprcao HajBHIIE eIeKTpHUYHE eHepruje ox 1. aBrycra go 1. mememopa 2014.
roguHe. Y aBrycTy je ONTUMAITHO OPHjeHTHCAH colapHU MoIya nmpousseo 6.07 kWh, xopu-
3oHTaNmHU 5.69 kWh, BepTukanHo opujeHTHCAH mpema UCTOKy 2.42 kWh u BepTukanHn
npema 3amany 2.52 kWh enexkrpuune enepruje. EHeprercka eukacHOCT ONTHMAIHO OpH-
JEHTHCAHOT COJApHOI MOAYJa 3a IUjeNd Hepuol Mjepema je 14.27%, XOpU3OHTAIHOT
11.41%, Bepruxansor mnpema jyry 10.37%, BepTHkamHOT 1peMa UCTOKY 5.79% u Beprtu-
KaJyHOT npema 3anany 5.23%. JloOujeHu pe3yiaraTi MOTy c€ KOPHCTHTH y MOJIEPHO] apXu-
TEKTYpH, 33 IPUMjEHY COJIAPHUX MOJyJIa Ka0 KPOBHUX U (pacajHUX eleMeHaTa.

Kbyune pujeun: eneprercka epUKacHOCT, MOJUKPUCTAIHH COJIAPHU MOJYJH, I'€0-

rpadcka opujeHTanuja.



