Panti¢, L. S., et al.: A Practical Field Study of Performances of Solar Modules ...
THERMAL SCIENCE: Year 2015, Vol. 19, Suppl. 2, pp. S511-S523 S511

A PRACTICAL FIELD STUDY OF PERFORMANCES OF SOLAR
MODULES AT VARIOUS POSITIONS IN SERBIA

by

Lana S. PANTIC *, Tomislav M. PAVLOVIC, and Dragana D. MILOSAVLJEVIC
Department of Physics, Faculty of Sciences and Mathematics, University of Nis, Nis, Serbia

Original scientific paper
DOI: 10.2298/TSCI140313081P

Results of practical field study of performances of three identical monocrystalline
solar modules, single power of 60 W, with different inclinations (horizontal, opti-
mally inclined oriented toward south, and vertically oriented toward south) in real
meteorological conditions, in city of Nis, Serbia, in 2013, are presented in this pa-
per. On the basis of the measurement results of solar energy intensity and electrical
power generated with solar modules, efficiency, performance ratio, and fill factor
were calculated. In 2013, optimally inclined solar module generated 62.8 kWh,
horizontal solar module 58.1 kWh, and vertical solar module 43.9 kWh of electrical
energy. It was found that annually the vertical solar module had the highest value of
efficiency (10.9%), then horizontal solar module (10.6%) and finally, optimally in-
clined solar module (10.2%). Annually, the vertical solar module had the highest
value of performance ratio (0.93), then follows horizontal solar module (0.91) and
finally, optimally inclined solar module (0.86). Annually, the horizontal solar mod-
ule had the highest value of fill factor (67.7), then follows vertical solar module
(66.6) and, finally, optimally inclined solar module (63.3). It was found that embod-
ied energy payback time for a horizontal, optimally inclined, and vertical build-
ing-integrated photovoltaics system of 1020 Wp would be 11.8, 10.9, and 15.6
years, respectively. The results obtained by this study could be used in planning and
constructing building-integrated photovoltaics, in Serbia.
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Introduction

The continuous growth of energy demand from all around the world has urged the so-
ciety to seek alternative energy sources due to the depletion of conventional energy resources
and their undesirable impact on environment. Among the available alternative energies, photo-
voltaic (PV) energy is one of the most promising renewable energies. The PV energy is clean,
simple in design, and requires very little maintenance [1, 2].

The performance of PV modules under actual outdoor conditions is found to be quite
different from that determined under controlled laboratory conditions [3-9]. Performance of PV
modules will not be the same for a given PV module if it is located in places with different cli-
mate types e. g. wet tropical, dry desert, or continental climate. Amin et al. [10] conducted a
practical field study of various solar cell performances in Malaysia and concluded that

* Corresponding author; e-mail: lana@pan.rs



Panti¢, L. S., et al.: A Practical Field Study of Performances of Solar Modules ...
S512 THERMAL SCIENCE: Year 2015, Vol. 19, Suppl. 2, pp. $511-8523

monocrystalline silicon modules are not the best solution for Malaysia's weather conditions.
Carr and Pryor [11] confirmed a strong seasonal variation in the performance of crystalline
modules with a clear improvement in colder months. This is supported by Aika et al. [12] whose
analysis of the monthly performance ratio (PR) indicated that the monocrystalline silicon mod-
ules showed low performance in summer and high performance in winter. Bashir et al. [13],
based on experimental investigation in Pakistan, reported that monocrystalline silicon modules
are more efficient than other modules, but have shown a higher decrease at higher module tem-
peratures. Gxasheka ef al. [14] measured and analyzed performance parameters of five PV mod-
ules during three stages of a 17-month test period. They also investigated effect of temperature
and irradiance on the performance parameters.

Solar irradiance has the greatest impact on the power output of a PV system [15-17].
Module temperature has significant influence on the behavior of a PV system, as it modifies sys-
tem efficiency and output energy. It is influenced by the ambient temperature, cloud patterns,
and wind speed [18, 19]. The effect of the temperature of the PV module on its efficiency has
been widely studied [20-26].

Several authors have studied the efficiency of electric conversion of PV modules as a
function of climate conditions for specific locations. Furushima et al. [27] have performed a de-
tailed experimental study for city of Kumamoto, Japan. Nordmann and Clavadestcher [28] com-
pared the effects of module temperature, environmental temperature, and type of assembly for
18 PV across five different countries.

The PV characteristics (or I-V curve) of a PV module is the important key for identify-
ing its quality and performance as a function of varying environmental parameters [29, 30]. The
curve indicates the characteristic parameters of the PV module at which it would work at peak
efficiency. These parameters are indispensable for designing any small or large PV system.
Therefore, it is of utmost importance to measure the I-V characteristics with high accuracy un-
der natural environmental conditions [31].

It is important to be familiar with the basic features for a given type of solar modules
for local meteorological conditions, since they are significantly site-dependent. Studies focus-
ing on the local climatic variables become more relevant and determinant for the economic fea-
sibility of investment in installing PV power plants [32-34],

The main objective of this study was to compare the performances of horizontal, verti-
cal, and optimally inclined monocrystalline PV modules in real meteorological conditions in
city of Nis, Serbia. Solar modules in these three positions can be easily applied in modern archi-
tecture in urban settings.

Sun Solar radiation on a PV module

The power incident on a PV module depends
not only on the power contained in the sunlight,
but also on the angle between the module and

Solar module the Sun rays (fig. 1). When the absorbing sur-
face and the sunlight are perpendicular to each
other, the power density on the surface is equal
to that of the sunlight.

If the solar radiation measured on horizontal

Horizontal surface Gy, is known then the amount of solar

Figure 1. The tilt angle of the module 8 and the  radiation incident on a tilted module surface

elevation angle o G poaie ©an be calculated using eq. (1).
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where « is the elevation angle, and  — the tilt angle of the module measured from the horizontal
surface. The elevation angle « is:

a=90-¢ +d 2)

where ¢ is the latitude and 6 — the declination angle given as:

o= 23.45°sin[% (284 + d)} 3)
where d is the day of the year [35].
Efficiency

The efficiency is the most commonly used parameter to compare the performance of
one solar cell to another, i. e. one PV module to another. Efficiency (77) is defined as the ratio of
energy output from the module to input energy from the Sun.

The efficiency of a PV module is:

P

Ny = measured .100 (4)
Gmeasu:edS
where P, eq [W] is the measured power output, G, aued [Wm 2] — the measured solar

irradiance intensity, and S [m?] — the active area of solar module.

The efficiency depends on the spectrum and intensity of the incident sunlight and the
temperature of the solar cell. Therefore, conditions under which efficiency is measured must be
carefully controlled in order to compare the performance of one device to another. Solar panels
are affected by their operating temperature and the parameter most affected by an increase in
temperature is the open-circuit voltage. Change in solar modules efficiency is a result of a com-
bination of solar irradiance intensity, ambient temperature, elevation angle of the Sun, and local
weather conditions [11, 13].

Performance rating

There are many methods of analyzing the performance of PV modules. The increas-
ingly common measure of energy production is the PR.
The general equation for PR is:

G
PR = Pmeasured (STC) (5)

P max(STC) Gmeasured
where P pquea [W] s the measured power output, Py, stc) — the maximal rated power at stan-
dard test conditions (STC), G src, — the solar irradiance intensity of 1000 W/m?, and G,,caqureq
[Wm™2] — the measured solar irradiance intensity. The PR is a site-dependent parameter, which
does not take into account temperature or spectral effect. However, it does enable a quantitative
comparison of different technologies for a given climate [10, 11, 13, 36].

Fill factor

Product of voltage and current in any given point of [-V characteristics is always less
than the product of open-circuit voltage V_, and short-circuit current /.. For an optimal operat-
ing point, for which the power is maximal, the ratio
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is always less than one. The V) is the maximal power voltage (the voltage where a module out-
puts the maximum power) and /,;p is the maximum power current, the maximum amperage
where a module outputs the maximum power. This ratio is known as fill factor (FF). The FF
shows the influence of the serial resistance on efficiency of solar cell, in other words, it shows
how much the solar cell is close to ideal one [11, 13].

Experiment

The experiment was conducted in the Solar Energy Laboratory of the Faculty of Sci-
ence and Mathematics, University of Nis, Nis, Serbia. Three monocrystalline silicon PV solar
modules, with single power 60 W and the area of 0.514 m? were used in this study tab. 1. The

yearly optimum inclination angle
Table 1. Technical characteristics of solar module ISF-60/12 for a fixed solar module in city of

S ; ; Nis (43.3 N, 21.9 E) was deter-
. Outside dimensions (size) 776 x 662 x 39.5 mm mined by classic PVGIS and is
Weight 6.5 kg B =32°[37]. The first module was
Cell type Si monocrystalline horizontally positioned (horizon-
Power of the module 60 Wp tal). The second was qriented to-
X wards the south and tilted at the

Module efficiency 11% . o .

. optimal angle of 32° (optimally
Maximum power current 347TA inclined). The third solar module
Maximum power voltage 173V was positioned vertically and ori-
Open circuit voltage 21.6 Fe&ted toward the s0111th ((;fertica}ll).
NOCT (800W/m?, 20°C, AM 1.5, 1 m/s) 47°C ¢ system was placed on the

roof of the Faculty building in
Maximum system voltage 760 V city of Nis.

For the measurement of I-V

characteristics of solar modules a

Mini-KLA device (Ingenieurbiiro Mencke & Tegtmeye, Germany) was used. By using
Mini-KLA device, Vyp, yps Pyps Voer Ise» and FE, for each solar module, were practically instan-
taneously measured and I-V characteristics were traced. The measurements were performed ev-
ery half an hour during the day. The solar irradiance intensity, solar energy as well as ambient

temperature were measured by DAVIS Vantage Pro (USA) meteorological weather station.

Results and discussion
Daily changes of parameters

In order to show the difference in the parameters of the three PV modules during dif-
ferent seasons, two sunny days, one in winter and one in the summer were selected. The results
of the daily change of ambient temperatures and solar radiation intensities for these two day are
presented.

The change of solar irradiance intensity for the three positions of solar modules during
February 5, 2013 is shown in fig. 2. The solar irradiance intensity on horizontal plane was mea-
sured, while for planes oriented toward south at the angle of 32° and 90°, it was calculated using

eq. (1).
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Figure 2. Change of solar irradiance intensity Figure 3. Change of ambient temperature
for three positions of solar modules during during 05.02.2013
05.02.2013

On February 5, 2013, the most of solar irradiance was received by optimally inclined
solar module ranging 267-850 W/m?, then by the vertical solar module 260-830 W/m?, while the
horizontal solar module received the least amount of solar irradiance 150-490 W/m?. On this
day, the elevation angle of the Sun was o = 30.6 ® and declination angle was§ =-16.4°,

The change in ambient temperature during February 5, 2013 is shown in fig. 3.

It can be observed from fig. 3. that the ambient temperature during the day of
05.02.2013 changed from—1.2 °C to0 13.7 °C,

Under these conditions, during the day, the optimally inclined solar module generated
333.8 Wh, the vertical solar module 303.9 Wh, and the horizontal solar module 150.5 Wh of
electrical energy.

For calculating efficiency of all three solar modules eq. (4) was used. The change in
the efficiency of solar modules during (¢5.02.2013 is shown in fig. 4.

As it can be seen in fig. 4, the efficiency of optimally inclined solar module was higher
in the morning (17.0%) and evening (15.0%) than at high noon (10%). Similarly, the efficiency
of the vertical solar module was also higher in the morning (16.4%) and evening (16.5%) than at
high noon (9.4%). These differences in the effi-
ciency of the modules are the consequence of 184 w7 horizontal
the fact that the morning and evening ambient = = -
temperatures were lower than the temperature
at noon and that the solar irradiance intensity
incident to the optimally inclined and the verti-
cal module was above 800 W/m? at noon. The
change of the efficiency for the horizontal solar
module was low, between 9.8% and 11.3%, be-
cause during this day the ambient temperature
and the solar irradiance intensity incident to the
horizontal solar module were low. Moreover, | |
the solar irradiance incident to the horizontal 8.00 1000 1200 1400 16,00
module was too low at 8:00 and 16:00 hours, fime ol
therefore it was not possible to determine the Figure 4. Change of efficiency of solar modules
module's efficiency. during 05.02.2013
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Figure 7. Change of efficiency of solar modules
during June 19, 2013

lowing results were obtained: Vjpp = 16.6 V,
Lpp=150A, Popmp=249W, V5c=209V, I =
=1.63A, and FF = 56.2.

The change of the solar irradiance intensity
for the three positions of solar modules during
June 19, 2013 is shown in fig. 5.

The most of solar irradiance, during June 19,
2013, was received by optimally inclined solar
module 233-903 W/m?, and then by horizontal
solar module 225-870 W/mZ. As expected, ver-
tical solar module received the least solar
irradiance 80-310 W/m?. On this day the eleva-
tion angle of the Sun was & = 70.43° and the
declination angle was § = 23.43°,

The change in ambient temperature during
June 19, 2013 is shown in fig. 6.

In fig. 6. it can be observed that ambient
temperature during June 19, 2013 changes from
23 °Cto 34 °C.

Under these conditions, during the day, hori-
zontal solar module generated 348.9 Wh, opti-
mally inclined 267.4 Wh, and vertical solar
module 112.4 Wh of electrical energy.

The change in the efficiency of solar mod-
ules during June 19, 2013 is shown in fig. 7.

As shown in fig. 7, the efficiency of the hori-
zontal module ranges from 9% to 10% during
the day. For the optimally inclined module is
between 6-8% and for the vertical one is 8-12%.
The vertical solar module achieved the effi-
ciency of 8-12 % due to the high ambient tem-
perature and low incident solar radiation (~300
W/m? at noon). It should be noted that all three
modules had efficiency below STC (11%), ex-
cept vertically inclined module in early after-
noon.

By measurements performed by Mini-KLA
device on June 19, 2013 at 13.30 hours follow-
ing results were obtained: Vypp =12.1V, Lympp
=323 A, Pypp =391 W, V=183V, I
=3.80 A, and FF = 56.2.

Results have shown that the efficiency of all
three modules was higher in winter day (Febru-
ary 5) than in summer day (June 5). This can be
explained by the fact that the module is more ef-
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ficient when the ambient temperature is low and that their efficiency diminishes at high temper-
atures. The daily change in the efficiency of optimally inclined solar module, during winter day,
had peaks in the morning and evening, and slight dip in the middle of the day. While, in summer
day, efficiency of optimal module had a slight increase at high noon. The daily change in the ef-
ficiency of the horizontal module, in winter, was not affected much by the change of tempera-
ture and solar irradiance because there values were small. The decrease in efficiency of horizon-
tal module was evident at high noon in summer day. In winter day, efficiency of vertical solar
module decreases at high noon, whereas, in summer day efficiency peaks at high noon. The
changes in temperature and solar irradiance incident to the vertical module were opposite for
these two days.

1200

Annual changes of parameters g 11001
The changes of following parameters were = '%%]
considered: solar irradiance intensity, solar en- 'E ggg_
ergy, generated electrical energy, efficiency, £ ;404
PR, FF, and ambient temperature. 8 6001
The change of maximal daily solar é 5001
irradiance intensity during the year 2013 is £ 4007
shown in fig. 8. L 288
The maximum values of the solar irradiance  © g
intensity in January, February, November, and B R ermepr i rembprm ey S
December were below 540 W/m?. In the same 0 2 00 80 200 250 00, 300

. . Day of the year
period one can notice a lot of peaks because

there were a lot of cloudy days. From the begin-  Figure 8. Change of maximal daily selar

ning of March, the maximum intensity of solar ~irradiance intensity for year 2013

irradiance increased until the beginning of Au-

gust reaching around 900 W/m? and then during September and October continually decreased
to the approximately 400 W/m?. The highest value of solar irradiance was recorded in May and
it measured 1046 W/m?.

The solar energy on horizontal plane was
measured, while for planes oriented toward =
South at the angle of 32° and 90°, it was calcu- 2500 = South 907
lated using eq. (1). Due to malfunction of the '
meteorological station, no data were recorded 20001
between 16% of July and 18t of August.

The average monthly measured values of in-
cident solar energy on horizontal solar module
and calculated values of incident solar energy
on optimally inclined and vertical solar module, 5004
in year 2013, are shown in fig. 9.

The measured incident solar energy on the L e s
horizontal module increased from the minimum E§Ep 258532
value in January (438 Wh) 1o its maximum value Figure 9. The average monthly measured values
in June (2562 Wh). From April until August, the of gillln:ident solar engergy on l{orizontal module
solar energy values were above 2000 Wh, and  ang calculated values of incident solar energy on
from September until December gradually de- optimally inclined and vertical solar modules in
creased to 550 Wh. year 2013
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its minimum value in January (816 Wh) to its
maximum value in April (2713 Wh). Then,
from May until October, it had values around
2300 Wh with exception of June when that
value was 2711 Wh. The solar energy values
significantly decreased in November and De-
cember (1130 Wh). Annually, the most of solar
energy was received by optimally inclined solar
o R e R module.

P=228=2333286 The calculated solar energy incident on ver-
Figure 10. Measured average monthly electrical tical solar module changed from minimal values
energy generated by three solar modules in in January and February (752 Wh) to the first
year 2013 maximum in April (1502 Wh). Then, its values

decreased until the summer minimum in June
(793 Wh) and, again, increased to the second maximum in October (2060 Wh). After that, the
values decreased in November and December (1253.8 Wh).

The measured average monthly electrical energy generated by the three solar modules
in year 2013 is shown in fig. 10.

The average monthly electrical energy generated by horizontal solar module increased
from the minimum value in January (58.8 Wh) to the maximal value in July (293 Wh). From
April until August, the values of generated energy were above 220 Wh. From September to De-
cember, the values of generated encrgy decreased to the minimum of 37 Wh.

The value of average monthly electrical energy generated by the optimally inclined so-
lar module increased from 108 Wh for January to 222.5 Wh for April. In May, the value of aver-
age monthly generated electrical energy had a slightly lower value of 192 Wh, and then from
June to September, the values of generated electrical energy were above 200 Wh, The value of
the generated energy in October (171 Wh) slightly decreased and reached a minimum value in
November and December (59 Wh). Optimally inclined module generated less electrical energy
in summer months because the increase of ambient temperature increases the solar module tem-
perature and reduces its efficiency.

The electrical energy generated by the vertical solar module had two maximums: one
in March (168 Wh) and the other one in September (157 Wh). The minimum values of generated
electrical energy were in December (61 Wh) and June (100 Wh.)

In June, the horizontal solar module generated on average 4.7 times more electrical en-
ergy than in January, while optimally inclined solar module generated two times more electrical
energy than in January. The horizontal solar module generates the most electrical energy in July,
while the optimal solar module does in April. The vertical solar module generates the most of
electrical energy in March. In year 2013, the optimally inclined solar module generated
62.8 kWh, horizontal solar module 58.1 kWh and vertical solar module 43.9 kWh electrical en-

ergy.

Electrical energy [Wh]
o S
o S
1

Sk
o
o

]
o

o

Jan.
Nov
Dec

The efficiency and PR of modules were calculated based on eqgs. (4) and (5), respec-
tively, using measured electrical power output as well as measured and calculated solar energy
incident on these three modules. The average monthly efficiency, PR and FF for horizontal solar
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module, solar module at optimal angle, and vertical solar module, as well as average monthly
ambient temperature, in year 2013 are given in tab. 2.

Table 2. Average monthly efficiency, PR and FF for horizontal solar module,
solar module at optimal angle, and vertical solar module as well as average monthly ambient
temperature, in year 2013

lize ”[%zlo ’7[;30 PRy, |PR32°|PR90°| FF,. | FF32° | FF90° | ¢[°C]
Tanuary 130 | 133 | 116 | 112 | 114 | 099 | 731 | 650 | 669 | 238
February 118 | 127 | 122 | 100 | 1.10 | 1.04 | 740 | 666 | 690 | 51
March 114 | 126 | 122 | 097 | 109 | 1.05 | 715 | 629 | 664 | 63
April 111 | 96 | 1.1 | 095 | 081 | 098 | 66.1 | 640 | 690 | 140
May 113 | 81 | 98 | 091 | 064 | 063 | 632 | 630 | 69.1 | 187
June 97 | 79 | 114 | 092 | 060 | 097 | 627 | 626 | 685 | 204
July 104 | 74 | 111 | 089 | 063 | 095 | 642 | 638 | 693 | 211
August 94 | 77 | 82 | 080 | 066 | 079 | 624 | 595 | 648 | 234
September | 107 | 96 | 111 | 091 | 082 | 095 | 666 | 661 | 614 | 17.2
October 96 | 110 | 115 | 082 | 094 | 098 | 694 | 631 | 655 | 148
November 90 | 107 | 100 | 078 | 091 | 086 | 703 | 628 | 637 | 100
December 97 | 12 | 108 | 083 | 1.02 | 092 | 684 | 636 | 655 | 19
Average 106 | 102 | 109 | 091 | 086 | 093 | 677 | 636 | 666 | 13.0

Based on the data given in tab. 2, it can be also observed that the vertical solar module
had annually the highest value of efficiency (10.9%), followed by the horizontal solar module
(10.6%), and finally the optimally inclined solar module (10.2%).

Based on the data given in tab. 2, it can be also observed that annually the vertical solar
module had the highest value of PR (0.93), then horizontal solar module (0.91), and optimally
inclined solar module (0.86). The PR is in direct correlation with the solar modules efficiency
and this is the reason why the PR values changed as efficiency changed. Similar PR values
(greater than 1) have been obtained and reported by Amin et al. [10] and Del Cueto [38]. They
obtained those values using the equation which was used in this paper as well (eq. 4). The PR
values greater than 1 were calculated when measured values of solar irradiance were lower than
STC 1000 W/m?.

From the data shown in tab. 2, it can be observed that the horizontal solar module an-
nually had the highest value of FF (67.7), then the vertical solar module (66.6), and the opti-
mally inclined solar module (66.3).

The average yearly value of ambient temperature was 13.0 °C. In winter months, the
average monthly ambient temperature was between 1.9 °C and 5.1 °C, and during the summer
months between 20.4 °C and 23.3 °C

Considering the annual changes of parameters, a strong seasonal variation is apparent
in performances of monocrystalline modules. This is supported by the same observation by Carr
and Pryor [11], who also observed the improvement in performances in the cooler months when
the ambient temperatures were lower.
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Differently oriented building-integrated
photovoltaic system of 1020 Wp

Single-family homes in residential suburbs can be considered most suitable for appli-
cation of building-integrated photovoltaics (BIPV), due to their typically large roof areas and
energy demand much more compatible with the energy generating potential of BIPV. Our goal
was to find out how much electrical energy can be generated by horizontal, optimally-inclined,
and vertical BIPV systems in real meteorological conditions in Serbia. We propose to use a
BIPV system of 1020 Wp power that consists of 17 solar modules (ISF-60/12), when connected
into an array the surface would be 8.74 m?.

Based on the experimental data reported in this paper, we can calculate that the amount
of average monthly electrical energy which can be generated by horizontal, optimally inclined,
and vertical BIPV systems of 1020 Wp in year 2013 would be 82.2 kWh per month, 8§9.1 kWh
per month, and 62.2 kWh per month, respectively. The average electrical energy consumption
per single-family residential home in Serbia is 350 kWh per month. Hence, in year 2013, the
horizontal, optimally-inclined or vertical BIPV system, could be able to substitute for 23.5%,
25.4% or 17.9%, respectively, of the average energy consumption.

Embodied energy payback time

The embodied energy payback time (EEPBT) (year) is the ratio of the embodied en-
ergy E,,, (kWh/m?), which is the amout of energy required to produce the material in its product
form, to the amount of energy obtained per year from the product £, (kWh/m?/year).

Embodied energy E,,, for a PV system can be expressed:

Eem:Ep +Es +Ef+Et+EBOS (7)

where £, [kWh] is the embodied energy required for the purification and processing of silicon,
E,—the embodied energy of silicon ingot slicing, £; [kWh] — the embodied energy for PV mod-
ule fabrication, £, [kWh] — the energy to transport PV modules from factory to installation site,
and Egog [kWh]—the embodied energy for components such as support structure, inverter, and
electrical wirings.

If we substitute in the eq. (7), the typical values for the silicon monocrystalline PV
module as given in [39, 40]: E, = 666 kWh/m?, E, = 120 kWh/m?, E;= 190 kWh/m?, and Egg =
= 358 kWh/m? the embodied energy for our BIPV system of 1020 Wp can be calculated:

E,,, = 1334 kWh/m? x 17 modules x 0.514 m?> = 11656.5 kWh

The embodied energy payback time, the amount of energy obtained per year from the
system, and embodied energy payback time, for horizontal, optimally inclined, and vertical
BIPV system of 1020 Wp, are given in tab. 3.

Table 3. The embodied energy, the amount of energy obtained per year from system,
and embodied energy payback time for horizontal, optimally inclined, and vertical

BIPYV system of 1020 Wp
Orientation of a BIPV module E.., [kWh] E, . [kWh/year] EEPBT [year]
Horizontal 11656.5 986.9 10.3
Optimally inclined 11656.5 1069 10.9
Vertical 11656.5 746.7 15.6
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Conclusions

The main objective of this study was to compare the performances of horizontal, verti-
cal, and optimally inclined monocrystalline PV modules (ISF-60/12) in real meteorological
conditions in city of Nis, Serbia. Our results have shown that in year 2013, the optimally-in-
clined module generated 62.8 kWh of electrical energy. The horizontal module produced 58.1
kWh, and the vertical module oriented-toward-south generated 43.8 kWh. Obviously, the opti-
mally-inclined module generated the maximum energy output, the output from the horizontal
module was 7.5% lower, while the output from the vertical solar module was lower by 31.1%.

Annually, the vertical solar module had the highest value of efficiency (10.9%), fol-
lowed by the horizontal solar module (10.6%), while the efficiency of the optimally inclined so-
lar module was the lowest (10.2%). The horizontally oriented module had a very stable behav-
ior with small changes of efficiency during the day (both in the winter and in the summer) and
with close correlation to the STC predicted efficiency. The reason was that in winter months the
ambient temperature and solar irradiance intensity were low and in summer months ambient
temperature and solar irradiance incident to the modules surface were high. The efficiency of
the optimally inclined module was equal or higher than STC in a winter day while more than
30% lower in a hot summer day, due to the intense heating of the solar cells and high ambient
temperature.The vertical solar module had high daily changes of efficiency both in the winter
and in the summer. These changes of efficiency of vertical solar module had completely differ-
ent behavior in different seasons. During the winter, the efficiency decreased during the day
(from approximately 17% in the morning and evening to 11% at the noon). Contrary, in the sum-
mer day, the efficiency of the vertically-oriented module increased during the day (from approx.
8% in the morning to high 13% in the afternoon). This was because in winter months the ambi-
ent temperature was low and solar irradiance intensity high, but in summer months, the ambient
temperatures were high and solar irradiance incident to the modules surface was low. Annually,
the vertical solar module had the highest value of PR (0.93), followed by the horizontal solar
module (0.91) and the optimally-inclined solar module had the lowest PR (0.86). Annually, the
horizontal solar module had the highest value of FF (67.7), followed by the vertical solar module
(66.6), and finally optimally inclined solar module (63.6). The EEPBT for a horizontal, opti-
mally-inclined and vertical BIPV system of 1020 Wp would be 11.8, 10.9, and 15.6 years, re-
spectively.

The results of this study can be used in modern architecture for practical applications
of solar modules as facade and roof elements of residential and other buildings in Serbia. The
obtained data could be useful as guidelines in application of solar modules in other countries
with a similar climate.

Acknowledgment

This study was performed with the financial support of the projects TR 33009 ap-
proved by the Ministry of Education, Science and Technological Development of the Republic
of Serbia.

References

[1] Mohamed, A. E., Zhengming, Z., MPPT Techniques for Photovoltaic Applications, Renewable and Sus-
tainable Energy Reviews, 25 (2013), Sept., pp. 793-813

[2] Bhubaneswari, P, ef al., A Review of Solar Photovoltaic Technologies, Renewable and Sustainable En-
ergy Reviews 15 (2011), 3, pp. 1625-1636



Panti¢, L. S., et al.: A Practical Field Study of Performances of Solar Modules ...

S522 THERMAL SCIENCE: Year 2015, Vol. 19, Suppl. 2, pp. S511-5523

[3] Vikrant, S., Chandel, S. S., A Review: Performance and Degradation Analysis for Long Term Reliability
of Solar Photovoltaic Systems, Renewable and Sustainable Energy Reviews, 27 (2013), Nov., pp. 753-767

[4] Almonacid, F., et al., Characterisation of Si-Crystalline PV Modules by Artificial Neural Networks, Re-
newable Energy, 34 (2009), 4, pp. 941-949

[5] Bucher, K., Do We Need Site-Dependent and Climate-Dependent Module Rating? Proceedings, 23
IEEE Photovoltaic Specialists Conference, Louisville, Ken., USA, 1993, pp. 1056-1062

[6] Anderson, D., et al., Energy Rating of Photovoltaic Modules. Proceedings, 16" European Photovoltaic
Solar Energy Conference, Glasgow, UK, 2000, pp. 2087-2091

[7] Osterwald, C. R., Translation of Device Performance Measurement to Reference Conditions, Solar Cells,
18 (1986), 3-4, pp. 269-279

[8] *** World Energy Outlook, International Energy Agency, 2011, http://www.iea.org.

[9] ***, Trends in Photovoltaic Applications, Report IEA-PVPST1-21, 2012, http://www. iea-pvps.org.

(10]
(1]
[12]
[13]
[14]
[15]
[16]

[17]

(18]
[19]

[20]

(21]

[22]
(23]

[24]
[25]

[26]

(27]

(28]
[29]

(30]

Amin, N, et al., A Practical Field Study of Various Solar Cells on their Performance in Malaysia, Renew-
able Energy, 34 (2009), 8, pp. 1939-1946

Carr, A. J., Pryor, T. L., A Comparison of the Performance of Different PV Module Types in Temperate
Climates, Solar Energy, 76 (2004), 1-3, pp. 285-294

Aika, K., et al., Ten Years Outdoor Operation of Silicon Based Photovoltaic Modules at Central Latitude
of Japan, Renewable Energy, 65 (2014), May, pp. 78-82

Bashir, M. A., et al., An Experimental Investigation of Performance of Photovoltaic Modules in Pakistan,
Thermal Science, (2013), doi:10.2298/TSCI130613134B

Gxasheka, A. R., ef al., Evaluation of Performance Parameters of PV Modules Deployed Outdoors, Re-
newable Energy, 30 (2005), 4, pp. 611-620

Diaf, S., et al., Design and Technoeconomical Optimization for Hybrid PV/Wind System under Various
Meteorological Conditions, Applied Energy, 85 (2008), 10, pp. 968-87

Vikrant, S., Chandel, S. S., Performance and Degradation Analysis for Long Term Reliability of Solar
Photovoltaic Systems, Renewable and Sustainable Energy Reviews, 27 (2013), Nov., pp. 753-767
Garcia, M. C. A., Balenzategui, J. L., Estimation of Photovoltaic Module Yearly Temperature and Perfor-
mance Based on Nominal Operation Cell Temperature Calculations, Renewable Energy, 29 (2004), 12,
pp- 1997-2010

Kaldellis, J. K., et al., Experimental Validation of the Optimum Photovoltaic Panels' Tilt Angle for Re-
mote Consumers, Renewable Energy, 46 (2012), Oct., pp. 179-191

John, K. K., et al., Temperature and Wind Speed Impact on the Efficiency of PV Installations, Experience
Obtained from Outdoor Measurements in Greece, Renewable Energy, 66 (2014), Jun., pp. 612-624
King, D. L., et al., Temperature Coefficients for PV Modules and Arrays: Measurements Methods, Diffi-
culties, and Results, Proceedings, 26" IEEE Photovoltaics Specialists Conference, Anahein Cal., USA,
1997

Nishioka, K., et al., Field-Tests Analysis of PV-System-Output Characteristics Focusing on Module Tem-
perature, Solar Energy Materials and Solar Cells, 76 (2003), 3, pp. 665-671

King, D. L., et al., Photovoltaics Array Performance Model, Sandia Report SAND 2004-3535

Skoplaki, E., et al., A Simple Correlation for the Operating Temperature of Photovoltaics Modules of
Arbritary Mounting, Solar Energy Materials and Solar Cells, 92 (2008), 11, pp. 1393-1402

Skoplaki, E., Palyvos, J. A., On the Temperature Dependence of Photovoltaic Module Electrical Perfor-
mance: A Review of Efficiency/Power Correlations, Solar Energy, 83 (2009), 5, pp. 614-624

Skoplaki, E., Palyvos, J. A., Operating Temperature of Photovoltaic Modules: A Survey of Pertinent Cor-
relations, Renewable Energy, 34 (2009), 1, pp. 23-29

Mehmet, E. M., Furkan, D., A Review of the Factors Affecting Operation and Efficiency of Photovoltaic
Based Electricity Generation Systems, Renewable and Sustainable Energy Reviews, 15 (2011), 5, pp.
2176-2184

Furushima, K., et al., Prediction of Photovoltaic (PV) Power Output Considering Weather Effects,
Power-Point Presentation, Department of Mechanical and Electrical Engineering, Yatsushiro National
College of Technology, Kumamoto, Japan, 2006

Nordmann, T., Clavadetsher L., Understanding Temperature Effects on PV System Performance, 3%
World Conference on Photovoltaic Energy Conversion, Osaka, Japan, 2003

Marwan, M. M., Transient Analysis of a PV Power Generator Charging a Capacitor for Measurement of
the [-V Characteristics, Renewable Energy, 31 (2006), 13, pp. 2198-2206

Buresch, M., Photovoltaic Energy Systems Design and Installation, Mc Graw-Hill, New York, USA, 1998



Panti¢, L. S., et al.: A Practical Field Study of Performances of Solar Modules ...
THERMAL SCIENCE: Year 2015, Vol. 19, Suppl. 2, pp. S511-5523 S523

[31]
[32]

(33]

[34]

[35]
[36]

[37]
(38]
(39]

[40]

Mahmoud, M., Ismail, N., Analytical and Graphical Methods for Determination of Solar Cell Parameters
and Investigations of Shadowing Effect, International Journal of Solar Energy, 9 (1990), Dec., pp. 179-92
Chigueru, T., et al., Siting PV Plant Focusing on the Effect of Local Climate Variables on Electric Energy
Production — Case Study for Araripina and Recife, Renewable Energy, 48 (2012), Dec., pp. 309-317
Pavlovi¢, M. T., et al., Assessments and Perspectives of PV Solar Power Engineering in the Republic of
Srpska (Bosnia and Herzegovina), Renewable and Sustainable Energy Reviews, 18 (2013), Feb., pp.
119-133

Pavlovi¢, M. T, et al., Determining Optimum Tilt Angles and Orientations of Photovoltaic Panels in Nis,
Serbia, Contemporary Materials, I-2 (2010), 2010, pp. 151-156

**% http://pveducation.org/pvedrom.

Fuentes, M., et al., Application and Validation of Algebraic Methods to Predict the Behavior of Crystal-
line Silicon PV Modules in Mediterranean Climates, Solar Energy, 81 (2007), 11, pp. 1396-1408

*#% http://re.jre.ec.europa.eu/pvgis/apps4/pvest.php#

Del Cueto, J. A., Comparison of Energy Production and Performance from Flat-Plate Photovoltaic Module
Technologies Deployed at Fixed Tilt, Conference paper: IEEE PV Specialists, NREL — National Renew-
able Energy Laboratory, Golden, Col., USA, 2002, NREL/CP-520-31444

Nawaz, I., Tiwari, G. N., Embodied Energy Analysis of Photovoltaic (PV) System Based on Macro- and
Micro-Level, Energy Policy, 34 (2006), 17, pp. 3144-3152

Li, D. H. W., et al., An Analysis of a Medium Size Grid-Connected Building Integrated Photovoltaic
(BIPV) System Using Measured Data, Energy and Buildings, 60 (2013), May, pp. 383-387

Paper submitted: March 13, 2014
Paper revised: June 14, 2014
Paper accepted: June 25, 2014



