
	Objective
	To create an interactive that allows students to explore how tilt angles affect output power (to emplace in Tab 2 Activity 1 of SLS lesson)


	SLS Lesson
	Solar Panels in Singapore [Enrichment] (moe.edu.sg)

	Independent Variable
	Tilt angle


	Dependent Variable
	Output power


	Display
	1. Sun and sun’s rays
2. Solar panels at various tilt angles
3. Toggle for tilt angle
4. If possible, graph of output power against tilt angle


	Reference Images
	Solar panels
[image: ]

	
	Solar panel and Sun
[image: ][image: ]

	Reference data
	Solar Radiation on a Tilted Surface | PVEducation
Singapore data:
Latitude	1.290270
Longitude	103.851959

	
	Solar Array Tilt Angle and Energy Output | Greentech Renewables
[image: ]

	
	Fig. 6(c) and 6(d) of current/voltage against tilt angle (outdoor results)







image4.png
Phoenix, AZ (33 North) Portland, OR (45 North)
AArray Tilt Angle

Annual Production Delta /Annual Production Delta
(degrees)

KWh) (%) (kwh) (96)

- flat 5,723 0 3624
0 6,178 +8% 4,019 +9%

20 6,461 *13% 14,239 +15%
30 6,575 5% 4,355 8%
140 6,526 +14% 14,368 +18%
50 6,310 +10% 14,279 +16%
190 - vertical 3,966 31% 2,967 -20%





image5.emf
Eﬀect of tilt angle on  the performance and electrical parameters of a PVmodule Comparative indoor and outdoor experimental investigation.pdf


Eﬀect of tilt angle on the performance and electrical parameters of a PVmodule Comparative indoor and outdoor experimental investigation.pdf
Energy and Built Environment 3 (2022) 278-290

Contents lists available at ScienceDirect

KeAl

CHINESE ROOTS
GLOBAL IMPACT

Energy and Built Environment

journal homepage: http://www.keaipublishing.com/en/journals/energy-and-built-environment/

Effect of tilt angle on the performance and electrical parameters of a PV
module: Comparative indoor and outdoor experimental investigation

M.A.A. Mamun, M.M. Islam, M. Hasanuzzaman*, Jeyraj Selvaraj

Higher Institution Centre of Excellence (HICoE), UM Power Energy Dedicated Advanced Centre (UMPEDAC), Level 4, Wisma R&D, University of Malaya, Jalan Pantai
Baharu, 59990 Kuala Lumpur, Malaysia

ARTICLE INFO ABSTRACT

Keywords: Photovoltaic (PV) system’s performance is significantly affected by its orientation and tilt angle. Experimental
Photovoltaic investigation (indoor and outdoor) has been carried out to trace the variation in PV performance and electrical
Irrladlatllon Intensity parameters at varying tilt angles in Malaysian conditions. There were two experimental modus: 1) varying module
Tilt angle

tilt under constant irradiation level, 2) varying irradiation intensity at the optimum tilt set up. For the former
scheme, the irradiation level was maintained at 750 W/m?, and for the later arrangement, the module tilt angle
was varied from 0° to 80° by means of a single-axis tracker. Results show that under constant irradiation of
750 W/m?, every 5° increase in tilt angle causes a power drop of 2.09 W at indoor and 3.45 W at outdoor. In
contrast, for the same condition, efficiency decreases by 0.54% for indoor case and by 0.76% at outdoor. On
the other hand, for every 100 W/m? increase in irradiation, solar cell temperature rises by 7.52°C at indoor and
by 5.67°C at outdoor. As of module electrical parameters, open-circuit voltage, short-circuit current, maximum
power point voltage and maximum power point current drops substantially with increasing tilt angle, whereas
fill factor drops rather gradually. Outdoor experimental investigation confirms that the optimum tilt angle at
Malaysian conditions is 15° and orienting a PV module this angle will maximize the sun’s energy captured and

PV performance
Module electrical parameters

thereby enhance its performance.

1. Introduction

Fossil fuels, such as coal, oil, and natural gas, constitute a major
source to meet the global energy demand [1]. However, the burning of
these fuels is the leading cause behind global warming [2, 3]. On the
other hand, fossil fuel reserves are likely to deplete within the next 50
to 120 years [4]. Both of the above issues accentuate the necessity to
explore renewable sources of energy, which are clean, affordable, and
sustainable [5-7]. Renewable options include solar, wind, geothermal,
hydropower, bioenergy, and ocean energy, and currently, they provide
about 20% of global energy demand [8]. Among the renewables, solar
energy-based PV electricity is one of the most potential options, which
is less capital intensive, easy to install and economically viable [9, 10].

Electricity generation through PV modules has increased 22% (which
is 131 TWh more than the previous year) in 2019 and embodied the
second highest generation growth of all renewable technologies [11].
However, it suffers from several shortcomings, including low energy
conversion efficiency, only daytime availability, and uncertainty due to
weather fluctuations [12]. While the maximum theoretical limit (known
as the Shockley-Queisser limit) for silicon p-n junction cells is 33.7%,
most current commercial PV cells manage between 15 and 22% [13].

* Corresponding author.

The higher its efficiency, the more electricity a solar cell will produce
per square meter [14]. However, despite the use of high-efficiency cells’
wrong orientation, the module might result in lower power output.

As sun’s ray is the only fuel for PV systems, it is important that the
PV modules are installed properly to receive the maximum sunlight and
avoid partial shade. In order to capture the maximum irradiation inten-
sity module must be faced normal to the incident sun rays [15]. One
of the best solutions to intercept the maximum sun’s energy is to ap-
ply solar tracking system to follow sun path continuously across the sky
[16]. However, the module’s trackers are complex systems; these are
expensive and require repair and maintenance; hence, not always ap-
propriate for application [17]. Therefore, fixed PV installations with a
well-engineered tilt angle are still prevalent in PV industry [18].

The optimum performance of a PV panel depends on the amount of
incident solar radiation on it. So, a panel needs to be inclined in such
an angle that maximum sunrays intercept its top surface vertically. De-
termination of an optimum tilt depends on mounting techniques, land
topography, and climatic conditions [19]. Conventionally, PV modules
are aligned with the latitude of the region [20]. However, exact ori-
entation is of prime importance to allow a PV system to receive max-
imum irradiation [21]. Two main angles are used to define array ori-
entation: tilt angle and azimuth angle, wherein tilt angle is the vertical
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Nomenclature

Abbreviations

ARC anti-reflective coating

EVA ethylene-vinyl acetate

FF fill Factor

GHGs greenhouse gas emissions

mc-Si mono-crystalline silicon

MPPT maximum Power Point Tracker

PTFE polytetrafluoroethylene

PV photovoltaic

Symbols

A area of the PV cell, (m?)

E;, overall energy absorbed by the module top surface, (W)

E, theoretical electrical power generated by the module
W)

E,, actual electrical power generated by the module (W)

E rate of energy loss to the ambient through top glass
cover (W)

E; rate at which useful energy transmitted to the module
backside (W)

G irradiation intensity, (W/m?)

H, monthly average daily beam irradiation

H, monthly average daily diffuse irradiation

Lpp maximum power point current, (A)

I, short-circuit current, (A)

Psc packing factor of the module

Tomb ambient temperature (°C)

Tps back surface temperature of the module, (°C)

T, reference temperature for module testing (°C)

T, solar cell temperature (°C)

Ty tedlar back surface temperature, (°C)

Uy total heat transfer co-efficient glass shelter from top to
ambient of the system, (W/m?K)

U, total heat transfer co-efficient from top to back of the
system, (W/m?K)

Vinpp maximum power point voltage, (V)

Voe open-circuit voltage, (V)

Greek letters

oy absorptivity of the module

p tilt angle of the module (°)

g emissivity of glass

e reference electrical efficiency of the module
He PV temperature coefficient (%/°C)

g glass transmissivity

angle between the horizontal and the array surface [22]. Capturing the
maximum irradiation intensity at a given surrounding condition can be
accomplished by fixing an optimum tilt angle for a particular installa-
tion [23]. Hussein et al. [24] reported that the maximum efficiency,
power, and short-circuit current of the PV modules increases with the
amount of irradiation intercepted by the module, which mostly depends
on its orientation (tilt and azimuth). If the angle of incidence of solar ra-
diation differ substantially from normal incidence reflection, losses can
become significant that in turn diminish electricity generation. The con-
sequence of slightly off beam orientation of the modules in a large PV
farm [25] could result in a loss in a substantial amount of generation
[26].

Several researchers tried to explore an optimum tilt angle relation,
out of which some found that the installation location is one of the crit-
ical factors to be considered in this exercise [27-29]. Several theoretical
models for optimum tilt have been proposed, too. Most of the proposed
models were devised for a particular location on the ground that maxi-
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Table 1
Specification of PV module [37].

Material Mono-crystalline Silicon (m-Si)
Model Number SY-90M

Brand Name Shaiyang
Manufacturing Country Hebei, China
Number of Cells 36 (4x9)
Maximum Power 90 W

Vip (V) 18.36

Ly (A) 4.9

Voo, (V) 22.03

I, (A) 53

Size of cell (mm) 125 x 125

Size of the module (mm) 1200 x 545 x 35
Weight (kg) 7.0

mizing PV output is strictly an engineering problem determined for each
location and PV system. Among others, Hussein et al. [24], Benghanem
[30], Chang [31], and Arbi and Pillay [32] have studied output maxi-
mizing angles of PV panels in different locations. The essence of their
findings can be summarized as: choice of tilt angles should be between
the latitude of the location (¢) and (¢ - 15°). This approximation of the
maximizing angle combination in the range of +15° incurs a minor loss
in total output (below 5%).

In addition to its technical perspective, a study has also focused on
the economic perspective of the optimum tilt angle orientation of the PV
system [33]. Liu et al. [34] studied the techno-economic optimization
of a grid-connected PV system, wherein electricity tariffs were found to
allay as a result of maintaining optimum tilts. Rowlands et al. [35] deter-
mined optimal orientations for four pricing regimes in Ontario, Canada.
Authors found that tilts of 7 to 12° less than latitude produce the opti-
mum revenue in all regime

Above literature review shows that several research have been car-
ried out that have addressed the effect of tilt angle on the PV perfor-
mance; however, these studies did not considered the consequence ex-
tensively on PV electrical parameters such as short-circuit current (I,),
open-circuit voltage (V,.), fill factor (FF), and so forth and most im-
portantly on solar cell temperature. Moreover, a comparative experi-
mental investigation between controlled indoor conditions and real-time
outdoor in Malaysian conditions is yet to performance. Therefore, the
present article aims to investigate the effect of varying module tilt angle
on the PV cell temperature and its electrical parameters at the labo-
ratory environment and compare the results with those monitored at
Malaysian outdoor conditions with a view to set an optimum tilt an-
gle for best performance. The findings of this research will be useful in
harvesting optimum energy from solar installations as well as provide
guidelines for further research.

2. Experimental
2.1. Test module and instrumentation

The PV module, under performance test at varying tilt angles, is a
36-cell, 90-W mono-crystalline silicon (mc-Si) module. The module has
six different layers: top surface glass, mc-Si, an anti-reflective coating
(ARQ), ethylene-vinyl acetate (EVA), tedlar back PVF, and metal back
sheet [36]. The 36 cells are arranged in four columns with every two
columns (18 cells) connected to a bypass diode, thus forming two in-
dependent strings of cells. This configuration facilitates the continued
operation of any of the 18-cell string in case the other one is damaged
or impaired. Detail specification of the PV module is given in Table 1.

In the present research, data have been recorded uninterruptedly
through digital data acquisition devices. Solar irradiance and tempera-
tures at different points are the two major parameters to measure. Poly-
tetrafluoroethylene (PTFE) revealed bonds tip K-type thermocouples
(measuring range: -75°C to 250°C) are used to determine the module’s
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(a) Data acquisition system

(b) Setup for no angle condition

Fig. 1. Indoor Experimental setup for investigation the tilt angle effects [37].

bottom and top surface temperature. A calibrated silicon pyranometer
(Model: LI-COR PY82186) works in the temperature range between -40
and 95°C, while its irradiance intensity determining range is between 0
and 1500 W/m?, and the spectral range is between 300 and 1100 nm,
has been chosen to measure the irradiance intensity. As mentioned ear-
lier, all data have been acquired in digital data acquisition devices: a
data logger (Model: DataTaker DT80) to store temperature values and a
maximum power point tracker (MPPT; P,,,: 2000 W) cum I-V tracer to
record irradiation intensity and Iy, Vi, L, Vi, and Py, values.

2.2. Indoor experimentation

An experimental setup for indoor investigation of the tilt angle ef-
fect on the PV performance is installed in Solar Thermal Research Lab,
Wisma R & D, University of Malay (UM), as presented in Fig. 1. Ambi-
ent temperature during the experiment in the indoor conditions is kept
constant at 25°C. The investigation was carried out observing the effect
of tilt angle (from 0° to 85°) at constant irradiation intensity 750 W/m?
and the effect of variable irradiation intensities (200 — 1000 W/m?) on
the PV performance and module electrical parameters.

The experimental setup contains a solar emulator comprising 90
halogen bulbs in series and parallel combinations to provide different
irradiances intensity to the module. For power supply to use three differ-
ent AC power supply transformers that help create different irradiance
intensities to the simulator, each transformer capacity is 3 KVA.

2.3. Outdoor investigation

The outdoor experiments have been conducted at Solar Garden, UM
Power Energy Dedicated Advanced Center (UMPEDAC), University of
Malaya, Kuala Lumpur, Malaysia, which is located at latitude 3.1169°
N and longitude 101.6669° E. Data are collected on sunny days from
January to March 2017, with module tilted conditions. Thus, the data
are collected for different irradiation intensities varying from 200 to
1000 W/m2. The ambient temperature variation was observed 29° to
35°C.

Fig. 2 (a) shows the data acquisition facility of the outdoor exper-
imental setup. Single-axis manual tracker (Fig. 2(b)) on which the PV
module rests is constructed such that its structure is hinged on each side

280

supports and can be rotated up to 90° with the help of a protractor at-
tached to it. As Malaysia is in the northern hemisphere; therefore, the
PV module must be faced south for maximum energy harvest by the
PV module. Hence, the experiment has been carried out by facing the
tracker due to south and it has been tilted to the horizontal from 0 to
80° by changing the angle at a step of 5°.

2.4. Mathematical formulation

The amount of total received energy by the module is calculated as
[37-40]

Ei, 1

where E;, is the overall energy absorbed by the module top surface, 7,
represents the glass transmissivity, a;. is the PV module absorptivity, p,.
represented packing factor of solar panel, G is the irradiation intensity,
and A, is the area of solar cell. By the convection process, some part of
this energy goes to the ambient air through the system’s glass surface.

This can be written as follows [37-40]:

Tamb ) Axc (2)

Some portion of the rest of the energy is converted into electrical
energy (E,), which is initially [37-40]

= Tg AgePsc GASC

EI = cha (Tsc -

E, = nyep. GA,, (3)

The rest of the energy transfers by heat conduction procedure as
thermal energy from the solar cell to the module back surface. Thus
the overall useful thermal energy of back surface in the system (E,) is
[37-40]:

Et = Ut (Tsc - Tbs) (4)

So, the equation of energy balance for the module (E;,) can be dis-

played as:
E;

mn

= E+ E,+ E, 5)

The solar cell temperature [37] is obtained from the following equa-
tion:
pscG (Tgasc - nsc) + (UscaTamb + Uths)
(Usca + U,)

sc =

(6
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Tracker for
changing tilt
angle

(b) Setup under tilt angle condition

Fig. 2. Outdoor experimental setup for the investigation on the effect of tilt angle.

Table 2

Heat transfer factors of the module [37].
Parameters Value
PV module absorptivity, a 0.9
PV glass transmittance, 7, 0.96
Module packing factor, p, 0.8
Total heat transfer co-efficient from top to back of the system, U, (W/m?K) 150
Total heat transfer co-efficient glass shelter from top to ambient of the system, Uy, (W/m?K)  7.14
PV module’s reference electrical efficiency, ny (%) 0.12
Thermal coefficient of PV cell efficiency, uy (%/°C) 0.0045
The reference temperature, T, (°C) 25

where T, is the solar cell temperature, Ty is the back surface temper-
ature of the module, U; represents the total heat transfer co-efficient
from top to back of the system, Uy, is the total heat transfer co-efficient
glass shelter from top to ambient of the system, #,, is the PV module’s
reference electrical efficiency.

Once the solar cell temperature (T;,) is determined, the actual elec-
trical power attainable from a PV module with reference efficiency of

ns. and temperature coefficient of y,, is calculated as follows [41]:

Epv = GTg”’sc [1 — Hge (Tsc - Tr)] (7)
where 7, is the transmittance of the PV top cover glass, T, is the reference

temperature at which the module is tested (25°C). All the constant and
reference values used in the above equations have been listed in Table 2
[37].

2.4.1. Optimum tilt angle relationship
The maximum irradiation intensity for a fixed orientation module
can be found as follows [42, 43].

d -
ﬁ(HT) =0 ®)
Ay = AR, + fId(—”;”ﬂ) + H,,<—”‘;‘”” ) ©

where irradiation intensity on the tilted surface (Hy), H, monthly av-
erage daily beam irradiation, H, monthly average daily diffuse irradi-
ation, and meanwhile, ground and diffusely reflected potions are negli-
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gible as from the above equation [43, 44] .
d

—(R,) =0 10
~ sin(gp — p)cosd sinwg — (%)a)s cos(p — p) siné
R, = (1
cos@ cosé sinwg + (ﬁ)ws sing sind
(L)w siné
s
p= @—tan”! 180 (12)
€086 coswg

where @, o, and § stand for a specific latitude, time and inclination,
Ry, is the ratio of average daily beam irradiation on the tilted surface to
the horizontal surface for a month, and p is the surface slope from the
horizontal [45].

2.5. Limitation of the outdoor experimental approach and comparison
method

The two major limitations of present outdoor experimental investiga-
tion and the method of comparative study between outdoor and indoor
results have been stipulated as follows:

1 Outdoor experiments were conducted on different sunny days at dif-
ferent tilt angle conditions with the same mono-crystalline silicon
(m-Si) PV module. Solar irradiance, module electrical parameters
and different temperatures data were collected uninterruptedly from
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Fig. 3. Ambient temperature versus time of the day’s curve.

8:00 am to 4:00 pm. Then, data collected on each day was screened
carefully for irregular and asymmetrical irradiance intensities and
only the plausible values were considered over every 30 minutes
interval. Hence, the corresponding recorded parameters (ambient
and module temperatures and module electrical parameters) were
curated based on a specific irradiance value, such as for 200, 300,
400 ... up to 1000 W/m?. That is, upon screening and curation, the
measured parameters at a particular tilt angle were arranged and
stationed against nine specific irradiance levels (200 to 1000 W/m?
at an interval of 100 W/m?2). For all tilt angles, data were collected
and structured in the same manner provided that ambient temper-
ature trend curve of that day of experiment virtually corresponds
with the representative day (first day of experiment). In this way,
equitability of solar irradiance levels and ambient temperatures on
different days of experiment were sustained. However, wind speed
and humidity on different days were essentially not the same and the
errors generated from this variation were neglected in performance
evaluation.

The comparison between the PV performance and module electrical
parameters at outdoor and indoor conditions reported in this study
is predominantly qualitative rather than quantitative.

3. Results and discussion

The effect of variation of module tilt on the PV electrical parame-
ters and solar cell temperature has been explored in this experimental
investigation. Both indoor and outdoor experimental studies have been
carried out for making a comparison between the upshots. Another pur-
pose of outdoor study is to experimentally determine an optimum tilt
angle for Malaysian conditions.

3.1. Ambient temperature and irradiation distribution of the outdoor site

A PV module’s electrical performance is substantially influenced by
the surrounding weather conditions where it is installed, especially irra-
diation intensity and ambient temperature. Although both parameters
can be controlled at indoor, they fluctuate continuously at outdoor op-
erating conditions. Fig. 3 shows the average trend of daily variation in
ambient temperature and solar radiation intensity as a function of the
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daytime. The outdoor data were collected under comparable irradiation
intensities in the month of February 2017 and, then the average ambient
temperature and irradiation intensity was estimated and plotted against
the daytime. It may be observed that the maximum average ambient
temperature is 34.5°C, which occurs around midday (around 12:00 pm).
However, maximum radiation (about 1000 W/m?) does not accord with
the peak ambient temperature point; instead, it occurs around 12:45 pm.
This observation agrees well with that obtained by Rahman et al. [46] .
Electricity generation through PV modules is significantly affected by
cell temperature, which in turn is a function of ambient temperature
[47]. Irradiation intensity also directly influences PV performance; the
high the irradiation intensity the better the PV performance. Hence, to
ensure the interception of the maximum incident irradiation intensity,
PV modules are required to be inclined in such a way that sun’s rays fall
vertically on the panel [19].

3.2. Temperature distribution over PV module at different tilt angles

Temperature distribution of the module under variable tilt angles at
outdoor conditions has been demonstrated in Fig. 4 (a —f). In all Figs. 4,
one same trend as noticed is that temperatures (top and bottom surface,
and cell) fall rather gradually after 12:00 pm though the rise is quite
steep from morning to noon. As the tilt angle increases, solar cell (and
other two surfaces) temperatures get relatively lower, and this becomes
more apparent at 60 to 75° angles. At a 15° tilt angle, the cell tem-
perature, bottom surface temperature, and top surface temperature of
the system were 60.82, 56.84, and 54.77°C, respectively. At optimum
tilt, module faces due normal to the sun rays and the system can inter-
cept maximum irradiation from the sun. That is why the temperature
of the module surfaces and PV cell becomes the highest at this position.
Ahmad and Tiwari [48] found 1% reduction in electricity due to cell
temperature rise as a result of fixed tilt.

3.3. Effect of tilt angle variation under constant irradiation

In this section, the impact of varying module tilt angle under a spe-
cific irradiation condition has been analyzed at both indoor and outdoor
conditions. Since peak radiation intensity of 1000 W/m? subsists for a
very little time span, while means irradiance level over the maximum
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Fig. 4. Temperature distribution over PV module at different tilt angles.
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Fig. 5. (a) Power output and (b) efficiency versus tilt angle at 750 W/m? irradiation intensity.

period of a sunny day is 750 W/m? analysis has been carried out at this
irradiation.

3.3.1. Effect on power output and efficiency

The effect of module tilt change on power output and efficiency at
750 W/m? irradiation intensity has been presented in Fig. 5. Both power
output and efficiency are found to drop with increasing tilt. However,
indoor results are noticeably inferior to outdoor results. This is because
the module in the laboratory experiment had to be placed quite adjacent
to the solar simulator (made of halogen bulbs) to reach the stipulated
irradiation level, and this, in turn, raised up cell temperature very high.
As a result, power output and efficiency dropped drastically, signifying
that indoor setup cannot emulate the real outdoor conditions quantita-
tively though it can produce the trend. The highest power output of 57
W and the maximum efficiency of 15% occur near a 15° tilt angle in
outdoor conditions.

It may be revealed from Fig. 5 (a) that for every 5° increase in the
tilt, power output decreases by 2.09 W at indoor and by 3.45 W at out-
door. George and Anto [49] observed that slight changes (5°) in tilt
angle cause a power loss of approximately 2% or more. Adiyasuren E.
[50] shows that in Mongolia, yearly rough power output generations
at the module-angle 45° are 10% larger than that achieved with a tilt
angle of 60°. In another experimental study, it was found that if the
module-angle was decreased from 50° to 10°, the module power output
was increased by 26.15% [51]. Hence, the present results are concurrent
with the previous research outcomes.

On the other hand, with every 5° increase in tilt angle, efficiency
decreases by 0.54% for indoor case and by 0.76% for outdoor. Asl-
Soleimani et al. [52] and Mamun et al. [53] commented that effect of tilt
angle on PV performance is generally investigated on a theoretical ba-
sis, while the experimental studies are essential to realize the real-time
consequences. It has been reported that the temperature coefficient of
the power output is influenced by the module tilt; if temperature co-
efficient increases, the corresponding value of the optimum tilt angle at
the maximum value point decreases [54]. On the other hand, dust depo-
sition rate decreases with increasing tilt angle promotes due to gravity,
which in turn improve electrical performance [55].

3.3.2. Effect on module electrical parameters

Effect of changing tilt angle on PV electrical parameters (I,

Voe npp:

Vmpp, and FF) at 750 W/m? irradiation intensity has been illustrated
in Fig. 6. All the parameters Iy, Vi, Iypp, Vip, and FF decline with
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an increase in the module’s angle. All electrical parameters measured
indoor are lower than those obtained outdoor which is due to the cause
as pointed out in the preceding section. The highest values of all the
parameters (Voeonay = 20.74 V, Vippmag = 16.8 V, Iimay = 3.3 A,
Inpp(max) = 3-24 A and FF = 0.83) are attained near 15° tilt angle. Every
5° increase in tilt result in 0.2025 A drop in short-circuit current and
0.1131 V dwindle in open-circuit voltage as well. On the other hand,
dwindles in maximum power point current and maximum power point
voltages for the same tilt change are 0.1775 A and 0.117 V. As of fill
factor, the decline is not that significant.

It has been reported that module’s short-circuit current influences
several factors, such as the number of photons, solar cell area, the spec-
trum of the incident light and optical properties, etc. [56, 57]. Further-
more, V,. influences by dark situation current, temperature, and light
produced current, etc. The temperature is linearly affected on the V,,
[58]. Likewise, after 15° angle, the module-temperature decreases with
an increase in tilt angle, thus the V,; and V,,,, also decrease. Neverthe-
less, the module’s temperature decrement rate is lower than the irra-
diation owing to the tilt angle. As a result, the V,. and V,,,, decrease
gradually, while the I, and I,,,,, decline significantly. Sabry and Ghitas
[59] mentioned that FF increases as a result of a decrease in I, and
Vompp that are generally lower than I and V. So, increasing of both
Vinpp and V,,. does not offset the reduction of I,,;,, and I,.. Therefore, the
maximum power output decreases and FF increases respectively. Chan-
der et al. [60] observed that a significant influence on the electrical
parameter of PV performance.

3.3.3. Effect on cell temperature

Fig. 7 presents the solar cell temperature as a function of varying tilt
angles. Cell temperature decreases with increasing tilt angle for both in-
door and indoor cases. This is because PV top surface cannot intercept
solar irradiance perpendicularly as the module is tilted; consequently,
the module’s top surface temperature also decreases. Besides, as the tilt
angle is increased more heat is removed from the module back surface
by convection, thereby reducing the cell temperature. Cell temperature
at indoor conditions is found lower than the corresponding outdoor re-
sults. This is because of the controlled indoor environment, which was
designed to maintain a surrounding temperature of 25°C. In contrast, the
outdoor ambient temperature was uncontrolled that in turn prompted
cell temperature rise. For every 5° increase in tilt angle, solar cell tem-
perature decreases by 3.62°C at indoor and by 2.70°C at outdoor.
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Fig. 6. PV electrical parameters as a function of tilt angle at 750 W/m? (a) Open-circuit voltage (V,.), (b) Short-circuit current (I,.), (c) Maximum power point

current (Impp), (d) Maximum power point voltage (Vmpp),

(e) Fill factor (FF).
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3.3.4. Determination of optimum tilt for Malaysian conditions

Three-dimensional (3-D) surface plots of the PV performance param-
eters (power output, efficiency) and solar cell temperature obtained at
outdoor conditions have been presented in Fig. 8 as functions of both
variation in irradiation and tilt angle. Fig. 8 (a) shows that in order to
attain a commendable power output of 35 — 40 W under 750 W/m?
the tilt angle should be maintained between 15° — 20°. On the other
hand, a practicable efficiency of 12 — 14% at 750 W/m? is also achieved
below 20° (Fig. 8 (b)). Lastly, commendably low cell temperature in
the range below 45°C under 750 W/m? is obtained near 15° tilt angle
as noticed from Fig. 8 (c). From the above considerations, it may be
concluded that the module tilt’s optimum value to maintain a trade-
off among power output, efficiency, and solar cell temperature under
Malaysian conditions would be 15°. Hence, the module’s orientation
at 15° can be confirmed as the optimum tilt for Malaysian conditions.
Khan et al. [61] mathematically examined the optimum tilt angle for
Malaysian condition on a monthly and found in the range from -17.16°
to 29.74°. Elhassan et al. [62] analytically shown that the optimum
tilt angle should approximately equal to the latitude of Kuala Lumpur,
Malaysia, which is 15° South.

(wyan) suoneipell

T

200.0
2800

360.0
3.4. Effect of variation in radiation intensity at the optimum tilt [ w00
|

5200
This section describes the effect of radiation intensity on PV perfor-

mance and electrical parameters at both indoor and outdoor conditions
while the module is oriented at its optimum tilt (15°) under Malaysian
conditions.

600.0
BE0.0
T60.0
8400
3.4.1. Effect on power output and efficiency

Fig. 9 illustrates the impact of increasing irradiation intensity on the
power output and efficiency of the PV module. For both indoor and
outdoor cases that power output increases while efficiency decreases
with increasing irradiation intensity. The reason behind this increasing
trend of power output consists in the increasing tendency of both current
and voltage increase with irradiation wherein current follows linear and
voltage follows logarithmic increasing rate [63]. On the contrary, effi-
ciency shows a trend opposite to power output; that is, it decreases with
increasing irradiance level. This is because of the limitation of cell power
conversion capability. Solar cells cannot convert more than 33.7% of
the sunlight into electrical energy (known as Shockley-Queisser limit),
which is further diminished by cell temperature rise and other factors.

Fig. 8. 3-D surface plots of (a) power output, (b) efficiency, (c) solar cell tem-
perature as functions of both irradiation and tilt angle.
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Fig. 9. (a) Power output and (b) efficiency of the module versus irradiation intensity at indoor and outdoor conditions.

Both module power output and efficiency at outdoor conditions are rel-
atively higher than indoor. The module’s power output is 5.47 W at
indoor and 16.88 W at outdoor under 200 W/m? and this subsequently
rises to 53.00 W at indoor and 59.20 W at outdoor when the irradiation
reaches 1000 W/m?2. Danu et al. [64] observed that at outdoor condi-
tions, the peak power of the module showed when the module tilted to
the optimum angle condition. For every 100 W/m? increase in radiation
intensity, efficiency drops by 1.01% at indoor and 1.44% at outdoor.

3.4.2. Effect on module electrical parameters

The impact of increasing irradiation intensity on module electrical
parameters at the optimum tilt position has been presented in Fig. 10.
Open-circuit voltage (V,.) the irradiation intensity of the module in-
creases gradually (Fig. 10 (a)) while short-circuit current (I;.) increases
steeply (Fig. 10 (b)) with irradiance level. For every 100 W/m? incre-
ments in irradiance level, V,,. increases by 0.0031 V at indoor and 0.0032
V at outdoor. Therefore, despite a discrepancy between the absolute
value, the altering trend is almost identical for indoor and outdoor cases.
However, the same is not true in case of short-circuit current as I, in-
creases by 0.23 A at indoor and 0.30 A at outdoor for every 100 W/m?
increase in irradiation intensity. On the other hand, maximum power
point current (I,,,pp) increases by 0.23 A and 0.32 A (Fig. 10 (c)) as ir-
radiation intensity increases by 100 W/m? indoor and outdoor cases,
respectively.

As of maximum power point voltage (Vmpp), itis increased by 3.30 V
for indoor and 3.00 V for outdoor cases (Fig. 10 (d)) when the irradia-
tion intensity increased from 200 — 800 W/m?2. Fill factor (FF) increases
steadily with irradiation intensity. As irradiation is increased from 200
to 1000 W/m?2, fill factor value increases from 0.55 to 0.67 at indoor
and from 0.59 to 0.82 at outdoor (Fig. 10 (e)).

3.4.3. Effect on cell temperature

Solar cell temperature of the module as a function of irradiation in-
tensity is presented in Fig. 11 at outdoor and indoor operating condi-
tions. It can be seen from Fig. 11 (a) that solar cell temperature increases
with increasing irradiation intensity for both indoor and indoor cases.
For every 100 W/m? increasing irradiation intensity, the module’s solar
cell temperature rises by 7.52°C for indoor and by 5.67°C for outdoor
cases. The module’s indoor temperature is higher than outdoor because,
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at outdoor conditions, the amount of diffuse irradiation is higher than
indoor. Chander et al. [59] reported that cell temperature increases from
25 to 60°C as irradiation intensity is increased from 215 to 515 W/m?
and heat is accumulated in the PV panel if there is a lack of cooling facil-
ity, which eventually augments the cell temperature more diminishing
the electrical efficiency [19].

4. Conclusion

Solar electricity generation depends on many factors, among which
module tilt is a crucial one. Operative interception of solar irradiance
plays a vital role in the performance of the PV systems, wherein the
tilt angle works as one of the control parameters. In the present article,
the effect of varying tilt angles of a PV module on its performance and
electrical parameters has been investigated through indoor and outdoor
experimentations. The inferences of the outdoor and indoor study are
summarized in the following way:

W For every 5° increment of module tilt, power output decreases by
2.09 W at indoor and by 3.45 W at outdoor.

M Efficiency decreases by 0.54% at indoor and by 0.76% at outdoor
when tilt angle is increased from 0° to 15°.

W Every 5° increase in tilt angle creates a reduction in solar cell tem-
perature by 3.62°C at indoor and 2.70°C at outdoor conditions.

M For every 100 W/m? rise in irradiation intensity, power output in-
creases by 4.06 W at indoor and 5.56 W at outdoor, while efficiency
drops by 1.01% at indoor and 1.44% at outdoor.

W For every 100 W/m? increase in the irradiance level, V., I, V.

oc? “scr mpp?
Lnpp and FF of the module increases by 0.23 A, 2.47 V, 0.23 A, 2.1())pl
V, and 0.7 for indoor case and 2.57 V, 0.30 A, 2.09 V, 0.32 A, and
0.08 for outdoor case.

M Every 100 W/m? increase in irradiance level gives rise to cell tem-

perature by 7.52°C at indoor and by 5.67°C at outdoor.

The angular position of PV modules is found to have an immense
impact on its electrical performance. By performing a few adjustments in
module’s tilt angle a substantial cost of employing manpower or tracker
motors can be reduced. Further research can be conducted to analyze the
impact of latitude and different climates on determining the optimum
tilt angle.
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At lower latudes, in states such as Hawail
and Arizona, the sunis higher in the sky
and solar photovoltaic panels do not
require much tl o receive direct sunlight

At higher laitudes, in states such as Oregon and
Minnesota, the sun is lower in the sky and solar
photovoltaic panels are often installed at greater
titangles in order to receive direct sunlight
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