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Abstract

The influence of ambient temperature and solar radiations on variation of photovoltaic module temperature and power output was measured us-
ing four different photovoltaic module technologies, namely polycrystalline, monocrystalline, amorphous and thin film. The experimental setup
was made by installing the whole system over the roof of the departmental building. The data was rerecorded in the three winter months from
January to March 2016. The hourly average daily ambient temperature was 29.1°C, global solar radiation 727W/m?, wind speed 2.5m/sec and
relative humidity 84.0% during analysis period. It is revealed that monocrystalline module exhibited 0.6, 1.2 and 1.7°C more temperature than
polycrystalline, amorphous and thin film modules respectively. The polycrystalline and monocrystalline produced higher voltage outputs when
the module temperature was less than standard test conditions, whereas, the amorphous and thin film performed well when their temperature
was slightly above standard test conditions. The module temperature is found directionally proportional to the ambient temperature, and output
voltage is inversely proportional to the ambient temperature. The polycrystalline produced 41.6%, monocrystalline 38.6%, amorphous 32.0%
and thin film 40.5% of their rated power output. It is revealed that polycrystalline performed well and amorphous poor than their counterpart

modules during winter conditions.
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INTRODUCTION

Energy is essential for the economic and social develop-
ment, and improved quality of life in any country; whether,
it is in the form of oil, gasoline or other renewable energy
source [1]. Out of all renewable energy resources, solar
energy is one of the most feasible alternative and sustain-
able energy resources in the world. It is green technology
resource, environment and nature-friendly, does not produce
emissions that contribute greenhouse effect or destroy the
ecological balance. It is omnipresent, safe, abundant and
freely available [2, 3]. Solar energy is the most appropriate
energy resource of Pakistan due to availability of 3000-3300
annual sunshine hours [4]. Photovoltaic (PV) modules are
best option to convert solar energy into electricity through
photovoltaic effect by creating voltage or electric current in
a material upon exposure to light [5-8]. Each photovoltaic
module can generate a specific voltage and current under
manufacturing and physical constraints. However, PV mod-
ules are usually influenced by a number of environmental
factors, such as, solar radiation, ambient temperature, wind
speed, humidity and atmospheric dust, longitude, latitude
and the type of PV technology used [9-10].

In general, PV modules are rated at indoor standard test
conditions (STC) using the solar irradiance of 1000W/m?,
temperature 25°C and air mass 1.5. Since, outdoor condi-
tions do not follow the STC values because of random nature
of sun’s position with respect to location, and variation of so-
lar radiation, ambient temperature, cloud pattern, and wind
speed and direction. Therefore, the actual outdoor conditions
vary time to time even at small intervals [11, 12]. Moreover,
the operating temperature of solar PV modules plays a key
role in the PV conversion process, because these are sensi-
tive to temperature like all other semiconductor devices. The
increase of temperature reduces the band gap of PV mod-
ules and increases the energy of the electrons in the material.
Therefore, lower energy is required to break the bond, which
affects the performance of PV modules [13, 14]. The rise of
operating PV module temperature beyond standard operat-

ing conditions is inversely proportional to the efficiency of
PV modules. Therefore, the electrical efficiency as well as
power output of PV modules depends linearly on the operat-
ing temperature [15, 16]. Open circuit voltage (Voc), short
circuit current (Isc), curve factor (CF) and efficiency (1) of
PV modules are temperature dependent parameters. The PV
modules give their maximum performance in cold climate
and sunny skies rather than cloudy and hot climates [17].
Typically, the efficiency of PV modules decreases by 0.2%
to 0.5%/°C rise in ambient temperature beyond nominal cell
operating temperature (NOCT). The NOCT is defined as the
temperature reached by open circuited cells in a module un-
der the irradiance on module surface of 800W/m?, air tem-
perature 20°C, and wind velocity 1 m/s with open back side
mounting. However, the temperature of PV modules can
reach between 60°C and 80°C in hot environments.

Photovoltaic Module Power Output

Electrical power is the product of voltage and current
of any generator. It can either be measured directly using
instruments or calculated after determination of voltage and
current output from the generator [18-20]. The maximum
power output P and normalized power output P of PV
modules can be calculated using following Eq. (1) and (2)
respectively.

= 1

Pmax - Vmax X Imax M
where V_, and I are the maximum voltage and
current outputs respectively. If the rated power output of
PV module is different from other module, then normalized
power output can be used for comparison purpose and

performance evaluation. The normalized power output of
PV modules can be calculated using Eq. (2).
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where P wsto is PV module power output at standard
test conditions. The PV module temperature T can be
calculated using average of PV module surface temperature

T and backside temperature T, of PV modules using Eq. (3)

[21].
r [ LtT 3
m 2

The growing demand of PV technologies led to research
in the various aspects of its components from module
technologies to the modeling, size optimization and system
performance [18]. The reduction in PV performance
is associated with various parameters like their types,
configuration, installation, wind speed, solar radiations, and
ambient temperature [19]. It is imperative to investigate the
impact of such parameters on performance of PV modules
under outdoor conditions. This study explores the influence
of ambient temperature and solar radiations on variation of
PV module temperature and power output.

MATERIALS and METHODS

The study was conducted on four PV module technologies
namely polycrystalline, monocrystalline, amorphous and
thin film. All selected PV modules were purchased from
Karachi electronic market. Three of them were 40W rated
power, and only thin film was of 50W, because of its
unavailability in the market. The specifications of examined
PV modules are shown in Table. 1. The experimental setup
was made on the roof top of the departmental building at
Energy and Environment Engineering Department, QUEST,
Nawabshah. The modules were secured on a fixed iron
structure, facing true south at the slope of 12° with respect
to horizontal.

The climatic parameters, such as ambient temperature,
Ta (°C), global solar radiation, GSR (W/m?), wind speed, Vw
(m/sec) and relative humidity, RH (%) were measured with
a Professional Weather Station Model HP-2000. The surface
and back surface temperature values of each PV module were
logged using a Taiwan made Prova-830, Paperless Recorder.
Two thermocouples were fixed on each PV module, one
on its surface and other on its back. A total of eight K-type
(Nickle-Chromium) thermocouples were used for recording
of surface and back surface temperature. The electrical
characteristics of each PV module like voltage (V), current
(A) and power (W) were recorded through Taiwan made
Prova-210, PV Analyzer. The installed experimental setup
comprised of weather station, PV modules, thermocouples
and data loggers as shown in Figure 1.

The data loggers were being connected with power output
of PV modules, and interfaced with computer in order to store
the recorded data for further analysis. The voltage, current
and power of each PV module was recorded approximately
with an average of 35 seconds. The readings were recorded
on hourly basis from 07:00 to 18:00 hours Pakistan Standard
Time. The data loggers were calibrated with standard of
ISO-9002 Regulation before start of recording respective
parameters. The power output (Pmax) of PV modules were
directly measured with Prova-210, whereas, the normalized
power output , and module temperature of PV modules were
determined using Eq. (2), and (3) respectively.

RESULTS and DISCUSSION

The values of ambient temperature, solar radiation, wind
speed and relative humidity as well as module temperature,
and output voltage, current and power of PV modules for
three winter months from January to March, 2016 were
recorded on hourly basis.

Climatic Conditions

The hourly average ambient temperature (Ta), global
solar radiation (GSR), wind speed (Vw) and relative
humidity (RH) during study period are shown in Figure 2. In
all three months, the maximum average ambient temperature
was 29.1°C at 16:00 hours and minimum 13.13°C at 07:00
hours. The maximum GSR was found 726.9W/m* at
13:00 hours and minimum 20.4W/m? at 07:00 hours. The
maximum Vw was recorded 2.5m/sec at 13:00 hours and
minimum 0.8m/sec at 07:00 hours. When the level of GSR
and Ta were low the RH was high with 84.0%, and when the
intensity of GSR and Ta was high the RH was 24.7%. It is
deduced from the analysis that relative humidity is inversely
proportional to the intensity of global solar radiation and
ambient temperature.

Photovoltaic Module Temperature

The hourly average values of GSR, Ta and PV modules
temperatures (Tm) of winter months are shown in Figure 3.
The average hourly maximum Ta was noted as 29.1°C at
16:00 hours. The hourly average maximum values of PV
modules temperatures (Tm) from polycrystalline (Tm,p),
monocrystalline(Tm,m), amorphous (Tm,a), and thin
film technologies (Tm,t) were 49.4, 49.9, 48.8 and 48.2°C
respectively at 13:00 hours and minimum 21.0, 18.3, 19.9
and 19.3°C respectively at 07:00 hours. It was observed
that monocrystalline module attained more temperature
between 09:00 to 15:00 hours. After the execution of highest
temperature, its temperature was being quickly reduced
among other examined PV modules. Moreover, it is found
that thin film module accomplished and released temperature
slowly and gradually.

Power Output of Photovoltaic Modules

The polycrystalline module produced maximum voltages
34.2V at 09:00 hours when module temperature was less than
STC conditions, and minimum 27.2V at 18:00 hours when
level of solar radiations and PV module temperature was
less. The polycrystalline module produced 2.0V, 2.9V and
10.9V less than average maximum voltages, rated voltages
and open circuit conditions respectively. Besides that, the
maximum recorded current was 0.9A at 13:00 hours when
the module temperature was high and minimum current was
0.02A at 07:00 hours when the module temperature was less.
It is discovered from analysis, when module temperature
was high the polycrystalline produced more current and less
voltage as shown in Figure 4.

Figure 5 shows the results of monocrystalline module.
The monocrystalline module produced maximum voltage of
17.5V at 08:00 hours when the module temperature was less
than STC conditions and minimum 14.0V at 18:00 hours.
The monocrystalline module produced 0.9V, 1.2V and 5.2V
less voltages than the average maximum voltages, rated
voltages and open circuit conditions respectively. Besides
that, the maximum recorded current was 1.72A at 13:00
hours when module temperature was high and minimum
0.04A at 18:00 hours when module temperature was low. It
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is discovered from analysis, when module temperature was
high, the monocrystalline produced more current and less
voltages from the average values.

In contrary to the polycrystalline and monocrystalline
PV modules, the amorphous module produced maximum
voltages 21.7V at 08:00 hours when module temperature
was slightly more than STC conditions, whereas minimum
17.3V at 18:00 hours as shown in Figure 6. The amorphous
module produced 2.2V and 8.8V less than its rated voltages
and open circuit conditions respectively. Besides that, the
maximum recorded current was 1.17A at 13:00 hours when
module temperature was 48.7°C and minimum 0.02A at
18:00 hours when module temperature was 28.2°C. It is
discovered from analysis, when module temperature was
high, the amorphous produced more current and less voltage
than maximum.

The thin film PV module produced maximum voltage of
40.7V at 09:00 hours when module temperature was 30.6°C,
and minimum 30.0V at 18:00 hours as shown in Figure 7.
The thin film module produced 5.4V and 25.4V less than
its rated voltages and open circuit conditions respectively.
Besides that, the maximum recorded current was 1.0A at
12:00 hours when module temperature was 46.6°C and
minimum 0.02A at 18:00 hours when module temperature
was 26.7°C. It is discovered from analysis, when module
temperature was high with 48.2°C, the thin film produced
slightly more current and less voltage than maximum value.

It is revealed that the module temperature is directionally
proportional to the ambient temperature and voltages are
inversely proportional to the module as well as ambient
temperature. It is because the voltage output was found
dropping when the module temperature was increasing than
standard test conditions, however, the current output was
slightly increasing.

Normalized Power output of PV Modules

The maximum power output of polycrystalline,
monocrystalline and amorphous modules were recorded as
74.1%, 68.1% and 57.5% respectively at 13:00 hours and
from thin film 74.8% at 12:00 hours as shown in Figure 8.
The minimum power output of polycrystalline was 1.9%,
monocrystalline 2.7%, amorphous 1.8% and thin film 2.2%
at 07:00 hours. Generally, polycrystalline produced 41.6%,
monocrystalline 38.6%, amorphous 32.0% and thin film
40.5% of their rated power output. It is observed that the
polycrystalline module produced 6.0% more power than
monocrystalline and 17% than amorphous at 13:00 hours
when the ambient as well as module temperatures were
high. It is revealed that polycrystalline performed well and
amorphous worse than their counterpart modules during
study period.

CONCLUSIONS

It is found from the study that the hourly average
maximum ambient temperature during analysis period at
the location was 29.1°C, global solar radiation 727.0W/m?,
wind speed 2.5m/sec and relative humidity 84.0%. It was
discovered that monocrystalline module attained 0.6°C,
1.2°C and 1.7°C more temperature than polycrystalline,
amorphous and thin film modules respectively. Therefore,
monocrystalline is more sensitive to temperature than other
examined modules.

The polycrystalline and monocrystalline produced
maximum voltages when the module temperature was less

than standard test conditions, and amorphous and thin film
produced higher voltages when module temperature was
slightly above standard test conditions. The maximum
current output from all examined modules was recorded
at 13:00 hours when module temperature was high except
thin film, which gave maximum current at 12:00 hours. It
was also found that the module temperature is directionally
proportional to the ambient temperature, and output voltage
is inversely proportional to the ambient temperature.

The polycrystalline produced 41.6%, monocrystalline
38.6%, amorphous 32.0% and thin film 40.5% of their
rated power output. It is observed that the polycrystalline
module produced 6.0% more power than monocrystalline
and 17% than amorphous at 13:00 hours when the ambient
as well as module temperatures were high. It is revealed that
polycrystalline performed well and amorphous worse than
their counterpart modules during study period.
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Module Parameters Units | Module Technologies
Polycrystalline silicon | Monocrystalline | Amorphous Thin film
(p-Si) silicon (a-si)
(c-Si)
Manufacturer SANAK SK UNION | SANAK SK SHENZHEN GS-SOLAR (FU-
UNION TOPRAY SOLAR | JIAN)
TPS-113
Model -- SUN-40P SUN-40M TPS-40 GS-50
Open circuit voltage (Voc) |V 43 21.5 29 62
Short circuit current (Isc) A 1.29 2.55 2.3 1.42
Rated Voltage (Vmax) \% 35 17.5 18 43
Rated Current (Imax) A 1.14 2.29 2.2 1.17
Rated Power (Pmax) W 40 40 40 50
Testing condition STC | STC STC STC STC
PV module expose area m? 0.27470 0.242094 0.765072 0.744198
with sun
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Figure 2. Daily average hourly climatic parameters versus time
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Figure 5. Hourly average ambient temperatures, module
temperature, voltage and current of monocrystalline module
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Figure 6. Hourly average ambient temperatures, module
temperature, voltage and current of amorphous module
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Figure 3. Hourly average global solar radiations versus ambient
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Figure 7. Hourly average ambient temperatures, module
temperature, voltage and current of thin film module
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Figure 4. Hourly average ambient temperatures, module
temperature, voltage and current of polycrystalline module
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Figure 8. Hourly average normalized power output of selected
modules



