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Abstract

One of the most important things to consider when choosing the type of solar cells
when purchasing is efficiency, which is the most important thing that distinguishes
a solar cell from another. The efficiency of the solar cell is influenced by weather
factors such as wind speed, dust, relative humidity, and heat; the aim of this paper
is to study the effect of solar cell temperature on its performance, using one-diode
equivalent circuit model. This paper analyzed the relation between solar cell oper-
ating temperature with the slope of I-V characteristics curve, slope of P-V charac-
teristics curve at each point as well as the PV module efficiency. Temperature
changes have an impact on the slope of 1-V and P-V characteristic curves, and an
increase of 0.086 percent in temperature reduces the PV module's efficiency.
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Nomenclature

| PV Module Output Current (A) Rs Module Series resistance (ohm)
lov Photocurrent at constant source (A) Rsh Module Parallel resistance (ohm)
lo Diode Reverse Saturation Current (A) Voy Module Output Voltage (V)
q Charge of Electron (coulomb) Pov Extracted PV Power (W)
K Boltzmann's Constant (J/K) G Solar Irradiance (W/m?)
A Diode Ideality Factor \ Thermal Voltage (V)
T Module Temperature (K) N Number of Series cells
| PV Cell Efficiency (%) NsTC Power Efficiency at STC (%)
Y Solar Radiation Coefficient (°C™) Bref Temperature Coefficient (K ™)
Tc Operating Temperature (°C) Tste  Module Temperature under standard conditions (°C)

1. Introduction

With the continued shortage of non-renewable energy sources and environmental degradation, the development and use
of renewable energy has become very important. The greatest interest among many renewable energy sources is in solar
energy, due to its availability and cleanliness, and among many solar energy sources, the greatest interest is in photovoltaic
cells and the reliance on them is increasing steadily to compensate for the future global need for energy and reduce envi-

ronmental problems [1].
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1.1 PV Cell

The main component of the PV System is the PV Cell, the main types of PV cell are Monocrystalline, Polycrystalline,
Amorphous and Thin Film Silicon Cells, but the most common commercial types are the first two types. PV Cell is an
electronic component which generates electricity when exposed to light through a process called photovoltaic effect. A
photovoltaic cell is manufactured from semiconductor materials (p-n junction) that take in the photons emitted with the aid
of the solar and generate current (flow of electrons), as shown in Fig. 1 [2].
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Figure 1. PV Cell [2].
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The PV Cell have two layers of silicon, the upper layer is doped with phosphorus atoms (one more electron than silicon)
and lower layer which is doped with boron atoms (one less electron), the first layer becomes the positive terminal and the
second one becomes the negative. At the junction of the layers, an electrical field is created. Electrons and holes are guided
to the electrical connections on both sides before flowing to the external circuit in the form of electrical energy. This ge-
nerates direct current. The two main factors that affect the electric carriers’ generation are light flux and the semiconductor
absorption capacity. The absorption capacity depends on many factors like semiconductor bandgap and temperature. The
solar irradiance consists of low and high energies photons compared to the PV cell bandgap, the high energies photons are
the ones that create electricity, however only the energy which identical to bandgap is used and the remaining energy is
wasted as heat in the PV cell body [3].

1.2 Effect of Temperature on PV Performance

One of the important weaknesses of solar cells is their vulnerability to PV Cell heat; therefore, in designing the PV Cell,
the temperature effect should be considered. The efficiency of PV cells decreased by the cell temperature increasing, and
this should be considered especially in the regions that have high climate temperature. Through PV cells different modeling,
the effect of temperature and other parameter can be analyzed [4].

The PV cells efficiency is decreased by around 0.5%°K, and the quick temperature change on the cell back part can be
solved by adding additional layer, therefore increasing the efficiency [5].

Through simulation software and experimental, it is clear that the cell temperature has a strong effect on output voltage
decreasing, which leads to inefficient output power production [6].

At constant irradiance of 1000 W/m?* a simulation study shows that there is a relationship between temperature and
output I-V and P-V characteristics curves of PV module, and linear relationship between temperature and PV model effi-
ciency, as increasing the temperature decreased the model efficiency [7].

1.3 Effect of weather conditions on PV Performance

The PV performance is affected by variant weather parameters such as Temperature, Irradiance, Shading, Wind Velocity,
Dust and Humidity; however, the most effective parameter is the solar irradiance [1, 8].

Temperature and Irradiance parameters, that make a variation of operating conditions form the standard ones, affect the
actual output so it would be only 40-75% of the rated output [9].

The Wind Velocity effect on PV cell performance was studied through thermodynamic modeling, and it found that the
wind velocity has a direct correlation with thermal convection loss and with efficiency as well as energy & exergy effi-
ciencies and destructions (which increase the output power production), and inverse relationship with irradiance and in-
ternally stored thermal loss (due to the decreasing in cell temperature). At constant temperature of 300 ‘K, the increasing of
wind velocity from 1 m/s to 12 m/s increased the energy efficiency from 15.66% to 16.5% and increased the exergy effi-
ciency from 16.78% to 17.68% [10, 11].

The Dust accumulation has a negative effect on PV cell performance because the dust accumulation affects the amount
of solar irradiance that the PV cell receives. Experimental test on a PV cell exposed to dust in dry days, results to a de-
creasing in the output power of the cell by 10.8% [12].
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The effect of dust accumulation depends on the dust material, in experimental study 3 different materials were tested,
that are plaster, cement and borax, the borax shews minimum effect while plaster shew the highest impact. The highest
effect on the PV cell minimum efficiency was 25.8% decreasing compared to clean cell [13].

The effect of dust depends also on the exposure duration, this effect was investigated through experimental compared
with theoretical method, and it found that the effect of dust exposure duration on the PV cell efficiency varies from 6.24%,
11.8% and 18.74% based on one day, one week and one-month exposure periods [14].

The Humidity has effect on PV cell performance as well; increasing the humidity decreases the PV cell power output and
cell temperature. Experimental study shows that increasing the humidity with around 50% decreased the cell power output
by around 32%, also increasing the humidity from 65% to 98% decreased the cell temperature by around 11.5% [15].

The humidity effect varies with deferent PV cell materials, Monocrystalline or Polycrystalline. Experimental study on
both types was made for one year shew that both type’s efficiencies and power outputs were affected by increasing the
relative humidity, but the polycrystalline is more sensitive to relative humidity. By increasing the humidity from 10% to
50%, the power output of monocrystalline and polycrystalline was reduced by 37.5% and 46.2% respectively, and the
efficiency was reduced from 18% to 11% and 13% to 7% respectively [16].

2. Photovoltaic Models
2.1 Equivalent circuit models

The PV Cell or Model performance could be studied using this type of models by studying the 1-V curve for the cell.
These parts of this model are current feed, diodes and resistors, and the equation for each model depending on the parts it
contains, as below: [17].

a) The 1-Diode Model, and its equation is as follows;

I'=1Ipy Iy [exp (NQV—VT) 1] 0

where I, is the photocurrent delivered by constant current source, lo is the reverse saturation current corresponding to the
diode, V7 is the thermal voltage (V1 = kT/q, where k is the Boltzmann constant, T the temperature expressed in kelvin, and
q is the electron charge), a is the ideality factor, and N is the number of series-connected cells in the PV system (N = 1 in
case of a single cell).
b)  The 1-Diode — 1 Resistor Model, and its equation is as follows;

I'=1Ipy Iy [exp (V“RS) 1] @)

Where R; is the series resistor.
c) The 1-Diode — 2 Resistor Model, and its equation is as follows;

V+IRg V+IRg
I =Ipy — Io[exp( )— ]— 3
Where Ry, is the shunt resistor.
d) The 2-Diode — 2 Resistor Model, and its equation is as follows;
V+IRg V+IRg V+IRg
I=1Ipy —Ip; [exp( ) - 1] Iy [exp( ) - 1] - 4)

NaiVr NaVr Rsp

The Fig. 2 illustrates four types of equivalent circuit model [17].
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Figure 2. Four different equivalent circuit models: (a) 1-diode; (b) 1-diode/1-resistor; (c) 1 diode/2-resistor; (d)
2-diode/2-resistor [17].
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From equation (1) and knowing that voltage (V1 = kT/q, where Kk is the Boltzmann constant, T the temperature expressed
in kelvin, and q is the electron charge), then the equation could be written as per below format: [17].

14
I=1Ipy — Iy [exp () - 1] 5)
The P-V characteristics curves of the PV model can be described using equation (6) as follows; [7].
Ppy = Vpy X Ipy (6)

Where Ppy is the extracted PV power (W), Vpy is the module output voltage (V) and lpy is the module current (A)
2.2 Thermodynamic Model

Satisfying entropy and exergy balance equations referring to energy balance and 1% and 2™ laws of thermodynamics,
model equations will not be discussed as the study will consider the first model (equivalent circuit), however Fig. 3 shows
the physical and thermal-network model [1].
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Figure 3. Original physical model and thermal-network model [1].

3. Results and Discussion.

This paper analyzed the effect of temperature on PV output characteristics curves and efficiency, theoretically through
equivalent circuit model. Based on 1-Diode Model, so equation (5) will be considered in the study. The chosen PV model is
included in the Appendix A. The equation and results were analyzed using Microsoft Excel. Some parameters in the equ-
ation will be considered as below:

Datasheet: Under Standard Test Conditions (STC)

IPV: 10.01 A [Datasheet].

lo: 0.013 nA [Manufacturer Data] and, the value is realistic compared with another research results [18].

q: 1.602*10™ C [19, 20].

K: 1.38*10% JK™*[19, 20].

A:1.19[17, 21].

Where model datasheet and manufacturer data are included in Appendix A.

3.1 Temperature effect on Output I-V Curve:

The output I-V characteristic of PV cell is affected with varying the cell temperature at constant solar irradiance (1000
W/m?) [Datasheet]. Fig. 4 shows the |-V characteristics curve based on the various PV cell temperatures (10°C, 25°C, 40°C,
60°C and 75°C). Analyzing the figure, the output voltage is decreased gradually by increasing the cell temperature.

3.2 Temperature effect on Output P-V Curve:

The output P-V characteristic of PV cell is affected with varying the cell temperature at constant solar irradiance (1000
W/m?) [Datasheet]. Fig. 5 shows the P-V characteristics curve based on the various PV cell temperatures (10C, 25°C,
40°C, 60°C and 75°C). Analyzing the figure, the output Power is decreased gradually by increasing the cell temperature.
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Figure 4. Output I-V characteristics curve of the PV module with variant temperatures.
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Figure 5. Output P-V characteristics curve of the PV module with variant temperatures.
3.3 Temperature effect on PV Efficiency

The effect of cell temperature on PV cell efficiency was analyzed through Microsoft excel and using the below equation:

N = Ngr¢[1 = Bres (Te — Tsre) + v10g10G] (7)

where 7 is the PV cell Efficiency, nSTC is power generation efficiency of silicon-based solar cells under standard test

conditions; y is the solar radiation coefficient; and pref is the temperature coefficient (K') at reference conditions, G is the

solar irradiance of silicon-based solar cell under operating conditions (W/m?); TC is the operating temperature (°C); TSTC

is the module temperature under standard conditions, below parameters will be considered in the equation (7): [22].
Datasheet: Under Standard Test Conditions (STC)
nSTC: 19.2% [Datasheet].
y: - 4.66%10° [22].

Bref: 0.36 % °C™*

[Datasheet].
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G: 1000 W/m? [Datasheet].

TSTC: 25°C [Datasheet]

At constant solar radiation (1000 W/m?) [Datasheet], The PV Cell efficiency shows reversible linear relation with its
temperature, and the same for open-circuit voltage, while the short-circuit current is more stable. Fig.6 shows the PV cell
Efficiency based on various PV cell temperatures (10°C, 25°C, 40°C, 60°C and 75°C).

Comparing the research results and graphs with the Manufacturer data sheets, we found that both graphs are corres-
ponding, taking in consideration that the graphs in data sheets are measured based on the model (number of cells 72 x 2).
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Figure 6. PV Cell Efficiency with variant temperatures.
4. Conclusions

The effect of PV Cell temperature on its performance for the chosen model was investigated and analyzed using
equivalent circuit model equation and another equation which has a relation between PV cell temperature and efficiency.
The following conclusions are reached after analyzing the data using Microsoft Excel:

1) temperature has reversible relation with output voltage at constant irradiance with around 0.3%/ °C, which make
an effect on the I-V characteristics curve of the PV Cell.

2) The output Power is decreased by increasing the PV cell temperature with around 0.4%/ °C, which make anfeft
on the P-V characteristics curve of the PV Cell.

3) The Cell efficiency has a liner reversible relation with its temperature; the efficiency is decreased with 0.069%

/°C.

All graphs resulted from the data analysis were compared to the model manufacturer datasheet graphs, and they were
corresponding.
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Appendix A Datasheet
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ELECTRICAL DATA | STC* MECHANICAL DATA
Ccs3u 380MS 385MS 390MS 395MS 400MS  Specification Data
Nominal Max. Power (Pmax) 380W 385W 390W 395W 400W  Cell Type Mono-crystalline
Opt. Operating Voltage (vmp) 40.0V 40.2V 404V 40.6V 40.8V  Cell Arrangement 144 [2X(12X6)]
Opt. Operating Current (Imp) 9.50A 958V 9.66 A 9.73A 9.81A Dimensions 2000 X992 X35 mm
Open Circuit Voltage (Voc) 47.8V 48.0V 482V 484V 486V (78.7 X39.1 X1.38 in)
Short Circuit Current (Isc) 10.01 A 10.09A10.17A10.25A 10.33 A  Weight 22.5 kg (49.6 Ibs)
Module Efficiency 19.2% 19.4% 19.7% 19.9% 20.2%  Front Cover 3.2 mm tempered glass
Operating Temperature -40°C ~ +85°C — Anodized aluminium alloy,
Max. System Voltage 1500V (IEC/UL) or 1000V (IEC/UL) crossbar enhanced
_ TYPE 1 (UL 1703) J-Box IP68, 3 bypass diodes
Module Fire Performance
or Class C (IEC 61730) Cable 4 mm? (IEC), 12 AWG (UL)
Max. Series Fuse Rating 30A Cable Length Portrait: 400 mm (15.7 in) (+) / 280 mm (11.0
Application Classification Class A (Including Connector) I:ng%!gg%i?ﬁ:&}ggﬂ?% Eﬁﬁf('e% iny*
Power Tolerance 0~+10W Connector T4 series or H4 UTX or MC4-EVO2

* Under Standard Test Conditions (STC) of irradiance of 1000 W/m?, spectrum AM 1.5 and cell
temperature of 25°C.

Per Pallet 30 pieces
Per Container (40' HQ) 660 pieces

* For detailed information, please contact your local Canadian Solar sales and technical

ELECTRICAL DATA | NMOT* representatives.
Ccs3u 380MS 385MS 390MS 395MS 400MS
Nominal Max. Power (Pmax) 283W 287 W 290W 294W 298 W

. TEMPERATURE CHARACTERISTICS
Opt. Operating Voltage (Vmp) 37.2V 374V 376V 37.8V 38.0V

Opt. Operating Current (Imp) 7.60A 7.66A 7.72A 7.78A 7.84A  Specification Data

Open Circuit Voltage (Voc) 44.8V 450V 452V 454V 456V Temperature Coefficient (Pmax) -0.36 % / °C

Short Circuit C t (I 8.08A 814A 820A 827A 833A o

£ '“‘f' Hrrent{ sc? — Temperature Coefficient (Voc) -0.29%/°C

* Under Nominal Module Operating Temperature (NMOT), irradiance of 800 W/m?, spectrum

AM 1.5, ambient temperature 20°C, wind speed 1 m/s. Temperature Coefficient (Isc) 0.05% /°C
Nominal Module Operating Temperature 42 +3°C
PARTNER SECTION

* The specifications and key features contained in this datasheet may deviate slightly from
our actual products due to the an-going innovation and product enhancement. Canadian
Solar Inc. reserves the right to make necessary adjustments to the information described he-
rein at any time without further notice. Please be kindly advised that P¥ modules should be
handled and installed by qualified peaple who have professional skills and please carefully
read the safety and installation instructions before using our PV modules.

CANADIAN SOLAR INC.
545 Speedvale Avenue West, Guelph, Ontario N1K 1E6, Canada, www.canadiansolar.com, support@canadiansolar.com

May, 2020. All rights reserved, PV Module Product Datasheet V5.61_EN
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