\

 (
ENERGY, ENVIRONMENT AND SOCIETY
)





Lecture Notes

Chapter 6
Solar Cell (PV Technology)

Lecturer:
Associate Prof. Manchan Tiwari

2022, October


Table of Contents
1.	Solar Photovoltaics	5
1.1.	Energy in Light (Photon Energy)	5
2.	Solar Cell	6
2.1.1.	Working of a solar PV cell.	6
2.1.2.	Solar Cell	7
2.1.3.	Solar Modules and Array	7
2.1.4.	Types of Solar Cells	8
2.1.5.	Characteristics of Solar Cells	9
2.1.6.	Solar PV terminologies	10
2.1.7.	Open Circuit Voltage (Voc)	11
2.1.8.	Short Circuit Current	11
2.1.9.	Voltage at Maximum Power (Vmp)	11
2.1.10.	Current at Maximum Power (Imp)	11
2.1.11.	Fill Factor (FF)	11
2.1.12.	Total Area Efficiency	11
2.1.13.	Factors Effecting Durability of Solar Cells	12
3.	Solar PV Systems	13
3.1.	Grid Connected Photovoltaic Systems	14
3.2.	Stand-Alone Photovoltaic Systems	14
3.3.	Advantages of Solar PV	14
3.4.	Limitations of Solar PV	14
4.	References	15



Learning Objectives of the Lecture:
To impart basic knowledge to undergraduate students on the topic of:
· Solar Photovoltaics
· Solar PV Cell, Module and Array
· Types of Solar Cell
· Solar PV Systems
[bookmark: _Toc116218377]Solar Photovoltaics
Solar photovoltaics refers to utilization of solar radiation to generate electrical energy using conversion device such as solar photovoltaic (PV) cell. The amount of electricity or electrical energy generated depends on intensity of solar radiation, size of solar cell, type of semiconductor material and ambient temperature (Sharma & Hasan, 2009). Unlike most of the electricity generation systems, the solar PV cell does not need working fluid such as steam or air, or any mechanical cycle for the conversion of the primary solar energy into electricity. Hence, a photovoltaic system is reliable, simple and convenient without any moving parts (Singal, 2011). Solar cell is a basic unit of a photovoltaic system.
[bookmark: _Toc116218378]Energy in Light (Photon Energy)
The transfer of energy through light occurs in discrete pieces and not continuously. Quantum is the smallest unit of energy and quantum of radiant energy is called a photon (Singal, 2011). The energy carried by a photon is proportional to the frequency of the radiation as stated by Planck’s law as shown in equation below.
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· Where, 
· Ep = Photon energy
· H = Planck’s constant (6.67 x 10-34 J-s)
· v = frequency of radiation (herz)
· c = speed of light (2.997925 x 108 m/s)
· λ = wavelength of radiation (m)
The solar radiation is composed of photons and has energy value equal to its frequency times Planck’s constant. This energy is utilized by solar cell. 
[bookmark: _Toc116218379]Solar Cell
Solar cell is a photovoltaic device, composed of p-n semiconductor junction, which converts the light energy into electrical energy based on the principles of photovoltaic effect. The photovoltaic effect is the creation of voltage or electric current in a material upon exposure to light. The photovoltaic effect can be observed in nature in a variety of materials, but the materials that have shown the best performance in sunlight are the semiconductor. When photons from the sun are absorbed in a semiconductor, they create free electrons with higher energy. Once the electrons are created, there must be an electric field to induce these higher electrons to flow out of the semiconductor to do useful work. 
[bookmark: _Toc116218380]Working of a solar PV cell.
 (
Figure 
1
: Working of Solar Cell
)[image: ]A solar cell consists of P-type semiconductor and n-type semiconductor. Generally, n-type are made from crystalline silicon that has been doped with tiny quantities of impurities (usually phosphorus) such that it possesses a surplus of free electrons. P-type semiconductor are also made from crystalline silicon, but are doped with small amount of impurity (usually boron) which results in deficit of free electrons known are holes. A p-n junction is created by joining the dissimilar semiconductors which sets up electric field in the region. Although, the semiconductors can be made from other elements than silicon, we shall be considering semiconductors based on silicon for the purpose of simplicity. 
Light can be considered as stream of tiny particles of energy, called photons. When the photons from the light fall within the p-n junction, they can transfer their energy to some of the electrons in the material so promoting them to higher energy level. In their excited state the electron becomes free to conduct electric current by moving through the material (Boyle, 2013). Due to the absorbed energy, the free electrons are liberated and when an external circuit is used, it produces the DC current. The DC current is converted into 240 V AC current using an inverter for different applications. 
Over 95% of the solar cells produced worldwide are composed of semiconductor material Silicon (Si) (Boyle, 2013). As abundantly found in earth’s crust, silicon has the advantage of being available in sufficient quantities. 
[bookmark: _Toc116218381][image: pv cell, module, panel, and array graphic]Solar Cell
A commercially available solar cell with the dimensions of 15.6 cm x 15.6 cm, the electricity output is more likely rated at 0.5 V with 7 A DC current. It can produce around 3-4 Watts. 
[bookmark: _Toc116218382]Solar Modules and Array
 (
Figure 
2
: Solar Cell, Panel and Array
 (FSEC, 2022)
)Number of solar cells are combined either in series or parallel to form a solar panel or module to operate at desired voltage and current output. Standard module consists of 36 to 72 solar cells. A P-V module is made of very thin silicon wafer of around 300 micro meter in size. As it is very fragile, the layer of the module is protected from damage by sealing it between layer of toughed glass and layers of EVA (Ethyl Vinyl Acetate (S. Hasan & Sharma, 2009). Below the EVA layer, an insulating sheet is provided , while whole module is attached to an outer frame to provide strength to the module. 
Solar Array is a group of similar modules connected in series and parallel to increase the power delivered by the PV system. 
· To increase the system voltage maintaining the current, the panel are connected in series connection.
· To further increase the power by increasing the system current, the panel are connected in parallel connection.
 (
Figure 
3
: Series and Parallel Connection of Solar Panels
 (EPEVER, 2019)
)[image: What is a series or parallel connection? – EPEVER Blog]As shown in the figure 3, series and parallel connection of various panel of same capacity of 100 Watts and 12 V is shown. When two panels are used the power output is always 200 W, however the difference between series and parallel connection results in the change in output voltage hence varying the system voltage at which power generation takes place. In series connection, two panel results in system voltage of 24 V where as in parallel connection, the output voltage is 12 V. Consequently, the current rating of the system also changes which effects the wire sizing as well. In series connection the current rating is fixed while the voltage rating of the system is increase while in parallel connection, the voltage rating is fixed while the current rating is increased for the system. 
[bookmark: _Toc116218383]Types of Solar Cells
Monocrystalline PV Cell
Monocrystalline solar cells are those made from pure monocrystalline silicon that is, silicon with a single, continuous crystal lattice structure having virtually no defects or impurities. Monocrystalline silicon is produced from polycrystalline silicon in the sophisticated and expensive process. Due to which the monocrystalline cells are highly efficient but expensive. It has appearance of uniform blue color. These modules have efficiency in the range of 15% to 18% and are generally used in medium and large sized plants (Singal, 2011).
Polycrystalline PV Cell
Polycrystalline PV cells are easier and cheaper to manufacture than the monocrystalline PV cells, but are less efficient. Polycrystalline silicon essentially consists of small grains of monocrystalline silicon. It has appearance of irregular blue color. It has efficiency in the range of 12% to 14% (Singal, 2011).
 Amorphous PV Cell
In amorphous silicon (a-Si), the silicon atoms are much less ordered than in the crystalline forms described above.  Amorphous silicon cells are cheaper to produce than those made from crystalline silicon. It is also better absorber of light, so thinner (therefore cheaper) films can be used. The manufacturing process operates at lower temperature, hence less energy is required. However, a-Si cells are less efficient. The efficiency achieved is around 5% to 8% (Singal, 2011). 
[bookmark: _Toc116218384]Characteristics of Solar Cells
I-V and P-V characteristics at varying Irradiance levels
At constant cell temperature, with the increase in Irradiance, the current produced is increased significantly, whereas the voltage produced is also increased by slight amount. Due to which, the increase in irradiance results in increase in power produced by the solar cell. This is represented in Figure 4. 
I-V and P-V characteristics at varying temperature
At constant value of Irradiance incident on the solar cell, with the change in cell temperature, the voltage drop is significant as compared to the increase in current. Increased temperature increases the heat which causes electrical resistance to the flow of electrons. Hence, increase in cell temperature results in decrease in power produced, at constant Irradiance. The figure 5 illustrates the characteristics at varying temperature.

[image: ]
Figure 4: I-V and P-V characteristics at varying Irradiance (Saharia, 2014)
[image: ]
Figure 5: I-V and P-V Characteristics at varying temperature (Saharia, 2014)
[bookmark: _Toc116218385]Solar PV terminologies
· Open circuit voltage
· Short circuit current
· Voltage at maximum power
· Fill factor
· Efficiency
[bookmark: _Toc116218386]Open Circuit Voltage (Voc)
It is the maximum voltage generated by the cell under given conditions of light and temperature. Voc is the voltage when the load is open circuited, ie. the output current is zero. The output power at this point is again essentially zero. 
[bookmark: _Toc116218387]Short Circuit Current
It is the maximum current (in A or mA) produced by the cell under given conditions of irradiance and surrounding temperature. Isc is the current when the load is short circuited. The output power at this point is zero.
[bookmark: _Toc116218388]Voltage at Maximum Power (Vmp)
The voltage that results in maximum power output of a solar cell is called voltage at maximum power. Vmp is also called “rated” voltage of the cell
[bookmark: _Toc116218389]Current at Maximum Power (Imp)
The current that results in maximum power output of a solar cell is called current at maximum power. Imp is also called “rated” current of the cell.
[bookmark: _Toc116218390]Fill Factor (FF)
The fill factor is the ratio of actual maximum power Pmax to the unattainable but theoretical ideal power that would result from operating at short circuit current and open circuit voltage. 
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[bookmark: _Toc116218391]Total Area Efficiency
It is the ratio of electrical power output (Pmax) to the total light power incident on the entire cell area including frames, interconnects and pattern lines on the surface. 
[image: ]
Figure 6: I-V characteristics of typical silicon PV cell under standard test conditions
[bookmark: _Toc116218392]Factors Effecting Durability of Solar Cells
· Location
· Maintenance
· Soiling
· Environment
· Solar Cell Degradation
· Interconnections Effects of Solar Cell/Module
· Mismatch Effect
· Hot Spot Heating


[bookmark: _Toc116218393]Solar PV Systems          
A typical solar PV system comprises of solar panels/array used to power a given load which can be village load in a community or a specific load for a system such as water pump used for irrigation.
[image: ]
Figure 7: A typical solar PV system
The major components of a typical solar PV system are DC-AC power inverter, battery bank, system and battery controller (charge controller), auxiliary energy sources and sometimes specified electrical load. Some of the types of PV systems are:
· Grid Connected Photovoltaic systems
· Stand Alone Photovoltaic Systems

[bookmark: _Toc116218394]Grid Connected Photovoltaic Systems
These type of PV systems are interconnected with electric utility grid and operates parallelly. A power conditioning unit is the major component of such system which converts the DC power produced by the PV array into AC power consistent with the requirements of the electric grid. 
[bookmark: _Toc116218395]Stand-Alone Photovoltaic Systems
This type of system operates independent of the electric utility grid and are designated to supply power to specific AC or DC load. A simplest form of stand-alone PV systems is when the power produced from an array is directly used to operate DC load. In such case, due to absence of storage device such as battery, the load can only be operated during sunshine hours. However, many stand-alone PV systems use battery for storage of the power to operate the load outside of sunshine hours (Sharma & Hasan, 2009).
[bookmark: _Toc116218396]Advantages of Solar PV
· Absence of moving parts
· Direct conversion of light to electricity at room temperatures
· Does not require constant attention and can function on its own
· Low maintenance cost
· No environmental pollution
· Has very long life and is highly reliable
· No cost of fuel
· No starting time required 
· Solar PV system can be of varying size, used to operate small load, power a community of produce power in MW for a country. 
[bookmark: _Toc116218397]Limitations of Solar PV
· High initial cost
· Insolation is unreliable due to which storage devices are required
· Requires very large land areas
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