
PHOTOVOLTAICS



1.1 Photovoltaic Energy

1.1.1 Technology Description
Solar PV power is one of the fastest-growing 
energy resources globally and is now the second 
most deployed renewable energy technology across 
the world by installed capacity, after wind. (1)

1.1.2. A Solar Cell
Photovoltaics (PV), also called solar cells, are 
electronic devices that utilize the energy in the 
solar radiation by direct conversion into electricity.

Solar Cell Structure

A photovoltaic cell contains many layers, each with 
a specific goal. The specially treated semiconductor 
layer is the primary layer of the cell. It is comprised 
of two layers p-type and n-type silicon. Adding 
atoms like boron, which have one less electron in 
their outer energy level than silicon, results in 
p-type silicon. An electron vacancy or “hole” is 
generated because boron has one less electron 
than what is required to form bonds with the 
neighboring silicon atoms.

On the other hand, phosphorus atoms, for example, 
contain one extra electron in their outer level 
than silicon, resulting in n-type silicon. The outer 
energy level of phosphorus has five electrons. It 
bonds with the adjacent silicon atoms, but one 
electron is not involved in the bonding. It is 
instead free to roam about within the silicon 
atomic structure. 

A solar cell comprises two layers of p-type silicon 
and n-type silicon placed next to each other. In the 
n-type layer, there is an excess of electrons, and in 
the p-type layer, there is an excess of positively 
charged holes.

Working Principle 

The photovoltaic effect is closely connected to the 
photoelectric effect, in which the material released 
electrons after it absorbs light with a frequency 
higher than the material-dependent threshold 
frequency.
Sunlight is composed of photons. These photons 
carry different amounts of energy that corre-
spond to the different wavelengths of the solar 
spectrum.

When photons strike a PV cell, they may be re-
flected or absorbed or pass right through. The 
absorption of a photon in material means that its 
energy is used to excite an electron from an initial 
energy level to a higher energy level, leading to 
creating an electron-hole pair. 
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The energy will then be released, in order to use 
the energy stored in the electron-hole pair, the 
pairs must be separated, and the electrons must 
be collected in an external circuit, as illustrated 
in the graph below.

 Solar Cell Types

a. Monocrystalline Cells
Monocrystalline cells are made from a single pure 
silicon crystal that is cut into several pseudo-square 
shape wafers. Their dark black color differentiates 
them. The use of pure silicon makes monocrystal-
line cells the most efficient solar cells (16.5-22.6%)(3), 
with high power output. Monocrystalline cells are 
more expensive than other types since their 
production process is slow, labor-intensive, and 
resource-intensive.

b. Polycrystalline (Multicrystalline) Cells
polycrystalline, also known as multi-crystalline- are 
made from pure silicon. However, unlike monocrys-
talline, they are made up of several distinct silicon 
pieces rather than a single pure crystal.
The numerous silicon crystals in each solar cell 
make electron flow more difficult. Polycrystalline 
panels have a lower efficiency than monocrys-
talline panels due to this crystal structure. The 
efficiency ratings of polycrystalline panels will 
generally vary from 15% to 18%.(4) Polycrystalline 
solar panels are cheaper to produce than 
monocrystalline panels.

c. Thin-film Cells
Thin-film technologies are often referred to as 
second-generation solar PV; thin-film Cells are 
made from films that are much thinner than the 
wafers that form the base for mono and multicrys-
talline cells. Thin-film cells are made by depositing 
a thin layer of amorphous silicon (a-Si) or cadmium 

(1) IRENA (2019), Future of Solar Photovoltaic: Deployment, investment, technology, grid integration and socio-economic aspects, 
International Renewable Energy Agency, Abu Dhabi.
(2) Technical Application Papers No.10: Photovoltaic plants, ABB, 2010.
(3) https://www.cleanenergyreviews.info/blog/most-efficient-solar-panels 
(4) https://www.cleanenergyreviews.info/blog/most-efficient-solar-panels

Figure 1: How a photovoltaic cell works(2)



telluride (CdTe), or copper indium gallium selenide 
(CIGS) onto a solid surface, like glass. It uses less 
than 1% of the silicon needed for a crystalline cell.(5)

Thin-film cells are substantially less expensive to 
manufacture due to the lower cost of raw materials 
and a less energy-intensive manufacturing method. 
The efficiency of commercially available thin-film 
panels is typically in the 10–13% range.(6)

They have the lowest cost because of their low 
performance.

d. PERC CellS
The acronym PERC stands for “passivated emitter 
and rear contact,” also known as “rear cell.”  
An additional layer within the backside of the cell 
is added to the regular solar cells. PERC cells are 
more efficient than standard cells because of this 
extra layer, which allows more sunlight to be 
absorbed and converted into power.

Monocrystalline Polycrystalline Thin-film

Figure 2: Solar Cell Types(7)

Figure 3: Solar cells lab efficiencies (8)

e. Bifacial  Cells
Every solar cell is bifacial in principle if the backside 
isn’t coated in any way that prevents light from 
flowing through it. This cell type can be manufac-
tured using either monocrystalline, polycrystalline, 
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(5) Stephen Peake. 2018. “Renewable Energy: Power for a Sustainable Future,” 4th edition: Oxford University Press.
(6) https://www.solarreviews.com/blog/pros-and-cons-of-monocrystalline-vs-polycrystalline-solar-panels
(7) https://www.fuelcellstore.com/blog-section/components-of-a-photovoltaic-system
(8) https://www.nrel.gov/pv/cell-efficiency.html

or PERC wafers. Bifacial solar modules offer many 
advantages over traditional solar panels. They have 
higher efficiency compared to mono facial panels 
since they can capture light on two surfaces, in-
creasing the total energy generation. 
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f. Heterojunction Cells
Heterojunction solar cells blend the best qualities 
of crystalline silicon with those of amorphous sili-
con thin-film, where the absorber is n-type crystal-
line silicon (c-Si), and the p-region is formed by 
p-doped amorphous silicon. The insertion of a thin 
film with a wide bandgap increases the efficiency of 
the cell to reach its full potential.

Solar Cell Efficiency

Other cell technologies that function at substan-
tially higher efficiencies than the ones mentioned 
above have been developed, but their higher ma-
terial and production costs now prevent wide-
spread commercial use.
High-concentration multi-junction solar cells can 
attain efficiencies of up to 47.1 percent in the lab. 
Module efficiencies of up to 38.9% have been 
achieved using concentrator technology.

1.1.2.B PV system
Components of PV system:

Solar photovoltaic (PV) energy systems are com-
prised of various components. Each component 
has a distinct purpose. The system’s nature and 
function determine the type of components in 
the system.

○ Solar panel/module, the basic building block of 
a photovoltaic module, is the photovoltaic cell. 
The photovoltaic module/panel is an array of 
photovoltaic cells, where the type of module is 
determined by the cells that compose it. The 
module efficiency depends on the cell efficiency. 
It is worth noting that module efficiencies are 
lower than commercial cell efficiencies and com-
mercial cell efficiencies are lower than the best 
efficiency performance of cells in laboratories.  
PV modules’ DC output and performance are 
generally measured under standard test condi-
tions (STC), ensuring a relatively independent 
comparison and output evaluation of different 
solar PV. 

• STC is an industry-wide standard to demonstrate 
the performance of PV modules and specifies a 
cell temperature of 25°C and an irradiance of 1000 
W/m2 with an air mass 1.5 (AM 1.5) spectrum. 

Cell

Module Array

Figure 4: Solar Cell, Module, and Array (9)

The balance of the system (BoS) includes com-
ponents other than the PV modules, such as:

• The mounting structure is used to support the 
modules and direct them toward the sun. There 
are two types of racking, fixed-tilt and tracking 
systems; trackers are always more expensive 
than fixed-tilt. In order for a tracker to be eco-
nomically viable, the increased energy collec-
tion must outweigh the additional cost of in-
stalling and maintaining trackers during the 
system’s lifetime. Tracking systems require 
more area because they must be set apart to 
avoid shading. 

• DC-DC converters are used to convert the 
module’s variable voltage output, which varies 
according to the time of day and weather con-
ditions, to a fixed voltage output. It can be used 
to charge a battery or as an input for the invert-
er in a grid-connected system.

• Inverters are used in grid-connected systems 
to convert the DC electricity generated from 
the PV modules into AC electricity that can be 
exported to the grid.

• Cables are used to connect the various compo-
nents of the PV system to one another and the 
electrical load. To minimize resistive losses, it is 
critical to select cables of adequate thickness.

• Energy storage is an essential component of 
stand-alone systems since it ensures that the 
system can deliver electricity at all hours of the 
day and night and during periods of bad weather. 
Batteries are commonly employed as energy 
storage equipment.

Figure 5: PV system Diagram (10)

(9) https://www.frontiersin.org/articles/10.3389/fenrg.2015.00054/full
(10) https://www.solarreviews.com/content/images/blog/home-solar-power-system-diagram.png

Types of PV
Photovoltaic systems are classed based on their 
functional and operational requirements, com-
ponent configuration, and how they are coupled 
to other power sources and electrical loads.



Figure 6: Simplified Stand-alone PV System (11)

Figure 8: Hybrid PV System

(11) https://www.alternative-energy-tutorials.com/solar-power/stand-alone-pv-system.html
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• Grid-connected systems
A grid-connected PV system is one in which solar 
panels or arrays are connected to the utility grid 
via a power inverter unit, allowing them to oper-
ate in parallel with the grid. Electricity flows back 
and forth to and from the grid based on a billing 
arrangement with the utility.

• Hybrid systems
Hybrid systems consist of a combination of PV 
modules and a complementary method of elec-
tricity generation such as a diesel, gas, or wind 

1.1.2 Design Considerations
An array’s size (in kWp) can be specified accord-
ing to the available budget, available space, or 
zero annual electrical usage goal. This counts as 
the primary design criteria. However, the electric 
power that a PV installation can produce in a year 
depends above all on:

 Availability of the solar radiation;

 Orientation and inclination of the modules;

 The efficiency of the PV installation.

Demand Side

Studying the consumption pattern based on annual 
electricity bills is crucial to determine the base and 
maximum consumption loads. It is recommended to 
review the maximum yearly consumption over the 
last two to three years. For new premises, it is critical 
to estimate the consumption load, considering that 
the adopted assumptions may have significant un-
certainty.

Available Sun Resources

If the incidence angle of the sun’s rays were con-
stantly 90 degrees, the maximum efficiency of a 
solar panel would be achieved. The incidence of 
solar radiation fluctuates throughout the year 
depending on both location (latitude) and solar 
declination, which is defined primarily by two 
parameters:

 Tilt angle: inclination with respect to a horizontal  
      plane.

 Azimuth angle: which represents the deviation  
   with respect to the optimum direction to the  
     south (for the sites in the northern hemisphere)  

Figure 7: Grid-Connected PV System

• Stand-alone systems
Stand-alone systems rely on solar power only. 
These systems can consist of PV modules and a 
load only, including batteries for energy storage. 
When using batteries, charge regulators are in-
cluded, which switch off the PV modules when 
batteries are fully charged and may switch off the 
load to prevent the batteries from being dis-
charged below a specific limit.

generator. The complementary generation system 
bridges the gap between the load and the PV sys-
tem’s power output. Battery storage can help im-
prove overall system performance by ensuring that 
the amount of energy available meets demand.
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Figure 9: Azimuth and Tilt angles

    or the north (for the sites in the southern hemi 
     sphere).

The optimum inclination and orientation that al-
lows for the maximum solar radiation available 
can be determined through the following general 
rules:

 Tilt: local latitude with corrections that depend  
    on the clouds or the obstacles that cause shading.

 Azimuth = 0

The annual solar radiation for any location, as 
provided by numerous web resources, is obtained 
by statistical processing of data collected over 
multiple periods; also, these data are subject to 
weather variations from year to year.

Solar irradiation is commonly expressed in terms 
of kWh/m2. It can, however, be stated as daily 
peak Sun hours. (PSH), which is the equivalent 
number of hours of solar irradiance of 1kW/m2.

Array Sizing:

Array Size in kWP=
(Load in kWh per year)

(Annual Sun Hours*System Efficiency)

Energy Yield:
The AC energy output of a solar system is exported 
to the grid at the point of connection. The solar ar-
ray’s output is influenced by the following fac-
tors: 

 Average solar radiation data for selected tilt  
     angle and orientation.

 Module manufacturing tolerance, generally the  
    module does not deliver the power as stated in  
     the datasheet, and the manufacturers provide a  
     tolerance range for that.

 Temperature effects on the modules; The  
    impact of the increase in temperature on the  
     PV module manifests as a voltage drop, thereby  
     lowering the output power.

 Dirt impacts on the modules; Dirt accumulation  
     on the surface of PV panels may block light from  
    reaching the solar cells, thus reducing the amount  
   of energy generated.

 System losses; this indicates the losses in cables  
     both in the DC and the AC sides.

 Inverter efficiency.

The average annual energy yield can be calculated 
as follows:

Esys = 

Parray_STC x ƒman x ƒdirt x ƒtemp x Htilt x ŋ pv_inv x ŋ inv x ŋinv_sb
(12)

The de-rated output power of the module

where:

Esys  =  The average yearly energy output of the PV  
            array, in watt-hours 

Parray_STC = The rated output power of the array  
                   under standard test conditions, in watts 

ƒman = The de-rating factor for manufacturing  
             tolerance, dimensionless 

ƒdirt = The de-rating factor for dirt, dimensionless 

ƒtemp = Temperature de-rating factor, dimensionless 

Htilt = Yearly (monthly) irradiation value (kWh/m2)  
    for the selected site (allowing for tilt,  
            orientation) 

ŋ pv_inv = The efficiency of the subsystem (cables)  
                  between the PV array and the inverter 

ŋ inv = The efficiency of the inverter dimensionless

ŋ inv_sb = The efficiency of the subsystem (cables) 
             between the inverter and the switchboard.

Performance Ratio:

PR=
(Actual Output) 

(Calculated Nominal Output)

Performance ratio quantifies the overall effect 
of losses on the rated output due to: 

Inverter inefficiency, wiring, mismatch, other 
losses when converting from DC to AC power. PV 
module temperature, incomplete use of irradi-
ance by reflection from the module front surface, 
soiling or snow, system down-time, and compo-
nent failures.

(12) Clean Energy Council (2013), Grid-Connected Solar PV Systems: Design Guidelines for Accredited Installers.
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• Renewable Energy Source.
• Low Maintenance Costs
• Environment-friendly energy. 
• Silent energy provider 
• It helps in reducing the electricity bill. 
• Energy independence.

• Intermittent source
• The relatively high cost (initial cost,  
   land, storage)
• Land and space availability

Advantages Disadvantages

1.1.4 Applications

Power plants

PV panels can provide utility-scale power—from 
tens of megawatts to more than a gigawatt of 
electricity. These large systems, using fixed or 
sun-tracking panels, feed power into municipal 
or regional grids.

Rooftop systems

The size of rooftop-mounted systems is smaller 
compared to ground-mounted PV power plants 
with capacity in the megawatt range, hence being 
a form of decentralized generation. The majority 
of rooftop systems are Grid-connected. 

Figure 10: PV Power plant  in Somalia(13)

Figure 11: First Solar-Powered Village in Egypt(14)

(13)  https://nvisionenergy.com
(14) https://inhabitat.com/egypts-first-solar-powered-village-rises-from-the-desert-in-bahariya-oasis/#popup-873532
(15) Solar Power Europe (2019), Solar skins: An opportunity for greener cities, Solar Power Europe, Brussels, Belgium

Residential rooftop PV systems usually have a 
capacity of 5 to 20 kilowatts (kW), whereas 
commercial rooftop PV systems typically have 
a capacity of 100 kilowatts to 1 megawatt (MW). 
Industrial-scale PV systems ranging from 1 to 
10 megawatts can be installed on very big 
rooftops.

Building-Integrated PV (BIPV):

A new frontier is plants BIPV, Building Integrated 
Photovoltaics. Architectural integration is achieved 
by placing the PV field of the system in the profile 
of the building. BIPV solutions have several 
advantages. First, they are multifunctional as 
they can be adapted to various surfaces (e.g., 
roofs, windows, walls) as an integrated solution, 
providing passive and active functions. An essen-

Inverter Sizing

Many of the available inverters will have a voltage 
operating window. If the solar voltage is outside 
this window, the inverter might not function, or 
the solar array’s output might be significantly re-
duced.
When the temperature is at its highest, the Maxi-
mum Power Point Voltage (Vmp) of the array 
should never fall below the inverter’s minimum 
operating voltage.

At the coldest daytime temperature, the array’s 
open-circuit voltage (Voc) shall never be more 

than the maximum permissible input voltage for 
the inverter.

1.1.3 Advantages and Disadvantages 
One of the key benefits of photovoltaic technolo-
gy is that it is modular. Modularity allows for the 
construction of solar arrays from household 
scales to larger scales such as power plants. This 
could be reflected in the system’s financing, 
where it is possible to start with a smaller system. 
The modular nature will allow to gradually grow 
into the desired design by adding additional so-
lar panels at a later stage. 



12

Figure 12: BIPV in Jordan(16)

(16)  https://nvisionenergy.com
(17) https://solarbusinesshub.com/2015/05/30/kuwaits-pioneering-project-helps-co-operative-retailers-go-solar
(18) https://www.sokoyosolar.com/sokoyo-solar-lighting-projects-in-oman.html
(19) https://www.iloveqatar.net/news/general/tarsheed-photovoltoic-station

tial passive function is thermal insulation, as with 
any other construction material complemented by 
a unique active function – the PV component – 
which generates renewable electricity that can be 
directly used in the building. Second, they provide 
a cost-efficient solution; They offer potential 
cost-reduction benefits related to the savings on 
the roofing material and potential efficiencies and 
time-saving in labor/construction.(15)

 Figure 13: Small Solar Water Desalination Reverse 
Osmosis (Ro) System By Trunz Water Systems.

Solar-Powered Desalination

Membrane-based desalination techniques do 
not require heat, and they can be coupled with 
wind and solar power generation. With the fall 
in the cost of PV equipment and the increasing 
demand for desalination, more PV-powered 
membrane desalination plants can be expected 
in the coming years.

 Figure 14: Solar Carports in Kuwait.(18)

Solar carports

It is ground-mounted solar panels that provide 
shading to the vehicles parked underneath and 
are installed entirely independently of the 
building’s roof angle, shape, and orientation.

Solar Vehicles:

The sun may provide some or all of the energy 
required for the operation of ground, water, air, 
or space vehicles. For years, spacecraft have relied 
on solar photovoltaic systems to power their sys-
tems, avoiding the need for fuel or the weight of 
primary batteries.

Solar Lights: 

Solar lighting systems consist of a LED lamp, solar 
panel, and battery. It provides an economical, 
sustainable, and pollution-free source of light for 
roads and gardens. Solar lights have a lower 
operating price than kerosene lamps because 
renewable energy from the sun is free despite 
the high initial cost. 

 Figure 15: A Racecourse in Oman lighted up with 
solar lamps.(18)

Solar Chargers:

Solar chargers convert the solar energy into 
electricity to supply power to devices or store it in 
a battery bank. It can charge a battery bank up to 
48 V and up to 4000 Ah. In addition to the solar 
panel, solar chargers contain a voltage regulator 
that produces a range of charging voltages 
depending upon sunlight intensity.

 Figure 16: Solar charging station in Qatar (19)

Agrophotovoltaic

Agrophotovoltaic (APV) combines solar PV and 
agriculture on the same land and grows crops 
beneath ground-mounted solar panels. Although 
the concept was proposed long ago, it has received 



(20) IRENA (2019), Future of Solar Photovoltaic: Deployment, investment, technology, grid integration and socio-economic aspects (A  
        Global Energy Transformation: paper), International Renewable Energy Agency, Abu Dhabi.
(21) https://docplayer.net/159467779-Agri-voltaic-system-experiences-with-water-harvesting-systems.html
(22) Moharram K.A., Abd-Elhady M.S., Kandil H.A., El-Sherif H., (2013), “Enhancing the performance of photovoltaic panels by water  
        cooling,” Ain Shams Engineering Journal, Volume 4, Issue 4, Pages 869-877.
(23) https://www.eib.org/en/press/all/2019-078-school-rooftops-will-generate-solar-energy-for-16000-houses-in-the-west-bank
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Floating PV

The cost of the water surface is often lower than 
the cost of land, which is pushing the spread of 
floating PV. Floating solar is especially well-suited 
to Asia, where land is limited.

Solar PV-Thermal Systems

Solar PV-T systems combine the production of 
both kinds of solar energy in one collector. It 
comprises a solar PV panel coupled with a cool-
ing system in which a cooling agent is pumped 

 Figure 17: Agrophotovoltaic System Coupled 
With Rain Harvesting System in India(21)

Figure 18: MW floating PV system in Europe by 
Trina solar

1.1.5 Projects

little attention until recently, when several re-
searchers have confirmed the benefits of 
growing crops beneath the shade provided by 
the solar panels. (20)

around the PV panels to cool the solar cells so 
that the warm water or air leaving the panels can 
be used for household purposes such as home 
heating.(22)

School Rooftops (23)

Location: Palestine

Capacity: 35 MWp

Project Brief:
• Rooftop systems on 500 public schools will generate clean energy to power more than 16000  
   houses across the West Bank.
• It will result in relative emissions savings estimated at 31000 tons of CO2 equivalent annually.
• The participating schools expect to reduce their electricity bill by $1.2 million annually.

Status: The first phase, which includes 31 schools, was finalized in 2019.

Figure 18: Operational PV system from phase one school’s program
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Baalbeck PV Pumping Project (24)

Location: Lebanon

Capacity: 1.4 MWp

Project Brief:
• Solar PV pumping systems for 11 wells in 9 sites.
• The Expected daily water production from solar equals  6,214 m3/day.
• Expected yearly savings around 375,000 USD/year

Status: Operational

Figure 19: One of the nine sites of Baalbeck PV Pumping Project

(24) http://www.databank.com.lb/docs/IBEF%20Baalbeck%20solar%20pumping%20systems%20project.pdf
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Design

Grid-Connected Solar PV Systems, No Battery Storage: Design Guidelines for Accredited Installers. 2013.
Clean Energy Council.
Link: https://www.accc.gov.au/system/files/public-registers/documents/Application%20Attachment%20
L%20-%20Grid%20connected%20system%20design%20guidelines%20-%2015.05.20%20-%20PR%20
-%20AA1000514%20CEC.pdf

Design Software

1. System Advisor Model (SAM)
Link: https://sam.nrel.gov/download
a free techno-economic software model that facilitates decision-making for people in the renewable 
energy industry

2. PVWatts™ 
Link: http://www.nrel.gov/rredc/pvwatts/ or http://www.pvwatts.org
A free, internet-based model that calculates electrical energy produced by a grid-connected photovol-
taic system.

3. RETScreen® 
Link: https://nrcaniets.blob.core.windows.net/iets/RETScreenExpertInstaller.exe
free spreadsheet-based model for grid-connected and off-grid systems. 

1.1.6 Further Reading

Klaus Jäger, Olindo Isabella, Arno H.M. Smets, René A.C.M.M. van Swaaij, Miro Zeman.2014. Solar Energy 
fundamentals, Technology, and Systems. The Netherlands: Delft University of Technology.
Link: https://courses.edx.org/c4x/DelftX/ET.3034TU/asset/solar_energy_v1.1.pdf

Jerry Ventre and Roger A. Messenger. 2005. Photovoltaic Systems Engineering. New York: CRC Press LLC.
Link: https://moodle-arquivo.ciencias.ulisboa.pt/1516/pluginfile.php/2697/mod_folder/content/0/7_-_re-
mote_applications/messeger_2003_-_photovoltaic_systems_engineering.pdf?forcedownload=1

Steven Hegedus and Antonio Luque. 2003. Handbook of Photovoltaic Science and Engineering. Chich-
ester: John Wiley & Sons Ltd.
Link: https://kashanu.ac.ir/Files/Content/Handbook.pdf

Konrad Mertens.2014. Photovoltaics Fundamentals, Technology, and Practices. Chichester: John Wiley & 
Sons Ltd
Link: http://ndl.ethernet.edu.et/bitstream/123456789/87792/3/Photovoltaics%20Fundamental%20and.
pdf

Online Resources:
• https://www.pveducation.org/, “full detailed explanation of the PV technology.”
• https://www.pv-magazine.com/, “Recent news about PV technology.”
• https://globalsolaratlas.info/, “a global solar map.”




