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Abstract

Background Fossil fuel utilization is the biggest contributor to the emissions of greenhouse gases which are

the main reason for global warming. Solar energy photovoltaic (PV) technology is one of the most rapidly rising tech-
nologies and is a sturdy candidate to replace fossil fuels due to its versatility. Egypt receives high solar intensity which
makes it a perfect place for utilizing this technology. However, for the past years, the focus in Egypt was on using
solar energy for residential applications, henceforth a research gap was identified in studying the feasibility of using
solar energy for industrial applications in Egypt. To ensure the sustainability of this application, this feasibility study
addresses technical, economic, environmental, and social aspects.

Results A case study is investigated for utilizing solar PV panels for energy generation in Egypt at an industrial site.
A food factory was studied under three scenarios. Scenario 1 is the baseline case for the other scenarios with fixed
tilted PV panels and no storage, Scenario 2 is the same as Scenario 1 with difference in is the model of the PV panels
with no tracking or storage system. Scenario 3 has a vertical axis tracking system. Software was used to simulate

the performance of the three scenarios for 25 years. Results have shown that Scenario 1 and Scenario 2 had close
values of the annual energy production. However, Scenario 3 produces 2047 MWh annually which is considerably
higher. Finally, a sensitivity analysis is carried out to test the effect of some economic parameters on the financial
feasibility.

Conclusions All the three scenarios are found to be feasible. Scenario 1 has the shortest discounted payback period
with a net present value of 414,110.12 USD, a nominal levelized cost of energy of 0.022 USD/kWh, and avoided CO,
emissions of 14,898.993 tons. Although Scenario 3 has higher costs, it has higher energy production and better
impact on the environment with 18,891.435 tons of avoided CO, emissions. The paper concluded that a generaliza-
tion could be done about using solar PV systems in Egypt for energy generation to be sustainable and feasible techni-
cally, economically, and environmentally.
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biomass, and geothermal, are replenished by natural
means [2]. However, they are limited in their supply at
any given time [3].

Global energy demand is estimated to increase by 50%
by 2050. Moreover, by the end of 2021, the world energy
demand has risen by 4.6% compared to 2020 [4]. Conven-
tional energy resources are getting depleted rapidly, even-
tually this will result in an energy crisis with not enough
resources to produce energy that satisfies the global
demand. In the present day, non-renewable energy is the
dominant by far in the energy sector. According to [5], oil
counts for 33.06%, coal 27.04%, natural gas 24.23%, and
nuclear 4.27% of the global energy consumption; this shows
that non-renewable energy represents 88.6% of the market
while all the renewable energy sources combined accounts
for 11.4% [5, 6]. According to [7], if the emissions contin-
ued at the same rate, the atmosphere would warm up to
1.5° C above the pre-industrial levels by 2040. Incomplete
combustion of the fossil fuels can result in emitting carbon
monoxide, of which high concentrations can cause reduc-
tion in the amount of oxygen delivered to the body tissues,
respiratory health issues, and dangerous impacts on cardio-
vascular and central nervous systems. Additionally, prices
of fossil fuels are rising through the years. This makes
it clear that fossil fuels are not a sustainable resource of
energy. The tendency of the world is slowly but surely mov-
ing towards renewable energy as it provides cleaner, more
sustainable, and cheaper sources of energy.

Solar technologies are used to capture the radiation
from the sun and convert it to the desired form of energy.
Solar energy upper limit is around 120,000 TW of power
that is being delivered to Earth [8]. The intensity of the
solar radiation differs from one location to another [9].
There are two main categories of solar technologies that
are used to harness energy: photovoltaic, which is used
for electricity production [10], and solar thermal sys-
tems, which are used for heat generation [11]. Due to
the increasing investments, the solar PV technology
has experienced a large decrease in the prices by 82%
between 2010 and 2019 [12]. In 2023, prices for solar PV
modules have declined by 50% year-on-year, with manu-
facturing capacity tripled 2021 levels [13]. In 2022, global
consumption of non-power thermal coal and lignite rose
by 7%. Non-power uses accounted for 22% of overall
consumption in that year [14]. Industrial heat demand is
projected to expand by 16% globally by 2028, with China
and India together accounting for more than 50% of the
growth. Renewable heat developments are expected to
represent just over 30% of additional heat demand [13].
Henceforth, it is important to integrate a sustainable
resource of energy in the industrial sector to gradually
decrease the gigantic consumption of fossil fuels in this
sector.
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Opportunities for Egypt

Having abundant land, sunny weather, and high wind
speeds, Egypt is a perfect location for the usage of renew-
able energy resources; the East and West Nile areas have
the potential to produce around 31,150 MW of wind
power and 52,300 MW of solar [15]. Key aspect of Egypt’s
future vision is sustainability; now the energy production
exceeds the consumption. According to [16], in 2021,
Egypt has reached 4.16 quadrillion British thermal units
(Btu) of total energy production against 3.81 quadrillion
Btu of total energy consumption. The energy sector in
Egypt is dominated by fossil fuels with a total of 94.4%
in 2021[17]. Most of the energy is produced using natu-
ral gas with 55.1% followed by oil with 36.9%, then coal
consumption with 2.4%. On the other hand, renewables
in Egypt have a low share of 11.5% from the total energy
consumed in 2021. However, the energy produced by
renewables in Egypt has increased by 242.4% in 2022
compared to 2020 [18]. Egypt plans to generate 42% of
its needed electricity through renewable energy by 2035;
22% of that to be generated by photovoltaic panels (PVs)
and 14% through wind energy [19]. With the decrease in
its costs, solar energy has become the most cost-effective
resource of energy in 2020 [20], while in 2024, Egypt
ranks number 41 among emerging markets and num-
ber 68 in the global power ranking with a power score of
1.87 [21]. According to [22], industry absorbs 29% of the
total energy consumption in Egypt, with little research
addressing this sector. As recommended by [12], feasibil-
ity studies should be conducted in Egypt for the following
projects:

+ Solar-thermal power plants for both electricity gen-
eration and water desalination.

+ Solar-thermal power plants for industrial purposes.

+ Designing a technical-financial mechanism to pro-
mote the use of solar water heaters in Egypt’s resi-
dential sector.

+ Local manufacturing of renewable energy equip-
ment.

PV systems can be either on-grid or off-grid. On-grid
systems are connected directly to the nearest power grid
to feed the energy generated into it; thus, the system
does not need any type of batteries to store the energy.
On the other hand, off-grid systems are not connected
to the power grid. They use the electricity generated by
the PV system to directly power up the different appli-
cations which they are intended for. The off-grid sys-
tems are mostly utilized with batteries to store the excess
energy for future usage. Regarding the industrial sector
in Egypt, most of the utilized PV systems are connected
on-grid since it is not practical to power up the industrial
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applications directly by the PVs. This can be justified by
the low return on investment due to high costs and quick
deterioration rates of batteries in harsh environment like
that of Egypt, in addition to the negative environmen-
tal impact and footprint of batteries [23]. In Egypt, the
electricity prices for the industrial sector are even higher
than those for the residential sector [24]. Hence, an
increasing number of factories are considering the fea-
sibility of using solar PV systems, which agrees with the
recommendations by [12].

In this paper, a feasibility study of investing in using
solar energy for power generation at industrial sites in
Egypt is developed, hence addressing the first two sug-
gested topics by the International Trade Administration.
This study discusses the possibility of achieving sustain-
ability and decreasing emissions. Thus, environmental
and health hazards created from fossil fuels decrease.
The remainder of this paper is structured as follows: first
previous works on performing feasibility studies on using
solar PV panels in industrial applications are reviewed.
Second, methods of performing the economic, technical,
and environmental studies are described. Third, results
for three different scenarios are given with comparing
key indicators, sensitivity analysis, and sustainability
impact. Last, risks, limitations, and conclusions are given
for the study.

Previous feasibility studies on using solar PV panels
in industrial applications
A feasibility study addresses many factors that can lead
to success or failure of a project; these factors may be
technical, market, legal, and most importantly economic;
each makes a huge impact on the results of the study.
This section addresses some studies that took into con-
sideration all or some of these factors. Since this paper
is concerned with sustainability as well, previous studies
that considered the environmental impact were reviewed.
Based on the literature review, the research gaps were
identified, and contributions of this work are highlighted.
Throughout the past years, several research works
were dedicated to study the application of solar PV pan-
els for energy generation, however, most of those works
were oriented towards using it for residential applica-
tions. Since the scope of this work is the industrial sec-
tor, only works on such applications were considered. In
[25], the possibility of using solar energy at the copper
mining industrial facilities in Chile was studied; three
different solar technologies at four different locations
were investigated, considering the detailed economic
and technical aspects of each case. Nine important eco-
nomic tools were used to assess the financial feasibility
of the systems: benefits-to-costs ratio (BCR), modified
internal rate of return (MIRR), simple payback (SPB), net
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present value (NPV), nominal levelized cost of energy
(LCOE), discounted payback period (DPP), internal rate
of return (IRR), and total life cycle cost (TLCC). In [26],
the financial feasibility of utilizing solar PV systems was
investigated on the rooftop of commercial and indus-
trial facilities at Tamil Nadu, India. The results yielded a
payback period of 4.46 and 3.72 years for the commer-
cial and the industrial facilities, respectively, with IRR
for equity of 31.78% and 35.57% for the commercial and
the industrial facility, respectively. Finally, the study con-
cluded that the PV systems are financially feasible for
both facilities. In [27], the potential of using solar energy
in three selected sites in the Gaza strip, Palestine, was
evaluated as a roadmap to address the ongoing electricity
crisis with testing two different scenarios. However, the
authors elaborated on the uncertainty of the meteoro-
logical data.

In [28], the possibility of integrating solar energy into
the natural gas process facilities in Qatar was investi-
gated. Economical and technical studies were conducted
to reduce the emissions and to be less dependent on the
power grid. Two types of systems were tested and stud-
ied for this purpose. The first system consists of regular
PV panels with batteries, and the second type is a PV sys-
tem integrated with solid oxide fuel cells. The plant total
consumption is 65 MW; however, the required power to
be generated by the PV system is around 33.5 MW. The
system can directly feed 10 MW of power to the plant for
the 8 h of daytime, while the backup system will be used
during the 16 h of nighttime. Furthermore, the expected
lifetime of both systems is around 25 years. The results
have shown that the PV—fuel cell system has a lower
LCOE which makes it a better option. However, both sce-
narios have a negative NPV which made the project not
feasible economically. A sensitivity analysis was used to
study the effect of parameters including the gas price and
the lifetime of the systems on the LCOE for both systems.

n [29], the economic feasibility of solar PV investment
in Durban, South Africa was studied. Furthermore, the
impact of applying new policies and incentives that sup-
port renewable energy investments in South Africa was
investigated. Simulation results showed that the 1 MW
PV system will produce around 1699.563 MWh annually
for 30 years, which is the system’s lifespan. The results
show that the installed PV system for the bulk consumers
is feasible with the lowest LCOE and a payback period of
5 to 6 years.

In [30], the economic feasibility of applying solar PV
panels for three manufacturing facilities in the United
States was studied. System Advisor Model (SAM) was
used to analyze and simulate data. The system is fixed
with two-axis sun tracking and degradation rate of
0.36%; such systems are usually more expensive and
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require more maintenance. Six scenarios were studied
and compared. The paper concluded that the system
was feasible for industrial use at three locations, and
that the location policies and financial support both
play important roles in making the renewable projects
more feasible. In [31], the possibility of using either
solar PV systems or PV system integrated with green
roofs at the OSTIM industrial zone in Turkey was ana-
lyzed. PVWatts software was used to calculate the total
price of the system which was around $99,396. The
results showed that the PV system has a payback period
of 7.22 years, while the green roof integrated with the
PV system has a longer payback period of 10.46 years.
Finally, it was concluded that although the PV system
alone has a lower payback period, the green roof-based
PV system has more environmental benefits.

The economic feasibility of using PV system to power
up factories in the industrial cities in KSA was inves-
tigated in [32]. The PV system is intended to provide
100% of the factory required power, it was concluded
for this case that it is better to power up the factory
directly by the PV system as the primary energy source
and by the power grid as the backup source. Conse-
quently, the excess electrical energy will be exported to
the grid. Moreover, the PVs have an efficiency of 16.7%
at a cost around $175,597 including commissioning
and installing for lifetime of 25 years with a degrada-
tion rate of 1%, which is considered conservative value.
Furthermore, the outcome of the analyses shows a pay-
back period of 15.4 years and a NPV of $-1,079. The
negative value indicates that the project is not eco-
nomically feasible. To study the uncertain parameters
that significantly led to this result, sensitivity analysis
was performed for the values of the uncertain param-
eters. In [33], the economic and technical feasibility
of utilizing different renewable energy resources was
addressed for a food factory in China. Solar PVs, wind
turbines (WT), and PV-W'T systems were considered,
in addition to fuel cells and batteries as a storage sys-
tem. A two-stage optimization approach was proposed
to minimize costs by utilizing HOMER software. The
results showed that the proposed systems are all fea-
sible, but the PV=WT combined system always gives a
better result than any of the other two systems sepa-
rated. However, this case is not applicable if solar or
wind energy are not abundant in that location. In [34],
the economic feasibility and the environmental impact
of installing solar PV system at a company headquar-
ters in Australia was investigated. The total power out-
put of the system is around 100 kW, which is about 24%
of the building total power consumption. The study
results showed a payback period of 3.1 years, 10-year
NPV of $240,300, and annual savings of $45,300. In
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addition to, a reduction of 127 tons of the emitted CO,
annually.

In [35], a feasibility study was conducted for a factory
in UAE with total available space of 31,500 m>. PV panels
can be mounted on the available area which can produce
up to 4.89 MW; around 20% of the total power required
by the factory. These calculations were done using SAM
software. Prices were assumed to have an annual increas-
ing rate of 5%. To evaluate the technical and economic
aspects of this study, five scenarios were compared for
installing the PV system with different funding models.
For the power storage, a stack of lead acid-flooded bat-
teries is considered which will be able to store only 50%
of the total system capacity. The paper concluded that
the PV investment is currently feasible for all the stud-
ied scenarios, and advised to avoid storage systems if
possible. In [36], the possibility of reducing power costs
by installing PV system at a steel facility in the United
States was investigated. The PV systems have an average
life span of 25 years and were installed at the rooftops
of each building with a total power output of 81.6 kW.
Furthermore, the results of the study showed a payback
period of 3.8 years and net savings over 25 years of about
$338,883. In [37], the cost reduction and the environ-
mental impact of utilizing solar PV system at a facility in
the US was investigated. The total output power of the
PV system is around 312 kW, which is around 34% of the
facility total required power. The study results showed
that the PV system would save $33,397 annually. On top
of that, the company is estimated to generate $176,000 of
revenue annually due to gaining about 312 Solar Renew-
able Energy Credits (SRECs). Regarding the environmen-
tal impact of the system, the project would result in a
decrease in CO, emissions by 215 tons annually. Other
papers addressed different sectors such as agriculture
or seawater desalination [38—40]. Table 1 compares the
recent works covered on the feasibility of using solar
PVs for industrial applications to assess their covering of
those three sustainability dimensions.

Research gap and contributions

Traditionally, feasibility studies for new projects tend to
give the most concern to economic performance with
less concern regarding the environmental performance
[41]. From Table 1, it is observed that the main concern
of most of the works was the economic dimension. How-
ever, to provide a sustainable solution, various dimen-
sions should be considered [42]. Henceforth, lies the
gap which this work aims to cover. With the global shift
towards green energy, a real opportunity lies in such
studies. Especially within the scope of Egypt Vision 2030
which sets a target to reduce greenhouse gases (GHGs)
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Table 1 Comparison between the works in literature according to the sustainability dimensions addressed

References Country Economic analysis Technical analysis Environmental
analysis

[25] Behar et al. (2020) Chile v v v

[26] Kumar (2021) India v

[28] Al-Khori et al. (2021) Qatar v v

[29] Sewchurran S, Davidson (2021) South Africa v

[30] Namin et al. (2019) USA v

[31] Catalbas et al. (2021) Turkey v v

[32] Azzam and lbrahim (2018) Saudi Arabia v

[33] Lietal. (2022) China v v

[34] Infinite Energy Corporation (2016) Australia v v

[35] Hussain et al. (2017) UAE v v

[36] SunPower Corporation (2019) USA v

[37] Solar Energy World corporation (2020) USA v v

[38] Ghasemi-Mobtaker et al. (2020) Iran v v

[39] Gomaa et al. (2023) Jordan v v

[40] Al-Rawashdeh et al. (2023) Jordan v v

by 10% from the energy sector, including oil and gas, by
2030 compared to 2016 [4, 43, 44]. From the literature
review, it was found that there is a lack of case studies in
this field for the industrial applications in Egypt. There-
fore, this paper is addressing this gap by investigating the
feasibility of using solar panels for power generation a
large food factory in Egypt with real data and results.

The contribution of this paper is to analyze the feasi-
bility of different scenarios for using solar energy for
industrial applications in Egypt with considering the
environmental dimension. This is done by studying the
possibility of decreasing emissions, hence decreasing the
environmental impact. To include this dimension, this
study will calculate the amount of GHG measured in the
equivalent reduced amount of CO, resulting from utiliz-
ing the solar PV system in the plant. In total, seven key
indicators are calculated for each scenario to reflect the
technical, economic, and environmental performance;
those indicators include: the system total energy produc-
tion, space required, ratio of the factory consumption,
avoided CO, emissions, net present value, discounted
payback period, and the nominal levelized cost of energy.

Methods

The objective of this work is to develop a feasibility study
for using solar energy in industrial applications in Egypt,
with considering the sustainability goals. Nevertheless,
the power output of the PV system will be used to export
electricity to the grid and the government will grant a
discount on the electricity bill as a financial investment.
The methodology adopted in this paper consists of four
phases; the first phase, is the market study, and it is

completely done prior to this work as a part of the pre-
feasibility study. This phase was done to make an initial
assessment of the project to decide whether it should be
initiated, redesigned, or totally declined [45]. Thus, this
phase is an input of the study addressed by this work.

The second phase is the technical study which involves
technological specific hardware data, geolocational data,
space requirements, maintenance costs, solar radiation
amount, and the generated power for each scenario.
After the technical study is done, economic study is per-
formed as the third phase. This phase consists of three
components: financial study, non-financial considera-
tions, and sensitivity analysis. The last phase is conduct-
ing an environmental study to determine the expected
impact on the environment resulting from implementing
this project and assessing the sustainability impact.

Technical study

The technical study starts with data collection and analy-
sis for the whole PV system, the factory geographical and
climatic features throughout the whole year, the daily
solar radiation intensity, the available area for installation,
shading of the area, the total power consumption, and
the governmental energy laws. To perform the technical
study, Pvsyst modeling software [46] was used to evaluate
the total output power of the system over 25 years which
is the expected planning horizon of the project.

Economic study

The economic study should take into consideration both
financial and non-financial considerations to assess
whether the project can meet its objectives [47]. Pvsyst
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modeling software was used to model the financial fea-
tures of the PV system. Furthermore, three indicators
were used to determine whether the model is financially
feasible: net present value (NPV), levelized cost of energy
(LCOE), and economic payback period (EPP). All the rev-
enue expected to be generated from the system as well as
the costs associated with the system are considered, such
as initial costs, operations and maintenance, installation
costs, and balance of the systems (BOS).

The methodology for calculating the financial feasibility
will be elaborated in detail in the case study and results
section. The non-financial part considered is the accept-
ance (fact) and acceptability (value) of this project which
are further shown in the extended acceptability model
[48]. The extended technology acceptance model is a
modification of the original technology acceptance model
(TAM) designed especially for renewable energy (Fig. 1);
it considers not only the perceived usefulness, perceived
ease of use, and the effect of one factor over another in
the project, which are used in the original TAM, but also
the perceived affordability and environmental awareness
and their effect on both the attitude and the intention to
use it [49]. In the solar PV case for industrial applications,
the acceptance is surely rising with time as proven by the
rising number of investments in Egypt in this direction,
yet it is still not at the desired level.

Environmental study

Generating large amounts of electricity using sustainable
resources, such as the sun is considered as an immense
contribution to the environment [50, 51]. This study will
calculate the amount of CO, emission reduced by utiliz-
ing the solar PV system in the plant. The CO, reduction
amount will be calculated for the three scenarios over the
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course of the 25 years. Furthermore, Pvsyst will be used
as the modeling tool to calculate the environmental ben-
efits of this project.

Results
The case study used is from food industry. Egypt has
about 80,000 food factories; the food section contributes
by about 5% of the country’s GDP and employs more
than 570,000 people [52]. Energy consumption for indus-
trial purposes is generally used for processes, steam and
cogeneration, heating and cooling, lighting, and air con-
ditioning. It is estimated that the food industry consumes
8% of the total energy consumption in the industrial sec-
tor [52]. According to [52], it is estimated that energy
saving measures implemented in the food sector in Egypt
could achieve a reduction between 25% and 60% of the
energy consumption, which makes it highly important
for companies to implement energy efficiency strategies.
A case study is addressed for a food factory located
in northeastern Egypt. As the management of the fac-
tory was looking into investing in solar energy, they
approached the university to make a feasibility study to
validate such investment. This was considered for two
reasons; the first is participation of the factory into the
country’s orientation towards renewable energy achiev-
ing Egypt Vision 2030. The second reason is making use
of the large untilted roofs of the factory’s buildings. In
this case study, it has been decided to use the PV system
to feed the power generated directly to the grid and get
feed-in tariff system as a financial incentive for the fac-
tory owner. The factory is located at latitude of 30.3°, lon-
gitude of 31.7°, and has an altitude of 115 m above the
sea level with a total average annual irradiance of 305 W/
m?. The daylight length is around 14.1 h for the longest
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Usefulness \

Perceived ease of
use

l

Attitude towards
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L » Intention to use to
Renewable Energy
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Awareness

Fig. 1 Methodology of extended technology acceptance model
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summer day and 10.1 h for the shortest winter day as
obtained from the software database. The two build-
ings of the factory have an available roof space of 7000
m? for building A and 2800 m? for building B. The plant
consumption is around 2,328,000 kWh/year of electri-
cal energy. The regulations in Egypt puts a net metering
cap system on the amount of electrical energy that can
be supplied to the grid per station not to exceed 500 k.
Since the factory has two certified stations, it can gener-
ate up to 1000 kW from the PV system. This means that
the PV system will be designed based on the 1000 kW
limit. To ensure not exceeding the limit, all the designs
will be set to 975 kW to accommodate variations in the
insolation intensity. Finally, the PV system has a life
expectancy of 25 years which will be the planning hori-
zon for this study.

All the system parameters will be optimized and ana-
lyzed by using Pvsyst software. The system values are
obtained from the data sheet and the database of the Pvs-
yst software, the losses are calculated considering all the
deviations, and they will be illustrated for each scenario.
Three indicators are used for financial analysis: NPV,
DPP, and LCOE. For an investment to be financially fea-
sible, the internal rate of return (IRR) should surpass the
minimum attractive rate of return (MARR). The MARR
value is dependent on two factors: opportunity cost of
money which represents the investments risks and the
cost of investment capital that can be represented by
the weighted average cost of capital (WACC). MARR of
12% will be used for this study as estimated by the Cen-
tral Bank of Egypt [53]. To perform the feasibility study,
three scenarios are analyzed. The first scenario (SI) is the
baseline case for the other scenarios. In S1, vertex 550W
TSM-DEL1D9 fixed tilted PV panels are considered with no
storage. The second scenario (S2) is basically the same
as S1, the only difference is the model of the PV panels
where a 530W ZXM7-SPLD is considered in S2. In the
third scenario (S3), the model that gives the best results
from the first two scenarios is considered with vertical
one axis tracking.

Scenario 1

The PV module used for SI is a monocrystalline module
with rated power of 550 W, 27 V, and 21.2% maximum
efficiency. The inverter utilized is Huawei-SUN2000-
60KTL-MO 400Vac with capacity up to 60 kW, efficiency
up to 98.8%, and 6 maximum point power tracking
(MPPT). These selections have been made by consulting
multiple PV solar panels providers based on components’
availability and performance. The orientation of the PV
panels is set to have a plane tilt angle of 29° and azimuth
angle of 0° which means it is directed exactly to the south.
This orientation was concluded to maximize the outcome
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after trying different tilt angles between 28° and 32° by
trial-and-error method, the optimal outcome was found
at tilt angle of 29°. This maximizes the annual irradiation
yield for a fixed PV system in this location by optimiz-
ing the orientation between the summer and winter val-
ues. A high annual irradiation yield of 2056 kWh/m? is
obtained. The angles and orientation were obtained by
the simulation software, according to [54] this is the ori-
entation that led to the best results in Egypt.

The system design, which is based on the planned out-
put power of 975 kW, requires 1771 PV panels with an
area of 4627 m?* which is almost half of the area available.
According to the model, the optimum total power for the
inverters required is 722.4 kW. This means that 13 invert-
ers are needed with Pnom ratio of 1.25 which is recom-
mended by the software. The Pnom ratio is the ratio of
the installed PV power (nominal at STC) with respect to
the Pnom(ac) of the inverter (PVSyst) according to the
STC assumptions. A nominal AC power of 780 kW will
be obtained from the system that consists of 77 strings
(arrays), each with 23 PV modules in series. A total of
621 V is generated from each array through utilizing the
lower and higher voltage limits of the MPPT (Fig. 2),
to determine the number of modules in series. Since
it is required to reach a power output of 975 kW with
the minimum number of modules, a nominal value of
600 V needs to be obtained from each array to reach the
required output. The software utilized the array required
power to determine the number of strings in parallel as
shown in Fig. 3.

The effect of solar radiation and temperature is impor-
tant parameters that need to be considered. Furthermore,
past studies have shown that with increasing solar radia-
tion, the current and voltage increase. On the other hand,
with the increase of the cell surface temperature, the

2000 — —
1800

1600 |-
1400 FF
1200 |-

5 1000 |-
5

I
]
1
1 oy Imax D
1
1
)
L

Cumunt. [A)
Viupp Min
VinppNom
'uiqvp Max

N
[=
(e

800 |-
600 |-
s00 |-
200

0 ]
0 200 400

600
Voltage [V]

Fig. 2 Array voltage sizing for S1

800



Mostafa and Aboelezz Energy, Sustainability and Society (2024) 14:36 Page 8 of 19
100000 T T T T T T T T —— T
~——— Array Energy at MPP e,
80000 ~— Array Energy with power limitation -E E B
!
£ 60000} g R
= &l
o '
g 1
£ 40000} .
- Array
Invertar Pnom STC
20000 | Raombe |} :
(at 0°
0 ] ! ] ! A
4 1 1
0 200 00 Asvay peoo‘ger kW] 800 000 200
Fig. 3 Power sizing and inverter output distribution for S1
6 IRRADIANCE: AM1.5, 1kwW/m? because it represents the actual energy for which the
feed-in tariff system is charged. Furthermore, the dis-
3 \ ; \ tribution of the power injected to the grid throughout
= e S\DC\ the whole year is illustrated in Fig. 6b. The generated
g \ \25 ° power in SI out of the PV system represents 72.8% of
<2 the total power used by the factory.
\\\ Since the PV panels for this scenario are fixed, the
o main point of the tilt angle is to get the maximum out-
10 2 30

Voltage (V)O
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voltage decreases which leads to a decrease in the output
power (Fig. 4) [55, 56].

Based on the given data, the software was used to sim-
ulate the losses which were estimated to be around 0.07
kWh/kWp/day for the system and 0.94 kWh/kWp/day for
the array. A detailed breakdown of the losses is given in
Fig. 5. However, it is worth noting that based on the geo-
graphical terrain inputs and PV system properties, the
highest loss is one caused due to temperature effect on
the PV panels which is estimated to be around 9%.

After accounting for all the losses, the PVsyst model
results in producing 1634 MWh/year, which is the
amount of electrical energy exported to the grid, with
a specific production of 1677 kWh/kWp/day, and an
average performance ratio (PR) of 82%. Figure 6a shows
the monthly normalized production, the collection,
and the system losses associated with it. Moreover, the
average of normalized production is 4.6 kWh/kWp/day.
Table 2 gives the main inputs and outputs of Scenario
1. GlobHor is Global horizontal irradiation, DiffHor is
the horizontal diffuse irradiation, T_Amb is the ambi-
ent temperature, Globlnc is the global incident in col-
lection plane, GlobEff is the effective global, corr for
shading, and EArray is the effective output energy from
the array. The E_Grid is equivalent to 1,633,811 kWh,

put over the year, not specifically during equinox or
spring, by having minimal losses of the solar irradiation
throughout the year [57].

To perform a financial study for S, a cash flow of all
the expenses and the revenues is constructed. To obtain
accurate data, prices were obtained from quotations
provided by solar companies in Egypt. The total ini-
tial cost for this scenario is estimated to be 271,245.29
USD calculated by summing up the system components
costs as shown in Table 3.

The project’s revenue comes from exporting electric-
ity to the grid under the feed-in tariff system. The feed-in
tariff price in Egypt is equivalent to 0.044 USD/kWh [24]
and is estimated to increase annually by the government
to attract investors [58]; consequently, it will be repre-
sented as a geometric series with average 3% as expected
by service providers. The total electricity exported from
the PV system to the grid is 1,633,811 kWh annually. The
first-year revenue can be calculated as 71,509.95 USD.
The annual running costs for this project; like cleaning
and maintenance, are expected to be 972.64 USD with
an expected increase of 64.84 USD each year, so it will
be represented on the flow diagram as a gradient series.
Cleaning and maintenance are crucial to future opera-
tions of the PV system since poor cleaning leads to a
decrease of the output power from the system by at least
30% [59]. Finally, the salvage value for the whole project
is estimated by the manufacturer to be 12,968.53 USD
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Table 2 Scenario 1 main inputs and results
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GlobHor kWh/m?  DiffHor kWh/m? T_Amb°C GloblnckWh/m? GlobEff kWh/m? EArray kWh E_Grid kWh PR ratio
January 95.2 4417 13.82 1344 1322 114,640 112,892 0.862
February 104.8 52,07 1550 1324 1302 111,866 110,160 0.854
March 154.1 7287 18.62 1754 1722 145,216 142,995 0.837
April 18.1 84.46 2166 187.1 1833 152,451 150,147 0.824
May 2115 9145 25.92 2006 196.0 160,214 157,790 0.808
June 2217 82.96 2821 20122 196.1 158,891 156,492 0.799
July 2196 79.35 29.86 202.7 197.6 158,841 156,426 0.792
August 199.8 81.41 29.88 1993 194.8 156,546 154,181 0.794
September  165.7 66.33 27.67 1829 1793 145,007 142,798 0.802
October 1330 63.05 2467 1623 1594 131,811 129,839 0.821
November  100.1 4135 19.85 1376 1356 114,226 112,483 0.839
December 88.0 37.75 15.86 1290 127.1 109,287 107,609 0.857
Year 1874.7 797.20 2267 2044.9 2004.2 1,658,997 1,633,811 0.820

Table 3 Scenario 1 system components and implementation

costs

Item Cost (USD)
1771 photovoltaic modules 236,575.22
13 inverters 25,23547
DC cables 324.21
AC cables 389.06
AC panel 25937
Mounting structure 4863.20
Earthing specs and lightning protection 616.01
Data acquisition system 1621.07
Display screen 226.95
Isolation switch and fuses 64843
Spare parts 486.32
Total 248,545.31

Table 4 Cash flow components for Scenario 1

Initial cost 8,633,260 EGP=279,901.79 USD

2,205,645 EGP=71,509.95 USD
with 3% gradient

30,000 EGP=972.64 USD
Gradient 2,000 EGP =64.84 USD

400,000 EGP =12,968.53 USD

Revenue and geometric gradient

Cleaning and maintenance and its
gradient

Salvage value

after 25 years. The cash flow inputs are given in Table 4
and the cash flow is graphed in Fig. 7.

The net present value (NPV) is a method to turn all
cash flows into the present to answer the question of
“how much is it worth now?” The NPV method is used as

NPV of the total costs

a ranking method to rank the alternatives. NPV =400,000
X (i =12%n =25) - 2000 x (&,i = 12%,1 = 25) +

=g

NPV =400,000 x (0.0588) — 8,633,260 — 2000 X
(53.105) + 2,205,645 X (9.7426) = 12,772,767 EGP.

NPV =414,110.12 USD.

The discounted payback period (DPP) is the period
a project will take to start making positive cumulative
NPV. Simply, it is the time a project will take to start
making profit [60]. Table 5 gives the DPP calculations.
The discounted payback period is 5.711 years. Consider-
ing the 25 years lifespan of the system, this relatively low
DPP shows that this project can be considered as a suita-
ble investment. The discounted generated power through
the 25 years.

The NPV value for the total costs can be obtained by
deducting the revenue as well as the salvage value from

2,205,645 X ( M) — 8,633,260.

the NPV [62].
Total costs NPV=12,772,767 — 2,205,645
X (9.7426) — 400,000 * (0.0588)= — 8,739,469

EGP= - 283,345.23 USD.

The NPV of the generated power in 25 years is cal-
culated as shown in Table 6. The total discounted
power=12,814,143 kWh.

Levelized cost of energy (LCOE), is a measure for the
average present cost of energy. It can be defined as the
cost of 1 kWh of energy [61]. It can be calculated using
the following formula:

LCOE =

NPV of the energy generated through the whole PV system life’
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The LCOE for the PV system for SI is almost half the
current cost of energy charged in Egypt. Regarding
the environmental impact, it should be clear that even
though the PV system is not feeding the factory directly,
it is feeding the grid; this will result in replacing the same
amount of energy in the grid. To get the actual environ-
mental impact of this PV system, the total amounts of
CO, emissions required for the system’s installation need
to be calculated and compared [63]. The system installa-
tion emissions calculated through the software are shown
in Table 7. The total installation emissions are calculated
to be=1,668,275+ 54,102 + 3934 =1726.31 tCO,. Regard-
ing the replaced emissions, the model used conservative
value for the degradation rate of 1% annually. By generat-
ing 1633.81 MWh annually, the PV system will replace a
total of 16,682.1 tCO,. This value was calculated by the
software using predefined values in its database obtained
from [12]. The avoided CO, emissions were calculated
by getting the difference of the total replaced emissions
and the installations emissions that is 14,898.993 tCO,.
The ratio of the avoided emissions over the total replaced
emissions is 89.3% which is a considerable contribution
towards global warming action and lowering greenhouse
gases emissions. Therefore, the avoided CO, emission
factor can be calculated by dividing the avoided CO,
emissions by the power produced annually [64], yielding
a factor of 10.21 TCO,/MWh.

LCOE =

= 0.682 EGP/kWh = 0.022 USD/kWh.

78,000 EGP

Scenario 2

S2, is basically the same as SI, also does not have stor-
age or tracking system. Nevertheless, a different model
of PV modules and inverters were utilized for this sce-
nario to check which give the best environmental and
economic results in terms of inverters’ saving and
CO, emissions. A ZXM7-SPLD144 PV module and a
SUN2000-100KTL-INM0-480Vac inverter were used
for S2. The PV module is double glass monocrystal-
line module with rated power of 530 W, Voltage of
35V, efficiency of 20.6%, and annual degradation rate
of 0.45% for 30 years. The utilized inverter has a capac-
ity up to 100 kW, efficiency up to 98.8%, nominal input
voltage of 480 V, and 10 MPPT. Finally, the AC and the
DC cables will be the same as SI. The orientation is also
the same as S1 since it is the optimum condition for
this geographical location with annual irradiation yield
of 2056 kWh/m?

The system design is based on the planned output
power required of 975 kW. In S2, the sizing results
showed that this can be achieved by utilizing 1,840
PV module, 4753m? of space, and 8 inverters. The 8
inverters will result in obtaining a nominal AC power
of 800 kW and a Pnom ratio of 1.22 which lies in the
optimum range. The system will have 115 strings in
parallel, each with 16 PV modules in series. The array
sizing through I-V curve was studied, with respect to
the lower and the higher voltage limits of the MPPT,
to determine the number of modules in series. To
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Table 5 Discounted payback period for scenario 1
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Table 6 The discounted generated power through the 25 years

Year Cashflow P/F, Discounted cash Cumulative PW

i=12%, flow

n=25
0 —8633,260 1 — 8,633,260 — 8,633,260
1 2,175,645 0.8929 1,942,633 — 6,690,627
2 2239814  0.7972 1,785,580 — 4,905,047
3 2,305,969 0.7118 1,641,389 — 3,263,658
4 2,374,168 0.6355 1,508,784 — 1,754,874
5 2444473 05674 1,386,994 — 367,880
6 2,516,947 0.5066 1,275,085 907,205
7 2,591,655 0.4523 1,172,206 2,079411
8 2,668,665 0.4039 1,077,874 3,157,285
9 2,748,045 03606 990,945 4,148,230
10 2829866 0322 911,217 5,059,447
11 2,914,202 0.2875 837,833 5,897,280
12 3,001,129  0.2567 770,390 6,667,670
13 3,090,722 0.2292 708,394 7,376,063
14 3,183,064  0.2046 651,255 8,027,318
15 3278236  0.1827 598,934 8,626,252
16 3,376,323 0.1631 550,678 9,176,930
17 3477413 0.1456 506,311 9,683,241
18 3,581,595 0.13 465,607 10,148,849
19 3688963  0.1161 428,289 10,577,137
20 3,799,612 0.1037 394,020 10,971,157
21 3,913,640 0.0926 362,403 11,333,560
22 4,031,149 00826 332973 11,666,533
23 4,152,244 0.0738 306,436 11,972,969
24 4277031 00659 281,856 12,254,825
25 4,805,622 0.0588 282,571 12,537,396

Discounted payback period =5.711 years

determine the number of strings in parallel, the soft-
ware utilized the array required power, Fig. 8a and b
shows the power sizing and inverter output distribution
comparison between SI and S2, respectively. The losses
are estimated by the software to be around 0.09 kWh/
kWp/day for the system and 0.94 for the array.

After considering the losses, the PVsyst results are as
follows: the total generated power exported to the grid is
1626 MWH/year, the specific production is around 1676
kWh/kWp/day with an average annual PR of 81.5%. Fig-
ure 9a shows the monthly normalized production; the
total annual generated power that will be exported to the
grid in §2 is 1,625,848 kWh. Figure 9b shows the monthly
values of the E_grid to estimate the monthly output of
the PV system. Note that the generated power in case of
S2 represents 70% of the total power consumption for the
factory.

To perform a financial study for S2, a cash flow of all
the expenses and the revenues is constructed using the
same method as SI. The total initial cost for this scenario

The power generated P/F,i=12%,n=25 The discounted

(kWh) power (kWh)
1,633,811 0.8929 1,458,830
1,633,811 0.7972 1,302,474
1,633,811 0.7118 1,162,947
1,633,811 0.6355 1,038,287
1,633,811 0.5674 927,024
1,633,811 0.5066 827,689
1,633,811 04523 738,973
1,633,811 0.4039 659,896
1,633,811 0.3606 589,152
1,633,811 0322 526,087
1,633,811 0.2875 469,721
1,633,811 0.2567 419,399
1,633,811 0.2292 374,469
1,633,811 0.2046 334,278
1,633,811 0.1827 298,497
1,633,811 0.1631 266,475
1,633,811 0.1456 237,883
1,633,811 0.13 212,395
1,633,811 0.1161 189,685
1,633,811 0.1037 169,426
1,633,811 0.0926 151,291
1,633,811 0.0826 134,953
1,633,811 0.0738 120,575
1,633,811 0.0659 107,668
1,633,811 0.0588 96,068

> discounted power 12,814,143
Table 7 Scenario 1 system installations emissions
Item LCE Quantity Subtotal [kgCO,]
Modules 1713 kgCO,/KWp 974 kWp 1,668,275
Supports 3.05 kgCO,/kg 17,710kg 54,102
Inverters 303 kgCO,/units 13.0 units 3934

is estimated to be 307,309.03 USD with same run-
ning costs as SI. The power exported to the grid by S2
is 1,625,848 kWh, consequently, the first-year revenue is
71,161.42 USD. Nevertheless, the project salvage value
for this scenario is different from that of SI due to the dif-
ferent life span guaranteed by the manufacturer. The sal-
vage value at the end of the 25 years planning horizon is
different, and it is estimated to be around 41,823.52 USD.
The NPV is calculated to be 385,003.97 USD and the DPP
is 5.988 years. The PV system LCOE is slightly more than
half current cost of the energy charge in Egypt which
is equivalent to 0.024. The total amount of installation
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emissions is 1728.88 tCO,. Regarding the replaced emis-
sions, the model used conservative value for the annual
degradation rate of 0.5%. Generating 1625.59 MWh
annually, the PV system will replace a total of 17,536
tCO,. The avoided CO, emissions are calculated to be
15,808.960 tCO,. The ratio of the avoided emissions to
the replaced emissions is 84.9% which is less than S1.

Scenario 3

In $3, the PV system has one axis vertical tracking system
and no storage. The PV modules and the inverters models
are selected based on which of the two first scenarios, SI
and S2 gives the better results. S1 was selected as it has
the better financial and technical results. Hence, all the
components used in S3 are the same as the components
utilized in S1. Nevertheless, the orientation for the verti-
cal axis tracking modules will differ from the tilted fixed
ones. The azimuth angle has a rotation limitation start-
ing from -120° up to 120° with respect to south. However,
the tilt angle will be fixed at the same value of 29°. The
system design is still based on the required output power
of 975 kW. The sizing for this scenario will lead to the
same results as the sizing of SI since the tracking has no
impact on the amount of the generated power as it does
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not depend on the exposure time but rather the maximal
intensity of the solar radiation.

The tracking system increases the amount of time the
PV panel is highly exposed to the solar radiation which in
return increases the energy generated (kWh). The num-
ber of PV modules to be utilized is 1,771 on an area of
4627 m? 13 inverters are used providing a Pnom ratio
of 1.25, which lies in the optimum range, and a nominal
AC power of 780 kW. The system consists exactly of 77
strings, each with 23 PV modules in series. Note that the
sizing process is the same as SI which is 1000 kw as per
the governmental regulations of the net metering cap on
the amount of electrical energy that can be supplied to
the grid per station The losses in this scenario are esti-
mated to be around 0.09 kWh/kWp/day for the system
and 0.90 kWh/kWp/day for the array. After considering
all the losses, PVsyst model results yield 2047 MWh/
year, a specific production of 2102 kWh/kWp/day, and
an average performance ratio (PR) of 85.3%. Figure 10a
shows the monthly normalized production. The E_Grid
of this system is 2,047,425 kWh annually which is a big
difference from the fixed model in SI regarding the
amount of energy exported to the grid. Figure 10b shows
the distribution of the energy generated annually by the
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system. Note that, the generated energy in S3 represents
87.94% of the factory total electrical consumption.
Regarding the financial study, all the items utilized
for SI will be used in S3 as well as the tracking sys-
tem components. The total initial cost for this scenario
is 390,793.25 USD. The revenue for the first year is
89,613.31 USD where 2,047,425 kWh is the amount of
electrical energy exported to the grid annually. The run-
ning costs for this system will be double those ofS1. The
reason for this is that the S3 tracking system has much
higher complexity. Consequently, the running costs are
expected to increase by 129.69 USD annually and can
be represented as a gradient series. The salvage value is
estimated to be around 19,452.80 USD at the end of the
25th year. Thus, the NPV is calculated as 476,530.23 USD
and the DPP is calculated as 6.139 years. The PV system
LCOE is more than half current cost of the energy charge
in Egypt which is calculated as 0.025. To measure the
environmental impact, the total installation’s emissions

Table 8 Results summary for the three scenarios
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were calculated to be 1942.72 tCO,. The model uses con-
servative value for the annual degradation rate of 0.5%,
generating 2047.43 MWh annually, the PV system will
replace a total of 20,834.155 tCO,. The avoided emissions
are 18,891.435 tCO,. The ratio of the replaced emissions
over the avoided emissions is 90.6%. Table 8 summarizes
the results for the three scenarios.

Discussion

Key indicators’ comparison

The three scenarios are compared against the three
addressed aspects: technical, environmental, and finan-
cial. Table 9 shows the different values for key indica-
tors for the three scenarios. Although SI provides the
best indicators in terms of the discounted payback
period and the levelized cost of energy, S3 may be a bet-
ter choice with higher net present value, relatively short
payback period, and better environmental performance.

S1 S2 S3
No. of PV panels 1771 1840 1771
Area (m?) 4627 4753 4627
No of inverters 13 8 13
No of strings 77 (each with 23 PV modules 115 (each with 16 PV modules 77 (each with 23
in series) in series) PV modules
in series)
System losses (kwh/kWp/day) 0.07 0.09 0.09
Annual electricity production (MWh/year) 1,634 1,626 2,047
NPV (USD) 414,110.12 385,003.97 476,530.23
Discounted payback period (years) 5711 5.988 6.139
LCOE (USD/kWh) 0.022 0.024 0.025
Total installation emissions (tCO,) 172631 1728.88 1942.72
Avoided CO, emissions (tCO,) 14,898.993 15,808.960 18,891.435
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Table 9 Key technical, environmental, and financial indicators for the three scenarios

Parameter S1 52 S3
Technical and environ- The system total energy production (MWh) 1634 1626 2047
mental Space required (m?) 4627 4753 4627

Ratio of the factory consumption (%) 72.8 70 87.94

Avoided CO, emissions (tCO,) 14,898.993 15,808.960 18,891.435
Financial NPV (USD) 414,110.12 385,003.97 476,530.23

DPP (years) 5711 5.988 6.139

LCOE (USD/kWh) 0.022 0.024 0.025

Therefore, if the investor prioritizes LCOE and the DPP,
then the best alternative is S1; on the other hand, if the
investor prioritizes the net present value and the environ-
mental impact, then S3 is the best alternative.

Sensitivity analysis
Sensitivity analysis is performed to test the effect of
changing some parameters on the NPV and the LCOE

for certain scenarios. SI and S3 were chosen for this
analysis as they are the most promising scenarios in this
study. The first important parameter to be analyzed is
the discount rate of the project due to the recent fluctua-
tions in the world economy and the increasing inflation
in Egypt. Figure 11a shows that NPV for both scenarios
S1 and S3 is dependent on the discount rate, and that
with increasing the discount rate the NPV decreases for
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both scenarios. The break-even occurs at discount rate
of 18.63%, after this point NPV of S1 is higher than that
of S§3. Figure 11b shows that the LCOE of energy is also
dependent on the discount rate value. It is shown that
with increasing the discount rate the LCOE continuously
increases for both scenarios. It is seen that the break-
even occurs almost at 0 discount rate which is unlikely
to occur in Egypt according to the economic situation
and forecasts, hence, S1 is expected to keep having lower
LCOE.

Furthermore, the initial investment, operating and
maintenance costs, salvage value, and annual revenue are
analyzed to study their effect on the NPV. It was found
that the NPV is clearly inversely dependent on the ini-
tial investment. The increases in operating and mainte-
nance costs and the salvage value have a very small effect
on the NPV relative to the other parameters. Finally, the
annual revenue is the parameter with the highest direct
proportional effect on the NPV. Nevertheless, the con-
trollable parameter that can be changed from one system
to another, regarding the annual revenue, is the system
annual production, not the feed-in tariff price for the
electricity.

Finally, it can be concluded that the PV project will not
be financially feasible if the discount rate continuously
increased while the other parameters did not change,
which is unlikely since the other parameters change with
the change in the discount rate. Hence, it can be said that
further increasing the discount rate will have negative
impact on the financial feasibility of the project.

Sustainability impact

From the past sections, the economic, technical, and
environmental aspects were addressed, however, to
achieve full sustainability, the social aspect should be
considered as well. Since all the aspects are connected,
it is agreed upon that improvement in economic and
environmental dimensions reflect on the social status
of a community in terms of the wealth and well-being
of the people. To be more specific, in terms of the food
industry, United Kingdom and Europe markets have a
high potential as export destinations, however, they have
high environmental standards. Increasing the energy effi-
ciency and following sustainable approaches will give the
Egyptian products a competitive edge added to the rela-
tively low prices. For example, Tesco’s ‘Nature’s Choice’
standard is an example of the increasing interest in prod-
ucts that were produced following sustainable standards
[52]. By moving towards sustainable production, the
company can export more leading to better revenues
that will enable future investments specially in a growing
sector as the processed meat and poultry industry. This
would have a positive impact on social aspects such as
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local employment, job opportunities, better life stand-
ards, better health, and community development [65].
Consequently, such projects, besides achieving feasibility,
also achieves sustainability and can be easily mapped to
the United Nations Sustainable Development Goals (UN
SDGs). A direct impact will be for SDG 3 (Good health
and well-being), SDG 7 (Affordable and clean energy),
SDG 8 (Decent work and economic growth), SDG 9
(Industry, innovation, and infrastructure), SDG 11 (Sus-
tainable cities and communities), SDG 12 (Responsible
consumption and production), and SDG 13 (Climate
action).

Risks and limitations

Every project has certain risks and limitations that must
be considered to have the full picture of the project
opportunities and threats. This section will elaborate on
the risks for the solar PVs for the industrial applications

in Egypt.
Risks

+ The unpredictable changes of the weather which will
lead to fluctuations in the power output [66].

+ Sandstorms and dust accumulations on the PV pan-
els that can cause the output power to decrease until
the panels are cleaned.

+ Fluctuations in the economy and the associated infla-
tion and interest rate changes [67].

Limitations

+ Restriction on the maximum power output to be
exported to 500 kW by station enforced by the Egyp-
tian regulations.

+ The average value of the solar radiation in Egypt led
to high number of PV panels.

« The relatively high costs associated with this project
will limit the number of investments specially for
smaller factories.

Conclusions

This study investigates the feasibility of the usage of
solar energy for industrial applications in Egypt specifi-
cally solar PV panels. To ensure the sustainability of this
application, the feasibility study has considered technical,
economic, and environmental analysis. Three scenarios
have been investigated; the first two scenarios differ in
the model of the PV panels used as well as the inverter’s
type. The third scenario utilizes a vertical axis solar track-
ing system using the model with the best results from the
first two scenarios. Also, non-financial considerations
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were considered, such as the acceptance and the accept-
ability. For the financial study, three financial indicators
were utilized to determine whether the different PV sys-
tems are feasible and which scenario is preferred.

The results have shown that the PV module with ver-
tical tracking will produce the highest amount of energy
with 2047 MWh which represents 87.94% of the fac-
tory’s consumption. However, it had the longest DPP of
around 6.139 years out of 25 years life span of the PV
system which is still considered good investment. The
third scenario had the highest NPV among the three sce-
narios calculated as 476,530.23 USD. The first scenario
had the lowest LCOE of around 0.022 USD/kWh, which
is considered almost half of the current energy price in
Egypt as set by the government. The third scenario will
have the highest positive impact on the environment
with 18,891.435 tons of avoided CO, emissions. Moreo-
ver, sensitivity analysis was carried out to test the effect
of changing the discount rate on the NPV and the LCOE.
The results of the feasibility-sustainability study have
shown that utilizing the PV system for power genera-
tion at industrial sites is feasible and sustainable in every
aspect for the three scenarios. Consequently, a generali-
zation can be made which is the PV systems in Egypt are
feasible for the industrial sector and make a very good
investment choice with a positive environmental impact.

Based on the study conducted and its results the fol-
lowing recommendations can be concluded:

« it is recommended to use the on-grid option by uti-
lizing the solar system as a financial investment
instead of using it as a source of direct power to the
factory to avoid the environmental and economic
issues related to batteries’ installation and usage.

« Based on the results of this case study, it is preferable
to use one axis sun tracking instead of fixed angle PV
panels in Egypt. It is worth noting that after consult-
ing with multiple service providers in Egypt, it was
decided that two-axis system will not be utilized in
this study as it is not commonly used in Egypt, making
its maintenance and spare parts not easily available

+ Based on the performed sensitivity analysis, the invest-
ment in PVs is not recommended when the discount
rate highly increases, since the LCOE of the system will
be higher than the incentive paid by the government.

Future work can be done to study the effect of the
change in the feed-in tariff on the feasibility of such sys-
tems. Studying the effect of temperature on the output
power is another interesting research direction. Fur-
thermore, Egypt’s future vision is also focusing on wind
energy, thus, a feasibility-sustainability study for wind
energy usage for residential or industrial application
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is considered as an important topic with a solar—wind
hybrid plant to be studied.

Abbreviations

BCR Benefits-to-costs ratio
BOS Balance of the systems
Btu British thermal units

csp Concentrating solar power
DPP Discounted payback period
GHGs Greenhouse gases

IRR Internal rate of return

kwWh Kilowatt hour

kWp Kilowatt peak

LCOE Nominal levelized cost of energy
MIRR Modified internal rate of return
MPPT Maximum point power tracking
MW Megawatt hour

NPV Net present value

PR Performance ratio

PVs Photovoltaic panels

SRECs Solar renewable energy credits
SPB Simple payback

STC Standard test conditions

TAM Technology acceptance model
TCO, Ton of carbon dioxide

TLCC Total life cycle cost

UNSDGs  United Nations Sustainable Development Goals
WACC Weighted average cost of capital
WT Wind turbines
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