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Abstract: In this study, an analysis is carried out to determine the optimal application of multiple
renewable energy resources, namely wind and solar, to provide electricity requirements for green
smart cities and environments. This was done to determine the potential of renewable energy to
provide clean, economically viable energy for the case study of Zagazig, located at 30◦34′ N 31◦30′ E
in the North East of Egypt. The relevant data surrounding the production of energy were collected,
including the meteorological data from NASA, and specifications regarding renewable resources
including solar panels, wind turbines, and storage batteries. Then a hybrid model was constructed
consisting of Photovoltaics (PV) panels, wind turbines, a converter, and storage batteries. Once the
model was constructed, meteorological data were added alongside average daily demand and cost of
electricity per kWh. The optimal solution for Zagazig consisted of 181,000 kW of solar panels feeding
directly into the grid. This system had the lowest Net Present Cost (NPC) of the simulations run of
US$1,361,029,000 and a net reduction of 156,355 tonnes of CO2 per year.

Keywords: decarbonisation; sustainability; hybrid energy; renewable; electricity; Egypt

1. Introduction

Renewable energy is one of, if not the, fastest-growing sectors when it comes to electricity
sources. In many countries, including the US, renewable energy is the fastest-growing energy source;
renewable capacity increased in the US by 100% from 2000 to 2018. Globally, renewables made up
24% of electricity generation in 2016. This is expected to rise to 45% by 2040 and this rise is expected
to come mostly from wind, solar and hydropower [1]. As of 2016, four countries had a Renewable
Fraction (RF) of 100%, meaning that 100% of the electricity demand was generated from renewables.
These countries were Paraguay, Iceland, Democratic Republic of Congo, and Albania [2]. This shows
that renewable energy has the potential to meet a large amount of a country’s electricity demand
provided sufficient resources are available. The reason these four countries have a large RF is because
they have access to large quantities of hydropower due to the particular geography of their country.
This factor, in combination with a relatively small demand, results in an extremely high RF. For many
countries, achieving this level of RF is much more difficult. Many countries do not have the option of
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large-scale hydropower available to them and hence alternative renewable resources must be used
instead. It is, therefore, important to look at alternative, more commonly found renewable resources
such as wind and solar energy [3]. Each country should determine what renewable energy solution is
optimal for them, and this solution should provide electricity that both reduces CO2 emissions and
creates economic opportunities for growth based on the available resources. Manmade climate change
is increasingly at the forefront of both national and international concerns. Several countries have
started this transition towards renewable energy resources based on their geographical locations and
local resources.

Solar based energy is an important sector within energy generation due to its versatility.
Solar energy can be harnessed directly from the sun even in cloudy conditions and can be harnessed in
multiple ways including generating power [4], desalinating seawater [5,6] and heating water [7–9].
Therefore, sustainable technologies are applicable to MENA (Middle East and North Africa) countries
where freshwater sources are persistently over-used and renewable sources of energy are widely
procurable. Solar power alongside other renewable energy sources has the potential to allow these
countries to meet their needs for both electricity and water and potentially offer surplus electricity to
export to other countries.

The MENA region has one of the highest potentials for solar energy in the world, reaching as
high as 2200 kWh/kWp per year. Despite the region’s abundance of solar irradiance, the solar industry
in many of the countries within this region remains relatively small compared to their potential.
The total share of renewables made up 0.6% across the GCC countries (Bahrain, Kuwait, Oman, Qatar,
Saudi Arabia, and the UAE) [10]. Saudi Arabia developed several solar based projects to improve its
energy resources using its available intense solar energy [11–13]. In the MENA region, Egypt has been
investing heavily in renewables, specifically solar energy. Egypt has a great potential for solar and wind
energy technologies [14]. Currently, the Egyptian government’s target is to provide 20% of Egypt’s
electricity mix through renewables by 2022 and 42% by 2035. This would require an estimated US$6.5
billion per annum investment to reach this target, which is an increase over the current investment of
US$4.3 billion per annum [15]. This country has begun to realise the potential of solar energy and has
recently completed construction of the first of 41 plants making up Benban Solar Park [16].

The park has a capacity of 1.8 GW and is estimated to reduce CO2 emissions by about 2 million
tonnes every year. This project highlights Egypt’s willingness to invest in solar energy and backs up
its claims that it will produce 20% of its electricity from renewable sources by 2022. The Egyptian
energy demand is set to increase from 27.6 GW in 2018 to 67 GW by 2030 [17]. Meeting this demand
through locally sourced solar energy is an attractive solution. This would have many advantages,
such as reduced dependence on potentially unreliable imported energy as well as being an investment
in future industries that creates jobs and helps to meet the country’s renewable targets.

Wind is the second-largest renewable energy source for power generation, producing more than
5% of global electricity in 2019, with 651 GW capacity. Onshore wind makes up the majority of this
capacity with 622.6 GW [18]. The growth of wind power was highlighted in recent years as one of the
fastest growing of all renewable energy technologies. According to their report, onshore and offshore
wind have increased in capacity by 556.5 GW between 1997 and 2018, which is a factor of almost
75 which attributes this rise globally to the falling costs of wind power generation [19]. This is also a
very good source of renewable energy for Egypt.

Figure 1 illustrates the solar potential in Egypt in kWh/kWp. From this image it is clear that Egypt
has a large solar potential. The legend shows average daily photovoltaic output ranging from 4.6 to
5.8 kWh/kWp and annual totals ranging from 1680 to 2118 kWh. The lower PV potential is at the
mouth of the Nile river just North of Cairo.
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Figure 1. Specific solar energy output of Egypt, Reproduced from [20]., World Bank Group: 2018 

Egypt is within the lower half of the legend range. According to this figure Zagazig has a mean wind 
power density slightly below 200 W/m  (See Figure 2). This may imply a lesser wind focus when supplying 
electricity in Zagazig. 

 
Figure 2. Wind energy potentials across Egypt, Reproduced from [21] Energy data information: 2020 

This study aims to determine what hybrid energy systems [22] would be optimal for the city of Zagazig 
in Egypt (see Figure 3) by modelling its population and energy demand. A hybrid power generation system 
was developed for the city of Zagazig to determine whether renewably sourced electricity could be 
economically feasible whilst reducing CO2 emissions based on an optimal solution, alongside calculating 
other economic and environmental conditions. 
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Egypt is within the lower half of the legend range. According to this figure Zagazig has a mean
wind power density slightly below 200 W/m2 (See Figure 2). This may imply a lesser wind focus when
supplying electricity in Zagazig.
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Figure 2. Wind energy potentials across Egypt, Reproduced from [21] Energy data information: 2020.

This study aims to determine what hybrid energy systems [22] would be optimal for the city of
Zagazig in Egypt (see Figure 3) by modelling its population and energy demand. A hybrid power
generation system was developed for the city of Zagazig to determine whether renewably sourced
electricity could be economically feasible whilst reducing CO2 emissions based on an optimal solution,
alongside calculating other economic and environmental conditions.
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Figure 3. Location of Zagazig, coordinates: 30◦34′ N 31◦30′ E [23].

A database including solar panel costs, wind turbine costs, and other monetary investments was
used for this study. Meteorological data such as wind speed and photovoltaic intensity were collected
from the NASA database [24]. The application and integration of renewable energy have become a
subject of increasing importance within modern society based on the 2017 Paris agreement. One of the
problems solar energy must overcome is the huge amount of land that panels require; many more
densely populated countries may struggle to find this space. However, there are solutions to this
problem. For example, roof space can be utilised within cities to supply this space without using
limited open spaces within cities which works for Egypt [25,26]. Another solution to the large area
that solar panels require to be effective is to use otherwise unused space or isolated regions [27].

Another issue with using solar energy for electricity generation is the difficulty in storing large
quantities of electricity [28]. The reason a large amount of storage is needed is because the supply of
electricity produced by the solar panels seldom correlates with the energy demand. This means that
solar energy is not able to be used to its full potential due to its inability to consistently meet demand.
A solution to this issue is to use converters and batteries that can store energy during a surplus and
release it during a deficit, allowing solar energy to consistently meet demand provided there is a high
enough capacity. Many companies are working on solving the battery problem faced by solar power.
One example of this is the Tesla Powerwall which is a power pack that can be used for larger-scale
storage and can be scaled. This power pack has a 232 kWh energy capacity and could potentially be
used alongside renewable energy sources [29]. Batteries could be an important factor in allowing
renewable energy sources to be used more efficiently and on a larger scale. Once the problem of storage
is solved, the potential for renewable energy will become even higher. Cheap efficient storage could
allow renewable energy to meet a greater demand due to the ability to store energy when a surplus is
being produced. This would mean that provided the capacity of the PV and storage were high enough,
solar could theoretically provide 100% of the load demand. For this reason, batteries and converters
were chosen to be part of the hybrid model as they could potentially allow wind and solar energies to
provide a greater percentage of the electricity demand.

2. Materials and Methods

2.1. Case Study: Zagazig, Egypt

Zagazig is located at 30◦34′ N 31◦30′ E in the North East of Egypt. As with other Egyptian cities,
it has enormous potential for solar energy due to its latitude, having a very high solar irradiance and
also has a mean wind power density of about 650 W/m2.

2.2. Input Data

An estimate of Zagazig’s electricity usage was calculated using the World Bank data from 2014,
which states that the electricity consumption per capita per annum in Egypt is 1657.77 kWh. This value
was multiplied by the population of Zagazig (approximately 500,000) and divided by 365 to obtain an
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estimate for the daily electricity consumption of Zagazig. This gave a value of 2270.9 MWh/day which
was rounded to 2000 MWh/day. Once the average daily consumption was obtained, the yearly profile
could then be calculated. The yearly profile of load demand was synthesised using the pre-set yearly
seasonal profile supplied by the HOMER software (HOMER Grid, Version 1.7, Boulder, CO, USA) [27],
which was scaled to have the average daily load demand of 2000 MWh/day.

Figure 4 shows an estimate for the annual load demand for Zagazig across 2020. This heat map
shows when the most energy is consumed.
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The heat map (Figure 5) shows the maximum demand is 411.66 MW occurring between 18:00 and
21:00. This pattern of the highest daily demand occurring during this time continues throughout the
rest of the year. The cost of electricity in Egypt was taken about US$0.178 per kWh.
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In order to generate synthetic wind data, wind resources were downloaded from the internet
and input into HOMER. These resources included average monthly wind speeds, Weibull k,
1-h autocorrelation factor, diurnal pattern strength, and hour of peak wind speed. From these
resources, HOMER synthesised wind data for Zagazig, which were then used to calculate the power
output of the wind turbines using the Wind shown in Figure 6.
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The synthetic hourly solar data from the monthly average data are based on the solar intensity
data for Zagazig, which were obtained from NASA’s Surface meteorology and Solar Energy database.
The synthesised data obtained for Zagazig are shown in Figure 7. This figure includes a clearness
index, which is a measure of the clearness of the atmosphere. This is given as a dimensionless number
between 0 and 1, with 1 being 100% of the extra-terrestrial solar radiation hitting the surface. A high
value on this scale indicates a clear day and a low number indicates cloudy conditions. The values
shown in the solar intensity graphs are an average for their respective months. The annual GHI for
Zagazig (in Figure 7) has an average daily radiation of 5.19 kWh/m2/day with a clearness fluctuating
between 0.53 and 0.65.
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2.3. Simulation

The HOMER software was chosen because of its ability to create a hybrid model for different
energy resources such as wind and solar which have been used in previous studies [30,31]. For the
simulation, firstly, the load demand was determined which gave the scale at which the hybrid system
must operate. This is an important factor to consider in the creation of an optimal hybrid system.
Secondly, data regarding solar irradiance (GHI) and wind speed were collected and imported into
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the HOMER energy software. Each component within the system was then selected and the data for
these were imported into HOMER. These components included varying wind turbines, solar panels,
batteries, and converters. HOMER’s optimisation model is based on the system power’s physical
behavior, and its related cost. The software compares different designs based on their technical and
economic values. This is mainly to find the best configuration at the lowest life-cycle cost. The results
help the system designer to control the decision variables such as the PV array size, the number of
wind turbines, or the batteries to achieve the least possible net present cost [27].

Batteries were used to store excess energy should the renewable electricity sources generate
more than the required load at any given point. The electricity could then be released later when the
demand exceeds the supply. To store electricity in a battery, it must first be converted from AC to DC,
which is why a converter is needed if a battery is to be used. Thirdly, once the components had been
chosen, they were built into a functional model. The model was ordered to run producing average
daily power of 2000 MWh. To aid with the optimisation of these variables, the HOMER optimiser
was used. This software uses an algorithm to identify the best hybrid compositions of elements for a
given desired outcome. For this model, 10,000 simulations were run, and the system was optimised to
find the solution with the lowest Net Present Cost (NPC). Other factors were calculated, including the
Cost of Energy (COE), CO2 emissions, and payback time. Once the load demand was determined,
the potential components could be added. These components consisted of generic PV panels and
G10 wind turbines as well as a converter and a lithium-ion battery to store excess energy produced.
The volume of each of these components was optimised using the HOMER optimiser. For the generic
PV panels and wind turbines, additional data needed to be input in order for the synthesised data
to be produced. The PV panels required solar intensity data from NASA’s Surface meteorology and
Solar Energy database and the G10 wind turbines required average monthly wind speeds, Weibull k,
1-h autocorrelation factor, diurnal pattern strength, and hour of peak wind speed, all of which were
downloaded from the HOMER website. In this study, G10 wind turbines were simulated, due to their
ability to be more easily constructed in the rural outer area of Zagazig. Smaller wind turbines also
have the advantage of a more consistent electricity output providing stability.

Figure 8 depicts a representation of the hybrid system used for decarbonising the energy demand
through the combination of wind and solar energy with excess energy stored in batteries. The left-hand
side of this schematic shows the components that provide AC towards the demand load. These energy
sources include electricity provided by the grid and wind turbines. PV provides electricity in the
form of DC, this alongside electricity released by the Absorbent Glass Mat (AGM) batteries, must be
converted to AC to be of use to the demand load. Therefore, the schematic includes converters to
allow electricity from PV and LI ASM batteries to contribute towards the load demand. Alongside this,
it allows the components that generate AC to store electricity by directing electricity into the LI ASM
batteries via the converter.
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Table 1 shows the initial cost of the varying components: PV, LI ASM batteries, and 10 kW wind
turbines within the schematic, as well as the constant values within the schematic which are the
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converter’s properties as well as the economic factors. It should be noted that the cost per kW of PV in
system 5 is lower than the previous three systems due to the way in which the cost per unit is calculated.
HOMER uses a cost curve [32] to calculate the cost per kW capacity. Since system 5 has a higher solar
capacity compared to systems 2–4 the cost is US$2 less per kW than within the other systems.

Table 1. Details of the model components for Zagazig.

Generic Flat-Plate PV LI ASM Battery Generic 10 kW Wind Turbine

Operation and maintenance cost US$20 per kW per year US$8 per kW per year US$30,000 per unit per year
Lifetime 25 years 25 years 20 years

Table 2 shows the operation and maintenance and lifetimes of the generic flate-plate PV, LI ASM
battery, and generic 10 kW wind turbine. These values remain constant throughout the systems.

Table 2. Operational and maintenance costs of components.

System type Initial Cost of PV Initial Cost LI ASM Battery Initial Cost of Generic 10 kW Wind Turbine

System 2 US$1346 per kW N/A N/A
System 3 US$1346 per kW US$700 per kWh N/A
System 4 US$1346 per kW N/A US$50,000 per 10 kW
System 5 US$1344 per kW US$700 per kWh US$50,000 per 10 kW

Converter Values Influential economic
factors Values

Initial cost US$300 Interest rate 8%
Efficiency 95% Inflation rate 2%
Lifetime 15 years Real discount rate 5.88%

Project lifetime 25 years

The converter is needed to change the current from alternating current to direct current so that
it can be stored. If the renewable energy resources do not meet the demand load, then energy can
be transferred from the battery to the demand load in the opposite conversion via the converter.
During both directions of this conversion, some energy is lost and therefore this stored energy is not
100% efficient.

The wind turbine power output was evaluated using Equation (1):

Uhub = Uanem·

( Zhub
Zanem

)α
(1)

where:

Uhub = the wind speed at the hub height of the wind turbine (m/s),
Uanem = the wind speed at the anemometer (m/s),
zhub = the hub height of the wind turbine (m),
zanem = the anemometer height (m),
α = the power-law exponent.

After calculating hub height wind speed, HOMER refers to the wind turbine’s power curve in
Figure 9 to determine the expected power output from the wind turbine at the given wind speed under
standard conditions of temperature and pressure.
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The density of the air is assumed to be consistent. Using Equation (2), the output of PV array is
then calculated:

PPV = YPV fPV(
GT

GT,STC
)[1 + αP(Tc − Tc,STC)] (2)

where:

YPV = the rated capacity of PV array, meaning its power output under standard test conditions (kW),
fPV = the PV derating factor (%),

GT = the solar radiation incident of the PV array in the current time step (kW/m2),

GT,STC = the incident radiation at standard test conditions (1 kW/m2),
αP = the temperature coefficient of power (%/◦C),
Tc = the PV cell temperature in the current time step (◦C),
Tc,STC = the PV cell temperature under standard test conditions (25 ◦C).

The PV model chosen was a generic flat-plate PV, which has an efficiency of about 13% and a
lifetime of 25 years. The initial cost of the array differed depending on the capacity of the array used.
The cost per kW capacity of the PV was calculated using the cost curve provided by HOMER [33].

This is based on the cost per kW capacity of the PV array on the total capacity and resulted in
larger arrays having a lesser cost per kW capacity as shown in system 5.

Figure 10 illustrates the PV power ouput distrubution of system 2. The figure shows that the
system’s peak power output is around 200,000 kW and occurs during midday, this distribution is
expected and each system including PV will show a similar distribution with slightly varying values.
For this reason it was decided that only the PV power output for system 2 would be included.
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A converter was assumed for simulations that included storage in the form of a battery. It was
assumed that the converter was 90% efficient with a lifetime of 20 years and cost US$300 for a 1 kW
converter. The storage chosen was an LI ASM battery that uses a modified kinetic storage model.
This model is based on Manwell and McGown [34] and calculates the amount that a storage bank can
absorb or release at each time interval. The storage is modelled as a two-tank system that separates the
bound energy, which is the energy that cannot be used, from the available energy. The grid used simple
rates, which allowed a constant power price and sell-back price to be set. The grid meets the demand
for electricity and therefore the renewable sources within the hybrid system only act to provide the
grid with low carbon electricity towards this demand.

The net present cost (NPC) is defined as the total life cost of the system minus the present value of
all the revenue it earns in its lifetime. The cost of energy (COE) is analysed as the average cost per
kWh of electrical energy produced by the system, using Equation (3):

COE =
Cann,tot − cboilerHserved

Eserved
(3)

where:

cboiler = boiler marginal cost (US$/kWh),
Hserved = total thermal load served (kWh/year).

However, in wind and PV systems, the thermal load (Hthermal) is zero. Therefore, the equation is:

COE =
Cann,tot

Eserved
(4)

where:

Cann,tot = total annualised cost of the system (US$/year),
Eserved = total electrical load served (kWh/year).

3. Results and Discussion

The optimal solutions are presented for each combination of components that have a lower NPC
than the base system whilst providing the load demand. Table 3 shows the most optimal systems in
terms of NPC for each combination of components (systems 2–5) as well as the base system (system 1).
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Table 3. Scenarios of the developed model for Zagazig.

Characteristics System 1 System 2 System 3 System 4 System 5

Base Solar capacity
of 181,000 kW

Solar capacity
of 181,000 kW +
12,751 kWh of
Li-Ion battery

storage

Solar capacity
of 182,000 kW +

521, 10 kW
wind turbines

Solar capacity
of 193,000 kW +

521, 10 kW
wind turbines +

6375 kWh of
Li-Ion battery

storage
CAPEX US$ 0 243,665,100 249,492,800 271,110,900 288,115,300
OPEX US$ 129,940,000 86,175,100 85,982,160 85,240,870 84,202,740
NPC US$ 1,679,801,000 1,357,695,000 1,361,029,000 1,373,064,000 1,376,648,000

COE US$/kWh 0.178 0.133 0.134 0.134 0.132
CO2 tonnes/yr 461,360 305,005 303,155 299,762 295,369

RF % 0 38.9 39.0 40.3 41.9
Payback times yr - 5.6 5.6 6.0 6.2

The system with the highest RF is system 5 with 41.9%. This system consists of 193,000 kW of
solar, 10 kW energy from the wind turbines, and 6375 kWh of ASM batteries. This system has the
lowest CO2 emissions of 295,369 tonnes per year. Despite having the highest RF, system 5 has the
highest NPC excluding the base system, and therefore this system was not chosen. The system with
the lowest NPC is system 2 with US$1357 m which is US$18,953,000 less than system 5. System 2
has a cost of electricity US$0.045 per kWh less than system 1 and a Capital expenditure (CAPEX)
$444,502,000 cheaper than system 5. System 2 is the optimal system according to NPC and still results
in a reduction of 156,355 tonnes of CO2 per year. The most optimal system in terms of NPC was system
2. This option comprised of 181,000 kW of solar energy feeding straight into the grid. The CAPEX of
system 2 was US$243,665,100 and had a predicted lifetime of 25 years. The estimated total lifetime
savings for system 2 was US$1,100,919,500 with a payback time of 5.6 years. This system would reduce
the amount of CO2 emissions when compared to using the grid electricity of 156,355 tonnes per year,
resulting in a reduction throughout its lifetime of 3,908,875 tonnes. The cost of electricity produced
by this system is estimated at US$0.133 per kWh. Table 4 shows the important results for the most
optimal system (system 2) including payback time and annual CO2 emissions.

Table 4. Zagazig optimal proposed system.

System 2 Results Values

Estimated annual energy bill savings US$44,036,780,000
System capital cost CAPEX US$243,665,100

Projected lifetime of 25 years saving US$1,100,919,500
Initial Rate of Return (IRR) 17.65%

Payback time 5.6 years
COE 0.133 US$ per kWh

CO2 emissions 305,005 tonnes per year
Reduction in CO2 compared to the base 156,355 tonnes per year

The additional power needed to be purchased for each hour of an average day in each month
is presented in the Supplementary Materials (S1). Since the graphs are constructed using the base
system (system 1), the power supplied is entirely purchased from the grid. These graphs are useful
for comparative purposes since they show a system in which no renewable energies are present and
hence any changes to these graphs can purely be attributed to wind or solar energy being present in
the system.

A summary of system 2′s performance which can generate 181,000 kW of solar energy potentially
is illustrated (S1). The primary graph illustrates the total renewable output of system 2 shown in
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green, which is equivalent to the solar output (in yellow). Alongside this the grid purchases are shown
(in black), giving an overview of when renewable energy is most usable and when grid purchases
are most needed. The solar energy is shown to generate most of its electricity between the hours of
6 a.m. and 5 p.m. This is reflected in the black line as there is a significant drop in the need for grid
purchases during these hours. The secondary graph illustrates the same plot of grid purchases seen in
the primary graphs but now is illustrated in red. The secondary graph overlays these grid purchases
with the purchases in the base system. This allows direct comparison between the purchases in the
base system and the purchases in system 2. The secondary graphs show that, overall, less energy is
required to be purchased in system 2 compared to the base system. This is mostly due to purchasing
less during daylight hours as solar energy provides the electricity that would otherwise need to be
purchased. During the non-daylight hours (roughly 5 p.m.–6 a.m.) the grid purchases remain the same.

Figure 11 illustrates the reduction in raw CO2 when comparing the CO2 produced by the base
system to the optimal solution (system 2). This raw reduction between the two system was estimated by
HOMER to be 156,355 tonnes per year, or a percentage reduction of 33.9%. Compared to the base system,
system 2 also reduced NPC by US$322,106,000. These results show that using system 2, Egypt can
provide more economically and environmentally beneficial electricity through the implementation of
solar energy. This is under the assumption that the cost of electricity is US$0.178.
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Figure 11. CO2 emissions, Zagazig.

In this study, the NPC was the main weighted metric, and therefore, the systems with batteries
were not optimal by this parameter. However, in future, the application of batteries alongside renewable
sources could be considered more optimal. Firstly, a higher importance placed on decreasing CO2

emissions could lead to taxes on these emissions, resulting in the use of batteries to store additional
renewably produced electricity to become the most economically optimal solution for providing load
demand. Secondly, if a more cost-effective battery were developed and applied to a similar model,
the resultant NPC of the systems including batteries could significantly decrease. This battery-based
system could then become the most optimal in terms of NPC. Both scenarios have the potential to
occur within the near future, especially the increase in battery efficiency.

Table 5 shows the composition of the electricity produced by system 2 both in terms of raw
production (kWh/year) as well as percentage (%).

Table 5. Optimal system electricity production, Zagazig.

Production kWh/yr %

Generic flat plate PV 307,686,758 38.9
Grid purchases 482,602,391 61.1

Total 790,289,149 100
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In regards to the surface area required for the systems, it can be shown that it is technically feasible
to easily accommodate 181,000 kW of PV. The total area around Zagazig is 726 km2 (see Figure 12)
and the area of Zagazig that has been urbanised (see Figure 13) is 26.3 km2, which is unable to
be used for PVs. The difference between these two areas, and hence useable land for solar panels,
is 699.7 km2 (roughly 700 km2). The area required for the PV panels in system 2 is the PV capacity,
181,000 kW, multiplied by the area per kW of solar panels. Each kW requires an area of a 10 m2 of land.
Therefore, the total area required to facilitate 181,000 kW capacity of PV is about 1.81 km2 which is
feasible in the available area of 700 km2 to decarbonise this city.
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4. Conclusions

This simulation showed that renewable energy could not only be environmentally more beneficial
but also it has the potential for economic profitability if applied correctly. That is to say, the composition
of the optimal solutions strongly correlated to the resources available in the respective location resulting
in significant reductions in CO2 emissions of about 156,355 tonnes per year, for the city of Zagazig,
this is a reduction of roughly 33.9% when compared to the base system using the grid. This shows
how cities around the world can plan towards decarbonising their societies using renewable energy
resources. In conclusion, Zagazig would benefit from the implementation of renewable resources being
used in parallel with non-renewable sources currently already in place to meet demand. It should be
noted further research into the social and technical feasibility of implementing large scale PV has the
potential to be a more environmentally and economically sustainable solution for energy production.
This study has theoretically proven that a hybrid system in which wind turbines and PV are utilised
smartly and appropriately, can improve upon the current system of electricity generation.
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Figure S1. Monthly plots of peak day grid purchases for the base case (System 2) during January-March. Figure S2.
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of peak day grid purchases for the base case (System 2) during July-September. Figure S4. Monthly plots of peak
day grid purchases for the base case (System 2) during October-December.
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Nomenclature

AC Alternating Current
CAPEX Capital Expenditure
CO2 Carbon dioxide
COE Cost of Energy
DC Direct Current
HOMER Hybrid Optimisation for Multiple Energy Resources
LCOE Levelised Cost of Energy
NASA National Aeronautics and Space Administration
NPC Net Present Cost
OPEX Operational expenditure
PV Photovoltaics
RF Renewable Fraction
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