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ABSTRACT

Article history:

Despite its great importance in daily life, electricity remains one of the most
critical issues in Lebanon where the power supply has been erratic for years
and the government faces numerous problems in buying foreign currency for
fuel import from petroleum countries. Therefore, there is an urgent need for
efficient solutions to produce local energy in a more sustainable way, leading
to an environmentally friendly energy consumption, far away from
conventional energy sources. In this work, unconventional technologies are
used for the generation of clean energy from a system of photovoltaic (PV)
panels and wind turbines. The novelty lies in the fact that the cost of the land
required for the installation is almost zero. The middle of the highways is
usually left unoccupied and therefore suitable for the project. Another
innovative feature of the proposed system is its ability to be connected to the
public utility without the need for battery storage, which reduces the total
cost of the system. The proposed design consists of 87,750 PVs arranged in
pairs on a steel frame for a coastal distance of 117,000 meters (highway
distance between Tyre and Tripoli) with a width of 2 meters and 29,250
vertical wind turbines placed under the chassis. Using RETScreen software,
the capacity of the resulting system is estimated at 39.9 GW/year. The
system would lead to a reduction in CO2 and GHG emissions of
approximately 28,211 tCO2/year. The payback period of this project is
estimated at 9 years with a lifetime of 25 years.
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1.

INTRODUCTION
High-quality, low-cost energy has recently become the primary concern of nations around the world
and the key to the control and management of all sectors, including industrial production, buildings,
agriculture and manufacturing. For centuries, energy production has been based on conventional resources
such as fossil fuels (FF) and coal. However, due to the higher increase in population and energy demand,
attention is now turning to new green resources that have a low environmental impact and do not release
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toxic substances into the environment that affect both the quality of the environment and the health and
safety of people.
Unfortunately, Lebanon is one of the countries facing major problems to meet the demand for
electricity, especially with the current overload of the population added to the big wave of migration of
Syrian population due to the politic crisis in 2011 as well the current economic crisis that is devastating the
country after the revolution of October 17, 2019 and the numerous explosions that have affected Beirut.
Hence, the need to invest in new green power technologies such as photovoltaic (PV) panels and wind
turbines.
PV panels are semiconductors-based materials with a very wide range of applications, particularly in
the field of space applications and energy production. Electricity generation projects are being developed in
many countries lacking fossil fuel reserves. In Morocco, the latest project was launched in 2018 with a
photovoltaic system and a concentrating solar power (CSP) system to add two 400 MW of combined systems
to the national power supply [1]. PV panels include the traditional silicon solar cell, usually in the form of a
flat plate, which is affected by cloudiness, the sun position and the angle of incidence of sunlight; the more
normal the sunlight becomes, the more efficient it is. The second generation is a thin-layer of solar cells,
made from amorphous silicon and non-silicon materials, and finally, there is the third generation of solar
cells using a combination of amorphous silicon wafers and conductive materials. A study has shown that
Lebanon has good average solar irradiation, producing a highly significant amount of power. The months of
May to August are the most favorable, with a peak in July at more than 300 kWh/m2 per month [2]. With
such promising data, the third type of PV seems to be suitable for use.
Similarly, wind power technology, which is technically a form of solar energy is becoming
increasingly essential in the production of green energy, particularly in Canada, the United States, and
Europe. For instance, a 10 GW package of wind power has been installed in Canada since 2000, with 137
MW of installed capacity remaining in service worldwide. Consequently, Canada can eventually produce
100 % of electricity from zero emission sources [3].
Hybrid PV solar/wind energy conversion systems have been widely used for electricity supply in
isolated locations, far from the grid or distribution system. These systems provide reliable service and can
operate for long periods of time [4]–[8]. Recently, Dursun et al. [9] performed a study of a hybrid PV-wind
system in which they investigated the possibility of providing electricity to a remote location without any
electrical connection, in the city of Edirne, Turkey. They found that the PV/wind/diesel system with battery
can be widely used to replace or upgrade the existing stand-alone diesel system. In addition, a 25% saving
was achieved by using the hybrid system compared to the stand-alone diesel system. Rehman and Sahin [10]
carried out a study in Saudi Arabia using hybrid PV/wind system for water pumping in remote areas. They
proved the feasibility of such a system by pumping water continuously throughout the year at a reasonable
cost.
On the other side, a techno-economic feasibility study of a hybrid wind/solar power generation
system (PGS) is being conducted by Chong et al. [11]. The results showed that the system can cover a
significant part of a building energy demand and improve its independence from the urban electricity grid.
Another study is performed by Kouhestani et al. [12] at the University of Lethbridge in Canada. A
comparison of the resulting output of solar PV and wind turbine generation over 5 years with the university’s
electrical demand revealed that wind turbine and solar PV systems together could produce more than 3.6
times of the annual electricity consumption on average. Moreover, Nijhawan and Jianu [13] proved in a very
recent study performed in Northern Ontario, Canada, that the PV/wind/hydrogen PGS can replace the
conventional fuel-based system. This clean energy using renewable sources will replace the antiquated
methods of power generation that pollute the environment and deplete the planet of its natural resources. A
similar study was performed in Bahrain by Haji et al. [14] where they inaugurated the country’s first hybrid
renewable energy system (HRES) as a demonstration project. The authors found that the HRES supplied 50%
of the power demand with a reduction of 48% of CO 2 gases emission.
In Lebanon, the amount of electricity produced does not meet energy needs. Thus, the necessary
energy is either purchased from Syria or produced using the Turkish power ship and more recently, Diesel
generators in each village. All these sources of energy mean that Lebanon suffers as much as any developing
country from high greenhouse gas emission and CO 2 emission rate. Without forgetting the severe energy
crisis, ageing power infrastructure and the vulnerability of the electricity grid to extreme weather conditions
due to the global warming. Therefore, to face this crisis, and for the first time in Lebanon, a solar/wind
hybrid PGS is being designed to be implemented at the coastal highways [15].
This system is totally environmentally friendly as it is designed to produce green energy without any
toxic gases emission such as carbon dioxide and nitrogen monoxide [16]. As well, there is no need to store
the energy produced in batteries, also considered as a source of pollution since the electricity produced will
be supplied directly to the grid utilities. Moreover, this system will be implemented at the middle of the
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highways, a governmental property, which eliminates the high cost of land. These two points are the strength
of this research as they will save on the exhaustive costs of storage and land.
The remainder of the paper is structured as: section 2 deals with the methodology followed in the
design of the PGS. The design of the PGS is presented in details in section 3. The average coastal wind speed
is measured first as it is a crucial element of the design. In addition, the output power is also calculated in this
section. Section 4 is devoted to an assessment of the project using RETScreen software. The project payback,
the GHG and CO2 emissions, as well the annual income over the project lifetime are calculated. Finally,
section 5 draws the main findings of the paper and tackles the future works.

2. RESEARCH METHOD
2.1. Land use
Building a carbon-free future is the most challenging and crucial topic facing the world today.
That’s why researchers are turning to green energy sources, where solar energy–relatively affordable and
widely available–is sees as the most attractive. However, this alternative solution would have to overcome
several obstacles to be considered as promising as one might imagine. One of these obstacles is the space
required for the installation of a large station. Since 2006, the price of land in Lebanon has increased
exponentially. This issue urges for finding unused government land where the design can be established and
subsequently implemented. This is the idea of the highways where a snake shape of PV panels with a vertical
wind turbine can be installed at the middle. These can be installed along the concrete blocks separating the
highways into 2-ways. The idea can be imitated along any highway in Lebanon or elsewhere in neighboring
countries.
In this project, the design took into consideration the highways between Tyre and Tripoli (as shown
in Figure 1) where the total distance was measured to be 117000 meters without any type of obstacles
intercepting the installation of the system such as bridges and publicity panels. This distance is 2 m wide
allowing the installation of two rows of PV panels.
One acre of land is approximately about 4,046.856 m 2, and the proposed PGS has an effective area
of installation of 234,000 m2, which is equivalent approximately to 58 acres of land. On average, the price of
an acre in the coastal region at Lebanon is approximately 400 k$. Thus, the land cost would be 23 M$. The
installation of the PGS in the middle of highways will eliminate the cost of land. This is a significant
reduction in the cost of systems in general.

Figure 1. Map of the region where the PGS will be implemented (red highlighted)

2.2. Battery storage
Over the past two decades, batteries have moved from being the main catalyst for solar PV to be a
marginal technology. Battery-based systems account for only 1% of annual PV installations in the U.S. and
worldwide [17]. The objective of this evolution is simple. Grid-connected PV systems have practically high
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productivity and almost unlimited capacity and require low maintenance over their lifetime. Furthermore, the
off-grid (battery reinforcement PV frameworks) discharge 30% or more of the solar energy in the
charge/release process, as shown in Figure 2(a). In addition, the off grid rejects all excess solar energy once
the batteries are fully charged on a good summer day, as shown in Figure 2(b). The excess summer energy
will be wasted. With a battery system, there is simply no way to save excess summer energy for winter use.
Typically, a battery system is sized to conserve energy for few days on the worst solar day of the year in
Lebanon (December). The solar power available at that time is about half of what we get in the summer per
day [18].

(a)

(b)

Figure 2. (a) Battery back-up vs (b) Grid-tie PV systems [17]

One of the principles selling points of solar power was power saving. This diminishes dependence
on coal fueled generators, implying that most of the power utilized would be 'green'. Battery permits to store
the abundance of energy produced during day, and subsequently utilized during top periods and during night.
This is one of the many reasons that battery innovation has become more well known over the recent years.
Battery integration into a solar plant, can serve against the decrease in power return from network and
interruption of power during non-sunny hours. This renders the power system more stable and reliable. In
many recent papers, it was proved that Batteries integration in a power system can successfully lessen
oscillations in frequency and tie-line power profiles caused by small load disturbances, i.e. improve the
stability and transient behavior of the system [19]. Regardless of all the previously mentioned benefits, a
major drawback of implementing battery storage systems is still the initial cost, which could stop a project
before it starts. In addition to this, the project aims to fulfill some demand in power usage during the day, and
relying on wind turbines to complement the system during windy days (non-sunny).
The possibility to connect the proposed system to the national electricity grid through appropriate
inverters, and to avoid the use of batteries, is another economic advantage of this system. In this way, the
exhaustive cost of batteries and their maintenance is eliminated, with a good environmental impact due to the
elimination of the chemical source inside the batteries.

3.

DESIGN
The project design involves several steps including the actual measurements of average wind speed,
which are carried out at the outset. Depending on the value of the wind speed and the availability on the
Lebanese market, the wind turbine will be selected. In this section, all the details regarding the PV panels to
be used, the steel frame that will support the design and the inverters to be installed to transform direct
current DC into alternating current AC will be provided.
3.1. Wind velocity
Wind speed was measured on the coastal highway using a flowmeter located one meter above the
road. Figure 3 shows the variation in wind speed (in m/s) for the period from 29 March to 24 April 2020. The
complete analysis of the collected data showed an average wind speed of 4.1 m/s. This value is adapted to the
energy production of the vertical axis wind turbine. Note that this the average value of the wind speed is
backed up by RETScreen software [19] where the average value over the 12 months of the year at the coastal
regions ranged between 4 m/s and 4.5 m/s.
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Figure 3. Wind speed at the coastal highway measured over one month

3.2. PV panels and wind turbines
A 300-watt polycrystalline panels were chosen for the design. These panels have the highest power
rate among the other PV panels on the Lebanese market. During installation, the PV modules will be tilted by
24° using a steel frame and directed southward, which is the case for optimal energy production in the coastal
area as it can be concluded from the database of the RETScreen software [20] where the average solar
irradiation ranged between 4 and 7 kWh/m 2/day over the year. As previously mentioned, the PV farm will
cover 117000 meters from Tyre to Tripoli, with a width of 2 meters. The design consists of 87750 PV panels
divided into two parallel lines of 43875 panels. These lines are in the middle of the highway. The shadow
effect between consecutive PV panels, which can reduce the output power of the whole system, was taken
into consideration. This problem was avoided by taking a shadow distance of 0.9 m between 2 consecutive
PVs [15].
As far as the turbines are concerned, the type to be used is the Savonius type, with 1-meter height
and 1-meter diameter, produced from materials with a high strength-to-weight ratio. Note that the Savonius
vertical-axis wind turbine (VAWT) is a slow rotating, high torque machine with at least two blades and is
used in low efficiency, high reliability power turbines. The type to be used has multiple semicircular shaped
blades distributed around a vertical pole. It has a simple structure, great starting characteristics, generally low
operating speeds and the capacity to catch wind from any direction. The turbines should be placed under the
frame with a distance of 4 meters to avoid turbulence [21]. Thus, over a length of 117000 m length of the
PGS, the number of VAWTs would be 29250.
3.3. Steel frame and structural analysis
The combined system of photovoltaic panels and wind turbines will be mounted on a steel frame
manufactured based on numerical simulations to sustain extreme load values. The PV panels, as mentioned
above, will have 87750 PVs placed on the steel frame over the entire costal distance of 117000 m and a width
of 2 meters. An illustration of the combined system using CAD software is shown in Figure 4. The steel
frame presented in Figure 4 consists of many geometries, starting with hollow square connecting fixture and
an L-shaped corner bar. These are well galvanized in order to resist bending, corrosion, or any type of defect.

Figure 4. An insight of the system combining PV panels and wind turbines
Techno-economic study of a hybrid power generation system at the Lebanese ... (Mohammad Hammoud)
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The structure was analyzed using finite element software to test the reliability of the steel frame.
The wind speed was assumed at a high value of 120 km/h. Results depicted in Figure 5 show that the
maximum stress is 5.11 MPa, a value much lower than the yield tensile of the steel. Thus, the system is
considered completely safe against elastic deformation.

Figure 5. Maximum principal stress at 120 km/h (extreme wind speed during winter season)

3.4. Inverters
There are several types of inverters, such as: central, string, and micro. The central inverter is the
most used and the most reliable. The choice of the inverter depends on the application for which it is used. In
the designed snake-system, central inverters cannot be implemented and that’s due to a combination of a
large PV array which will lead to a high voltage drop in the wires. This therefore leaves two inverter options:
string or micro. For the current design, the micro inverter seems to be the most applicable yet not the
cheapest. All panels will have the micro-inverter backed up. The advantage here, comes in more output
power for each panel (about 5-25%), the problem in one of the cells (shading for example) will not affect the
whole system as in other types of inverters. This doesn’t add simplicity to the design in addition to the higher
cost compared to others in the family, yet, looking at the longer lifespan for micro-inverters (15-25 years
compared to 5-10 years for other types), this comes to be an advantage on long term than being a
disadvantage.
3.5. PV power output
Hereafter, the total power that can be generated by the current design is calculated. The nominal
peak power that can be generated with the selected PV panel is 300 W, which is, a total of
87,750×300=26.325 MWh nominal PV power generated. In a recent study performed in Lebanon [22], the
annual average energy generated by a PV panel is 387 kWh/year, which means that for 87,750 panels, a total
of 34 GW per year is produced. For the VAWT, the maximum power generated by each turbine is calculated
using (1).
1

𝑃𝑡 = 𝜌𝐶𝑝 𝐴𝑉 3
2

(1)

where ρ is the density of the air, A is the swept area of the turbine perpendicular to the flow direction, V is
the wind velocity, and 𝐶𝑝 is the power coefficient.
The value of the air density at the coast is 𝜌 = 1.225 𝑘𝑔/𝑚3, 𝐶𝑝 is taken at its maximum value of
16

𝐶𝑝 = , the average wind speed was measured at 4.1 m/s, and the swept area is the height of the blades times
27
the rotation diameter which equals 1 m2. Replacing these values into (1), the maximum output power of the
VAWT is 25 Wh. Thus, the full power produced by 29,250 VAWT is equal to 𝑃 = 25 × 29,250 =
0.732 𝑀𝑊ℎ. Taking into consideration that the various power losses are estimated to 9%, the VAWTs can
generate an annual energy of 𝑃 = 5.88 𝐺𝑊 per year. Regarding the global design, the resulting capacity of
the solar/wind PGS is estimated to 39.9 GW per year.
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4.

RESULTS AND DISCUSSION
Tools and software to guide energy choices include hybrid optimization model for renewable
electricity, hybrid designer, and RETScreen expert. The RETScreen expert software is recently used in this
type of hybrid systems. The software is a package developed by the Government of Canada. It was released
to the public on September 2016. It allows to identify, evaluate and optimize the technical and financial
viability of potential renewable energy, energy efficiency and cogeneration projects. Several studies were
performed to validate the techno-economic and environmental sustainability of PV and wind technologies
[20], [23].
Using RETScreen expert software, it was found that the proposed hybrid PGS has an estimated
initial cost of approximately 31.4 M$, and with 25-years lifetime, the system would have produced electricity
at a cost of approximately 80.6 M$ which is roughly 2.6 times the actual system cost. The initial cost for the
main component of the system (PV modules and wind turbines) as well as inverter installation in addition to
the electric export revenue ($) are shown in Figure 6.

Figure 6. Project cost and electricity export revenue from RETScreen expert

In addition, Figure 7 presents the financial viability where the internal rate of return (IRR) is the
annual rate of growth an investment is expected to generate. The higher an IRR is, the more desirable an
investment is to undertake. Moreover, the net present value (NPV) is the difference between the present value
of cash inflows and the present value of cash outflows over a period. If the NPV of a project or investment is
positive, this means that the discounted present value of all future cash flows related to that project or
investment will be positive, and therefore more attractive which is the case of this project.

Figure 7. Financial viability from RETScreen
Techno-economic study of a hybrid power generation system at the Lebanese ... (Mohammad Hammoud)
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Figure 8 provides a summary of the payback period of the project. In addition, the system would
result in a net decrease of CO2 and GHG flows of ~28,211 tCO2/year as shown in Figure 9 and ~705,27 tCO2
over life of the system. A comparison between the proposed case and the base one (fuel-based) shows a
reduction of 93% of GHG emissions.
Finally, implementing this project would help surely in reducing the effect of global warming
caused by burning the fuel to produce the same amount of energy in this region. The project GHG emission
reduction of ~28,211 tCO2/year is equivalent to 2,594 ha of forest absorbing carbon not cut down over 1 year
of the entire life span of the project if installed.

Figure 8. Payback period of the hybrid PGS calculated using RETScreen

Figure 9. Gross annual GHG emission reduction

5.

CONCLUSION
The work presented in this paper is an important step in the development of the country powered by
green energy and it is in the hands of the Lebanese government to produce electrical energy from renewable
sources, especially when it is installed in the middle of the coastal highway to lighten the roads and to cover
other needs from Tyre to Tripoli on 117,000 meters at zero cost over time. The project grid connected, feeds
electricity directly into the power grid, saving the high cost of the storage system. Additionally, the land cost
is zero, since it is installed on public land, which will cost nearly 23 M$, although the overall initial project
cost is no more than 31.4 M$. The overall annual energy generated from the system is 39.9 GW/year. With
an annual total of 34 GW/year generated by the photovoltaic panels and 5.9 GW/year by the turbines at an
average wind speed of 4.1 m/s. The design is within the safety range regarding failures of any type or
yielding it is made of high-strength materials. Furthermore, it is an environmentally friendly project, without
gas emission, without effect on humans, animals and plants. This project provides, according RETScreen
data, a net reduction of CO2 and GHG emissions of approximately 28,211 tCO2/year. The payback period is
estimated to 9 years over a 25-years life span. The proposed design could be replicated on all highways in
Lebanon other than the coastal region. Similarly, the same research approach could be applied to most
Lebanese areas to ensure maximum use of unused land for grid-connected electricity generation.
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