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ABSTRACT

In this research effort we investigate how changes in the weather affect the electricity
produced by Photovoltaic systems. We also investigate how different environmental
conditions may or may not be influencing overall PV performance. Because solar electricity
depends so heavily on meteorologic variables like solar irradiance, ambient temperature, and
seasonality; we use hourly weather data from 2010 and 2020 to assess these effects on PV

generated electricity.

We have used graphical analysis to explore many important aspects of our data including
the relationship between solar irradiance and electric power output and the effects of
temperature on PV efficiencies. We examine both diurnal and seasonal variations in energy

generation as well as trends in electric power output over time.

Our results indicate that increased levels of solar irradiance produce greater amounts of
electrical energy than do lower levels. Conversely, increased temperatures result in
decreased PV efficiencies. Also, due to the inherent variability associated with climate; there
were large seasonal differences in PV generated electrical energy. Specifically, summer
months had significantly larger quantities of electrical energy generated then did the winter
months. Our results clearly illustrate why it is very important to utilize weather forecasts in

order to optimize the operation of solar systems.

This research provides additional information about the relationship between weather and
the amount of electrical energy produced by Photovoltaic systems. These new insights will
help us develop methods for designing, forecasting and planning solar-generated electricity

in areas where the climate varies.
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SYMBOLS AND ABBREVIATIONS

AC — Alternating current

Ah — Ampere-hour

BMS — Battery management system
COV — Coefficient of variation

CRPS — Continuous ranked probability score
CSV — Comma-separated values

DC — Direct current

GCR — Ground coverage ratio

IEA — International Energy Agency

LFP — Lithium iron phosphate

Li-ion — Lithium-ion

MAE — Mean absolute error

MAPE — Mean absolute percentage error
MBE — Mean bias error

ML — Machine learning

MPPT — Maximum power point tracking
NaS — Sodium—sulfur



NMC — Lithium nickel manganese cobalt oxide

NWP — Numerical weather prediction

PICP — Prediction interval coverage probability

PIAW — Prediction interval average width

PV — Photovoltaic

PVGIS - Photovoltaic Geographical Information System
RMSE — Root mean square error

STC — Standard test conditions

VREFB — Vanadium redox flow battery

G(i) — Irradiance on the plane of array, W/m?
Hgun — Sun height

P — Photovoltaic power output, W

T>m — Ambient air temperature at 2 m height,°C

WSiom — Wind speed at 10 m height, m/s
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1 Introduction

A primary concern regarding the expanding interest globally for clean and sustainable
sources of energy relates to the significance of solar photovoltaic (PV) technology for the
provision of renewable electric energy. As PV prices have decreased, advancements in
technology have improved its acceptance, and consumers seek to decrease their reliance on

fossil-based resources, PV technology has seen increased usage.

However, as with all forms of solar energy conversion; PV generation does not occur at a
consistent rate. This is due to strong dependency upon weather-related factors including
solar irradiance levels, ambient temperatures, cloud coverage levels, and seasonal variations

in irradiance.

Additionally, PV system performance may be affected by the specific technical
configuration or componentry of each individual system. For example, various types of PV
panel technologies; monocrystalline, polycrystalline, bifacial and flexible panels vary
significantly in their efficiency rates, lifespan, and operation. Additionally, differences exist
in the manner in which fixed tilt and single axis tracking systems collect solar energy.
Finally, other critical PV system components including batteries for energy storage and
backup capabilities and inverters for converting DC power from the PV modules into usable

AC power will directly affect overall system performance.

While previous research indicates that irradiance is the most significant variable impacting
PV module output, elevated temperatures typically result in reduced efficiencies. Further,
seasonal and annual variabilities can similarly affect total energy generated. Therefore,
understanding the interaction between weather conditions and PV module output is critical

for effective PV system design, forecasting, and practical implementation.

Therefore, this study focuses on assessing the impacts of weather related variables
(irradiance and temperature), along with the influences of seasonal variability upon PV
module output within the context of Beirut, Lebanon. Due to Beirut's high level of solar
irradiation potential and notable seasonal changes in weather patterns throughout the year,
it was determined to be a suitable candidate for this investigation. Hourly data for 2010 and

2020 were examined to assess the relationships between these three variables. The utilization



of hourly data allowed for examination of both short term variations and long term seasonal

trends.

Furthermore, this topic has a direct relevance to the Lebanese market where electrical
supplies remain inadequate and unreliable. Therefore, in addition to assessing the impacts
of weather conditions upon PV performance; this research correlates the findings with a
simple residential application consisting of panels, inverters, batteries, and critical load

requirements.

The purpose of this research is therefore to investigate how variability in weather conditions
affect the generation of solar photovoltaic electricity, and ultimately demonstrate how these
impacts affect both system performance and the feasibility of practical small scale

applications.

2 Background

2.1 System configurations

2.1.1 Fixed tilt

The fixed- tilt solar tracking system is an operation as a photovoltaic system and it involves
the setting of fixed panel angles and southern panel orientation in order to ensure maximum
accessibility of the sunlight. The system continues to tilt on the same angle permanently
based on the geographical position as well as seasonal sun path. The fixed-tilt system
produces its energy output depending upon the panel orientation that determines the ability
of the system to capture the sunlight and optimum performance of the system is achieved
when the sunlight contacts the panel surface at 90 degree. Major importance as a design
element is the establishment of the most optimal tilt angles that consider the latitude variation

as well as the seasonal variation.

The reason why fixed-tilt systems have become very popular is because of their simplicity,

durability, and affordability. They do not need a lot of equipment and maintenance as



compared to tracking systems since they do not have any moving components and are
therefore more resistant to mechanical breakdown and other weather extremes like strong
winds, heavy snow and extreme temperatures. Such features render fixed-tilt tracking
systems especially applicable where the large-scale commercial and utility-scale solar
installations, the primary goal is to produce reliable power at the lowest total cost. Moreover,
fixed-tilt systems may be deployed in any of a number of locations, such as carports,
rooftops, ground-mounted arrays, slopes, and ground arrays, offering the flexibility of

multisite deployment.

Figure 1. Ground-mounted fixed-tilt photovoltaic system

2.1.2 Single axis tracking

Single-axis tracking Systems work on the principle of rotating photovoltaic modules about
an axis of rotation, most commonly horizontal, tilted or vertical. The most typical
arrangement is the horizontal north south axis with the modules facing East in the morning
and West in the afternoon. The tracker rotation is usually restricted to a maximum of + -45
degrees of horizontal angle such that in the early morning and late afternoon, the tracker may

halt and will be at this limit.

Most single-axis tracking systems employ a control strategy called backttracking in order to

minimize row to row shading. Rather than tracking the sun continuously (true-tracking), the
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tracker slows its rotation angle at times when the solar elevation is low and flattens the
modules, to avoid shadowing the other rows. This approach is of particular significance to
crystalline silicon modules, in which non-linear power losses may occur because of partial
shading. Backttracking can also be well-performing based on the parameters of the ground
coverage ratio (GCR) that is defined as the ratio between the size of the module and the
distance between the rows. Effective backttracking is a function of properly applied solar

capture and minimized as far as shading is concerned all day.

True-tracking

Shade

Figure 2. Single-axis solar tracking system illustrating panel rotation along one axis to

follow the sun’s path

2.2 Photovoltaic technologies

2.2.1 Monocrystalline

The monocrystalline solar cells are produced out of silicon in the form of single cut large
crystal, making the internal structure highly ordered. This crystal structure enables the free
movement of electrons within the material making it better in electrical performance. Silicon
crystal is prepared by slowly pulling a rod out of molten silicon under controlled conditions
to give a cylindrical single crystal which is subsequently cut into thin wafers. In the process,
mixtures of elements forming n-type silicon or p-type silicon are added to the molten silicon

and then crystallized.

Each monocrystalline solar cell consists of two layers of silicon which make up a p-n
junction with electrons in the n-type layer occupying the vacant spaces in the p-type layer to

form an internal barrier. The electrons contained in the electron-rich n-type layer are released
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and sent into an external circuit when the sunlight hits the material producing an electric
current. The monocrystalline cells can be easily recognized by their surface in that they all
look alike and appear rounded due to the process of cutting square cells out of a cylindrical
crystal. These cells are said to be the most effective form of solar cell yet most costly because

of high-tech involved in production of large and very uniform silicon crystal.

Figure 3. Close-up view of monocrystalline photovoltaic solar cells arranged in a panel.

2.2.2 Polycrystalline

The polycrystalline solar cells consist of numerous silicon crystals and not a crystal. They
are produced by allowing large vats of molten silicon to cool down gradually thus forming
a block consisting of a multiplicity of crystals. This block is further sliced into thin pieces to
be used in solar panels. The orientation of the crystals in various directions makes the crystal
panels of polycrystalline to appear as a shiny metallic flake surface, the visual appearance
of which is often contrasted with that of monocrystalline cells. Boron or phosphorus
elements are introduced to the molten silicon during production in order to alter its electrical

properties.

Similar with the other silicon-based solar cells, polycrystalline cells also work with a p-n
junction created by two layers of silicon that are doped with n-type and p-type. The
photovoltaic effect is the ability to create electricity by the flow of photovoltaic electrons
through an external circuit when sunlight interacts with an electron-rich n-type layer and
liberates photovoltaic electrons. The process of formation of the crystal is simple, unlike the
monocrystalline cells, which is a complex process that makes the polycrystalline solar cells

cheaper to make. They are however less efficient because the movement of the electrons is
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interrupted at the borders of the several silicon crystals and this raises electrical resistance

ny =

Figure 4. Close-up view of polycrystalline photovoltaic solar cells

2.2.3 Bifacial

Bifacial solar panels can be described as a kind of the photovoltaic technology that is made
to receive the sunlight of both front and backside of the panel. Bifacial panels are normally
built with transparent back sheets or two layers of glass unlike monofacial panels which
absorb light only on the surface that is facing the front, therefore the light reflected by the
ground or objects at the surrounding areas can reach the back side of the panel. This diffused
and reflected light brings in more energy production, which enhances the total electricity
production. This depends on the conditions of the installations and the reflectivity (albedo)

of the surface under the panels e.g. concrete, sand, snow, or light-coloured rooftops.

The side that is facing the sun works just like a traditional monofacial panel to transform
direct sunlight into direct current power utilizing the photovoltaic effect. The back is fitted
with photovoltaic cells that draw the reflected light, which once again increase the overall
energy production. Bifacial panels can be mounted either in high or sloping arrangements to
get optimum rear exposure and are frequently applied where there is an open field with
reflective ground cover. Although bifacial panels often cost more, in the long term, they are
capable of providing more energy output per unit area and better long-term performance
when installed correctly, so they can be used in any area where the conditions of installation

allow rear-side illumination.
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Figure 5. Bifacial photovoltaic solar panels mounted above ground

2.2.4 Flexible

Flexible solar panels Photovoltaic modules, intended to be lightweight, bendable and
flexible to fit on surfaces that the rigid panels may not fit. In contrast to the conventional
rigid panels mounted on glass substrate, flexible panels are produced using thin-film
photovoltaic materials or special purpose crystalline silicon deposited on flexible plastic or
metal foil substrate. In this construction, the panels can be bent and also fitted to curved or
uneven surfaces and yet functional. Solar panels that are flexible are run on the principle of
photovoltaic effect under which by absorbing sunlight, a thin layer of solar cells creates
electrons that create an electric current which may be used directly or may be stored in the

form of batteries.

The key benefits of flexible solar panels are that they are not heavy, can be carried around
and they are easy to install thus can be used in camping, boats, recreational vehicles,
building-integrated photovoltaics, wearable or portable solar applications. Nevertheless,
flexible panels are not very efficient and do not last as long as traditional monocrystalline
and polycrystalline panels do because of the materials employed and their interaction with
the environment. They also generate less power output, and do not work well in generating
high capacity of energy. This means that the flexible solar panels come in small scale or
mobile applications where flexibility and portability is more important than the ultimate

performance.
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Figure 6. Flexible photovoltaic solar panel demonstrating its ability to bend

2.3 Weather influence

2.3.1 Sunlight intensity

Light intensity is one of the basic environmental parameters and directly influences electrical
output of photovoltaic (PV) cells. The higher the incident solar radiation on the surface of a
PV module, the more the amount of photons absorbed increases and more electron-hole pair
will be produced in the semiconductor material. This enhancement in charge carriers results
in increment in electrical production of current. According to the study, the short circuit
current (Isc) proportions to light intensity, as the current is directly proportions to the number
of created carriers. Conversely, this value of open-circuit voltage (V.c) rises logarithmically
because of the diode nature of the p-n junction. These relations are based on the

currentvoltage characteristic of photovoltaic cells at different irradiance situations.

Experimental findings also show that the maximum power output of the solar cell is greatly
increased with increase in light intensity. Increase in the irradiance causes the maximum
point to shift upwards, indicating that the current and the voltage at the optimum operating
point also increases. A positive relationship between irradiance and output efficiency is also

supported through graphical analysis and the rate of increase in power starts to decrease at
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very high levels of light intensity. All in all, it is seen that the amount of photovoltaic energy
that can be produced highly depends on the intensity of the sunlight that is available, and
therefore irradiance is one of the most important determinants in the performance of solar

cells.

As the Figure below shows, the impact of irradiance variation on the photovoltaic is evident
in the powervoltage (PV) curves. The peak power output increases substantially with the
increase in irradiance (0.4 kW/m? to 1.0 kW/m?) and the peak of every curve moves up the
curve. This positive change is attributed to a high dependence of output power on the rise in
generated photocurrent. The graphical findings affirms the fact that the voltage also rises
moderately, but the overall transformation takes place on the output current which rises
nearly at a proportion with the intensity of the light. As a result, the highest power point is
increased in conditions of bright illumination. But with very high irradiance levels the
increase in power becomes less marked because of the logarithmic nature of open-circuit
voltage. All these attributes affirm the fact that irradiance has a direct influence on electrical
properties of photovoltaic cells and is a key determinant of instantaneous and prolonged

energy generation.
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Figure 7. Power—voltage (P—V) characteristics of a photovoltaic cell under different

irradiance levels (0.4—1.0 kW/m?), showing the increase in maximum power output with

increasing light intensity (Li, Yang & Dezfuli, 2021).

2.3.2 Temperature effects

One environmental parameter that is critical and affects the performance of photovoltaic
(PV) systems is temperature. These are the reverse of irradiance which enhances the power
output, temperature rise normally decreases the efficiency of solar cells and the net energy
production. The experimental results have revealed that an increase in cell temperature
proportionally raises the output current but proportionally reduces the output voltage
resulting in a net decline in the maximum power output. The most powerful factor that

contributes to the performance losses in high-temperature conditions is the reduction in
voltage.

Solar panels are rated as Standard Test Conditions (STC); these conditions presuppose a
temperature of cells of 25°C and irradiance of 1000 W/m?. Nevertheless, in practice
operating conditions are usually above this temperature particularly in hot climates and high-

irradiance regions. A comparison of the estimated and actual yield of energy in field
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experiments show that operating temperature higher than STC has an observable decrease
in the yearly energy yield. The temperature coefficient is an expression of the percentage
change in power output per unit of change of degrees Celsius above the 25°C temperature.
Measured temperature coefficients indicate that the thin-film modules are less sensitive to
changes in temperature than mono-crystalline and poly-crystalline technologies, and hence

they operate better in hot conditions.

Temperatures of operation are usually higher than ambient temperature, especially where
the ground mounted systems are directly under the sun. Semiconductor material properties
vary with change in module temperature reducing voltage and thereby reducing maximum
power output. The industry studies also affirm that the effectiveness of solar panels, on
average, reduces with the temperature exceeding 25°C, and it is important to consider the

local climate conditions when designing and choosing photovoltaic systems.

Figure 8 demonstrates how the temperature of the cell affects the currentvoltage (I-V) curves
of a photovoltaic cell. The I-V curve moves to the left as the temperature changes to 25°C
and then to 65°C. This change implies that the open-circuit voltage decreases significantly
whereas the short-circuit current does not change much. The prevailing temperature
influence on the voltage but not on current is experienced. Maximum power output depends
on the product of current and voltage, so when voltage decreases it is obvious that maximum

power will also decrease.

This Figure justifies the fact that the knee point of the [-V curve shifts towards low voltages
at higher temperatures, causing the area of the curve to decrease and therefore the power
produced at higher temperatures decreases. The voltage loss cannot be compensated by a
slight rise in current due to a rise in intrinsic carrier concentration, although the effect is
significant enough to be noticeable. It is this effect which, according to the experimental
analysis, leads to quantifiable decreases in the energy yield per year, especially in hot

climates where the module temperature is often higher than Standard Test Conditions.

The extent of performance degradation is measured in terms of temperature coefficient
which is the percentage change in maximum power divided by the temperature change in
degrees Celsius beyond 25°C. Various photovoltaic technologies vary in their sensitivities
to temperature change, with the thin-film modules having lower temperature coefficients

than mono-crystalline and poly-crystalline modules. This difference suggests that the
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technology is more thermally stable and that temperature must be considered carefully when
choosing the technology, particularly when working in areas with a high ambient

temperature.
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Figure 8. Effect of temperature on the current—voltage (I-V) characteristics of a photovoltaic
cell at 25°C, 45°C, and 65°C, showing the reduction in open-circuit voltage and maximum

power with increasing temperature (Adeeb, Farhan and Al-Salaymeh, 2019).

2.3.3 Annual variability

Besides the short-term variations, there is also the inter-annual variability, the difference
between the annual solar irradiance and energy output. This variability causes uncertainty in
estimating long-term yield of energy and financial forecasting of solar power plants. It is
generally measured in the form of a coefficient of variation (COV) which is obtained as the

ratio of the annual irradiation standard deviation to the relevant long-term average.

However, a case study by 17 years of 17 years of meteorological data in Portugal
demonstrates that the inter-annual variability of photovoltaic production varies between
around 2.45% to 12.07% across location. Southern areas were identified as areas that mix
the increased amount of irradiation with the reduced variability hence favourable towards
solar energy application. Although the trend of the annual irradiation was observed to be

increasing, the factors of photovoltaic capacity did not rise correspondingly because of rising
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ambient temperatures, which influenced the workability of the systems. This will show that

there are several interacting climatic factors that are related to long term performance.

Likewise, Australian study which utilized 26 years of data collected by satellites stated that
there was an inter-annual variation of 3.5 to 6.5 percent in global horizontal irradiance at
various regions. The paper notes that the omission of the outlier or extreme years in climatic
changes can prove to be less than the true variability and financial risk. This observation
shows the drawbacks of using Typical Meteorological Year alone to size up the system and

conduct feasibility studies.

On the bigger scale, the data on the reanalysis of the world shows that the average coefficient
of variation of monthly solar radiation is approximately 11 percent with regional variations
determined by the latitude and climate processes. These variations are caused by large scale
atmospheric circulation patterns, including Southern Oscillation, Arctic Oscillation and also
changes in cloud cover and atmospheric conditions. So inter-annual variability cannot be
termed as being entirely random but to some extent is connected with recognizable climate

processes.

All in all, although solar energy offers a reasonably predictable long-term generation when
compared to most of the renewable sources, the inter-annual variation of several percentage
points can impact annual capacity factors and cost-effectiveness. The inclusion of long term
climate records and variability analysis in the planning of photovoltaic systems enhance

precision in forecasting the production of the product, as well as minimize financial loss.

2.4 Prediction and system components

2.4.1 Prediction accuracy

Accurately predicting Photovoltaic (PV) generation is essential for the successful
integration of PV into the Grid, scheduling energy, and planning operations. Therefore,
Prediction Models need to be able to estimate the amount of PV Generation expected as well
as the Uncertainty in this estimate based on variability in weather, cloud cover, atmospheric
conditions, etc. and model limitations. typically, accuracy is determined by statistical error

metrics used to compare forecasted values with measured output values. Four of the most
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commonly used metrics in literature are Root Mean Square Error (RMSE), Mean Absolute
Error (MAE), Mean Bias Error (MBE), Normalized Root Mean Square Error (NRMSE) and
Mean Absolute Percentage Error (MAPE). These metrics can be used to quantitatively
measure how closely a forecast matches actual generation and these metrics have been used
to determine the accuracy of forecasts over a wide range of forecasting time horizons from

seconds ahead to days ahead.

In an initial study of solar forecasting metrics, Zhang et al., established that although the
most common metrics for deterministic forecast evaluation have remained RMSE, MAE,
and MBE; these same metrics in their normalized form (nRMSE and nMAE) provide a
method to compare two systems with differing size and/or time resolution. RMSE is
calculated as the square root of the mean of the squared differences of the forecasted value
and the observed value; therefore, it is highly sensitive to large errors. MAE calculates the
mean of the absolute deviations from the forecasted value and the observed value and will
be less affected than RMSE by extreme values. Lastly, MBE provides a measure of the
systematic bias in the model indicating whether the model has a tendency to either

overestimate or underestimate the actual power produced.

Prediction accuracy heavily depends on forecast horizons. Predictions made short-term (i.e.,
a few minutes to a few hours), will typically be more accurate than predictions made longer-
term, since there is less chance of weather change over the time span of the prediction vs.
actual period. As a result, researchers have begun exploring Machine Learning (ML)
approaches to generate short-term forecasts as well as hybrid approaches that leverage
multiple sources of information/data and/or forecasting methods. Recent studies which
compared error metrics across different weather conditions, reported average normalized
Root Mean Squared Errors (nRMSE) of approximately 5-7%, and Mean Absolute
Percentage Errors (MAPE) of approximately 4-5% for clear-sky days when using
classification based forecasting models; while slightly larger errors were observed under
cloudy conditions. Additionally, even during moderate weather conditions, the error rate (for
both nRMSE and MAPE) represent fairly good predictive performance if the model was

developed with quality data and relevant feature sets.

The development of new types of forecasting models shows that, especially when combined

with machine learning and deep learning, newer methods may generate better predictions
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than older methods based on physical and persistence models. The reviews of modern ML-
based forecasting approaches provide evidence that more complex models like random
forests, gradient boosting and neural networks are able to produce better results in terms of

lower RMSE and MAE values than simple approaches in short-time horizons.

There is another aspect of forecasting accuracy that is closely related to both climate and the
length of the forecasting horizon. Blaga’s comprehensive overview of multiple forecasting
models demonstrated that the normalized error metrics (nMBE and nRMSE) have decreased
significantly over the last decade because of advances in modelling and in the use of data
assimilation, which include hybrid models that make use of the outputs of numerical weather
prediction (NWP) together with statistical learning. In addition, the study showed that errors
tend to increase as the forecasting horizon increases since uncertainties about the future state
of the weather increase with time. Machine learning and hybrid models were shown to
perform similarly well in all climates and hybrid models performed best for day-ahead

forecasting through their integration of NWP and localized measurements.

The most common thread throughout the literature is that there is no single measure of
forecasting accuracy and therefore the interpretation of the results is always dependent upon
the specific context of the results. Forecasting accuracy is influenced by factors such as
forecasting horizon, spatial resolution (i.e., from one site to a fleet of sites), the conditions
of the weather at the time of the forecast, the quality of the data preparation process used
prior to feeding the data into the model and the degree of complexity of the model. As such,
the literature recommends using a variety of metrics in evaluating the performance of a solar
forecasting model, including RMSE, MAE, MBE and for probabilistic forecasts, metrics
such as the continuous ranked probability score (CRPS), prediction interval coverage
probability (PICP) and prediction interval average width (PIAW). Using multiple metrics
for evaluation will provide a better understanding of how the model performs in different

conditions and highlight trade-offs between bias, variance and reliability.

Overall, the literature suggests that current forecasting techniques can produce normalized
error metrics that are generally less than 10% for a wide range of short-time horizons under
favourable conditions and that machine learning and hybrid methods are generally superior
to simpler statistical or persistence methods. However, as the proportion of solar generated

electricity becomes larger and the operational demands of solar plants increase, the
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relationship between weather variability and forecast accuracy will remain an active research

area.

2.4.2 Battery types

Energy storage technologies - for mitigating variability & intermittency of photovoltaic
power generation solar energy production varies based upon the amount of sunlight that
reaches the solar panels; therefore, energy storage through battery technology enables energy
shifting, peak shaving, backup power, and enhanced grid stability. There are numerous
electrochemical storage technologies that are presently deployed within PV systems. Each

has its own set of performance metrics, service lives, costs, and operation needs.

I) Lithium-Ion Batteries

Lithium-ion (Li-ion) batteries are the most prevalent battery type deployed today in modern
PV energy storage systems, both in residential, commercial, and utility scale systems.
Lithium-ion batteries are based upon reversible lithium ion intercalation into the anode and
cathode during charge and discharge processes. Typical lithium-ion chemistries are lithium

iron phosphate (LFP), and lithium nickel manganese cobalt oxide (NMC).

Typical Li-ion batteries exhibit high energy densities (100 — 265 Wh/kg); round trip
efficiencies of 90% to 95%; and typical cycle counts of 3,000 or more cycles depending on
the specific chemistry and depth of discharge. High efficiency, compact designs, and ability
to be placed in a variety of locations make Li-ion batteries particularly suitable for space-
limited solar installations. In fact, Luo et al. (2015) indicates that lithium-ion systems have
very good prospects for widespread adoption in grid-scale storage applications due to their

high energy density and fast response capabilities.

However, Li-ion batteries require complex battery management systems (BMS) to monitor
and control the state of charge, temperature, and voltage of the battery to prevent thermal
runaway. The primary drawback of Li-ion batteries is degradation of the battery cells due to

elevated temperatures and repeated charging/discharging. Although, due to decreasing
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battery prices and improvements to existing material properties, lithium-ion is becoming the

preferred method for integrating PV systems worldwide.

IT) Lead Acid Batteries

Lead acid batteries are among the oldest forms of rechargeable battery technologies and are
still utilized in off-grid and smaller scale solar systems. Types of lead acid batteries are
flooded lead acid, absorbed glass mat (AGM), and gel batteries. Generally speaking, lead
acid batteries have lower energy densities (30-50 Wh/kg), moderate round trip efficiency
(70-85%) and shorter cycle life (usually 500-1500 cycles) when compared to lithium-ion

systems.

The advantages of lead acid batteries include low upfront costs, mature technology, and
extensive recycling infrastructure. However, the primary disadvantages of lead acid batteries
are low depth of discharge capabilities, high maintenance needs (especially flooded), and
significant degradation under deep cycling. Therefore, lead acid batteries are being rapidly
displaced by lithium-ion batteries in grid connected PV systems; however, lead acid batteries

continue to be viable options for rural electrification and backup power applications.

III) Flow Batteries

Flow batteries, such as vanadium redox flow batteries (VRFB), represent a promising
technology for large-scale renewable energy storage. Flow batteries are different from
traditional battery systems where energy is stored in the solid electrodes themselves. Instead,
flow batteries utilize liquid electrolyte solutions that are stored in external reservoirs. This
design enables independent sizing of power (the electrochemical cell stack) and energy

capacity (the size of the tank).

Flow batteries have the advantage of long cycle life (exceeding 10,000 cycles), deep
discharge capabilities, and relatively safe operations. Redox flow batteries also have durable
designs and can be scaled to meet the energy demands of a particular application (Zhang et

al., 2018). Flow batteries do have the disadvantage of lower energy density and larger
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footprints when compared to lithium-ion systems, which limits their usage in space
constrained environments. Round-trip efficiency of flow batteries typically range from 70-

85%.

IV)Sodium Based Batteries

Sodium based technologies include Sodium-Sulfur (NaS) batteries, and emerging sodium-
ion batteries. Sodium-sulfur systems operate at elevated temperatures (approximately 300
degrees C and have historically been utilized for utility-scale storage. Sodium-sulfur systems
have relatively high energy density and long lifespan for stationary applications; however,

they require thermal management and special safety considerations.

Sodium-ion batteries are being developed as a lower cost option to lithium-ion, utilizing
more common raw materials. The International Energy Agency (IEA, 2023) states that
sodium-ion represents a promising technology for stationary storage, primarily due to

reduced material supply risks when compared to lithium-based chemistries.

V) Nickel Based Batteries

Nickel-Cadmium (Ni-Cd) and Nickel-metal Hydride (Ni-MH) batteries were previously
utilized in industrial battery storage systems. Nickel based batteries exhibit excellent
performance at extreme temperatures, and can withstand deep discharge conditions.
However, Ni-Cd and Ni-MH batteries have lower energy density, and environmental
concerns associated with cadmium toxicity, have limited their utilization in contemporary

PV energy storage.

2.4.3 Inverter types

A key element of all Photovoltaic (PV) Systems is the inverter. An inverter converts the DC
produced by the Solar Modules to AC which is compatible with both the electrical grid
and/or local use. While simply converting DC to AC, many modern inverters offer a variety

of enhanced functions including Maximum Power Point Tracking (MPPT), Voltage and
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Frequency Regulation, Reactive Power Control, Grid Synchronization, System Protection
and Performance Monitoring. The inverter architecture is a key factor affecting overall
system efficiency, reliability, flexibility and performance under less-than-optimal operation

conditions.

I) Central Inverters

Central Inverters are predominantly utilized in Utility-Scale Solar Farms. In a central
inverter application, numerous PV Strings are connected in Parallel and supply a single
High-Power Inverter Unit; usually rated from hundreds of kW to MWs. The major advantage
of using central inverters in utility-scale applications is the economies of scale, resulting in

lower cost/watt and reduced installation complexity in large homogeneous arrays.

Typical conversion efficiencies for central inverters range between 97% and 99%.
centralized systems also benefit from simplified maintenance procedures due to fewer power
conversion units and centralized monitoring capabilities. However, central inverters are
vulnerable to mismatch losses due to shading, soiling and degradation of the PV array; thus
reducing the overall plant efficiency. Central inverters also present a single point of failure
risk, as a malfunctioning unit could cause a significant portion of the system capacity to be

impaired.

While there are disadvantages to using central inverters in utility-scale solar farms, they
continue to be the most prevalent in utility-scale solar farms where the array conditions are

uniform and space constraints are limited.

IT) String Inverters

String inverters offer a decentralized alternative to central inverters and are widely utilized
in commercial and residential pv systems. In string inverter configurations, each string or
small group of modules is connected to its own inverter, allowing independent MPPT

control.



26

The distributed nature of string inverters improves energy harvest under partial shading,
varied module orientation or mismatch conditions. When optimizing each string
individually, the overall system efficiency increases compared to centralized architectures
in non-uniform environments. Modern string inverters typically achieve similar conversion

efficiencies to central inverters, usually above 97%.

Improved reliability is another major advantage of string inverters. Since failure of a single
inverter only impacts a limited percentage of the total system capacity, system reliability is
improved. Also, the modular design enables incremental system expansion and easier
maintenance. Because of their balance between cost, flexibility and performance, string

inverters predominate global pv installations in small to medium-scale applications.

III) Microinverters

Microinverters are module-level power electronics devices installed directly on individual
solar panels. Each module operates independently using its own MPPT control and DC-AC

conversion.

This architecture maximizes energy production because each panel functions independently;
eliminating performance losses due to shading or mismatch in other modules. Microinverters
are especially beneficial for residential rooftops with complex geometries, multiple tilt
angles or partial shading conditions. Module-level monitoring enhances diagnostics and

performance analysis.

However, microinverters generally have higher cost per watt compared to string
configurations. Exposure of microinverters on the roof may increase thermal stress,
potentially affecting long-term durability. Despite these limitations, the performance
advantages of microinverters in heterogeneous environments make them attractive for

distributed residential systems.

1V) Hybrid Inverters
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Hybrid inverters integrate pv generation and battery storage management within a single
device. They allow bidirectional power flow, managing charging and discharging of battery

systems while coordinating energy exchange with the grid and local loads.

Hybrid inverters are particularly important for systems designed to increase self-
consumption, provide backup power or mitigate variability in pv output. Advanced control
functions enable seamless switching between operating modes, increasing system flexibility.
As residential energy storage adoption grows, hybrid inverters are becoming central to

integrated solar-plus-storage systems.

V) Grid-Following and Grid-Forming Inverters

Traditional pv inverters are grid following devices; synchronizing their output to an existing
grid voltage and frequency reference. As renewable penetration increases, more advanced

inverter functionalities are required.

Grid forming inverters can actively establish voltage and frequency reference in microgrids
or weak grid environments. They contribute to system stability through fast dynamic
response and virtual inertia support. As traditional synchronous generation is replaced by
inverter-based resources, these advanced control strategies will be critical to maintaining

power system stability.

3 Methodology

3.1 Regional selection and case study

3.1.1 Rationale for selection

The use of solar power generation has been significantly affected by weather variability.
Variability in solar irradiance, temperature, wind, and atmospheric characteristics results in

Photovoltaic (PV) energy yield fluctuations and significant differences in PV output across



28

daily, seasonal, and annually. Since this thesis will be evaluating how weather variability
affects solar power generation, it is essential that the case study location exhibits pronounced
seasonal variability and has consistent access to weather related parameters to assess PV

performance.

Due to the Mediterranean climate present in Lebanon, with prominent seasonal variability
in irradiance and temperature, Beirut (Lebanon), was selected as the case study location to
demonstrate how weather driven variability influences PV power output over a yearly
period. Furthermore, Beirut, being a representative of an urban coastal environment, offers
a unique opportunity to evaluate the effects of multiple environmental factors including
temperature and wind, which can have meaningful variability throughout the day, providing

insight into the environmental factors influencing PV performance in addition to irradiance.

An additional rationale supporting the selection of Beirut is the availability of a
comprehensive and consistent dataset that includes both meteorological variables and PV
output estimates at an hourly time step. Hourly values of irradiance on the plane of array, air
temperature, wind speed, and modelled PV power output are available through the PVGIS
platform for a predefined PV system configuration. Utilizing a single data source for both
weather input and PV output eliminates the potential for temporal misalignment and

decreases the uncertainty associated with combining datasets from various sources.

Lastly, the comparison of two years (2010 and 2020) provides sufficient time to analyse the
effects of weather variability under different time frames while limiting the complexity of
the analysis. Use of hourly data allows for a detailed examination of intraday variability
while monthly and seasonally aggregated data provides the ability to clearly identify larger
scale trends and variability. Ultimately, the chosen location and data set provide the
necessary time resolution, relevant environmental data and PV output to enable a thorough

evaluation of the impacts of weather variability on solar power generation.
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3.2 Data description

3.2.1 Solar power generation data

The hourly data from the PVGIS model allows for both input of meteorological parameters
and output of modelled photovoltaic power output for a "reference" 1kWp PV system. This
modelled PV output is referred to as P, representing the hourly AC output of the referenced
PV system under the assumed PV system configuration and losses. The weather related
inputs include G(i) or Irradiance on the plane of array (surface tilted), T-m or Ambient Air
Temperature at 2 m height, and WSiom or Wind Speed at 10 m height. All weather variables
are aligned temporally at one hour intervals and allow for the analysis of variability in the
relationship of solar irradiance and weather conditions with patterns of daily and seasonal

PV energy production.

3.2.2 Weather data

Weather related variables studied here were derived from the PVGIS hourly data set for
Beirut (Lebanon) for the years 2010 and 2020. The PVGIS hourly data set is available in
CSV format; hourly data sets contain the necessary meteorological and solar radiation
variables for analysing the photovoltaic performance on a long term scale. Data contained
within the hourly data set include Global in-Plane Irradiance (G(i)) in W/m?, Sun Height
(Hsun) in degrees, Ambient Air Temperature (T-m) in °C, and Wind Speed (WSiom) in m/s.

Variables were chosen due to their direct relevance to solar photovoltaic electrical output.
Irradiance is the primary driver of electrical energy production by photovoltaics. Ambient
temperature influences the module efficiency. Wind speed influences module cooling and
operating conditions. Finally, sun height provides information concerning the position of the
sun at any given time and aids in the understanding of hourly and seasonal generation

patterns.

Using hourly data enables analysis of short term variations as well as longer term seasonal

variations in solar generated electricity. Additionally, since the hourly PVGIS output
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provides both the PV power and the related weather data in one dataset, it provides a
consistent basis for comparison of the relationship between the weather and photovoltaic

performance in the selected years of study.

3.3 Tools/platforms

This research utilized PVGIS as the primary database and python as the primary platform to
process, analyse, and visualize data. PVGIS utilizes long time series hourly solar radiation
and photovoltaic output data. The hourly PVGIS tool produces both meteorological variables
and PV power-related values in an identical format. These characteristics are beneficial for
the comparison of the photovoltaic output based upon the weather conditions experienced in

the years 2010 and 2020, as described in this thesis.

Python was chosen due to its flexibility and ability to provide a reproducible environment
for scientific data analysis. The application of Python, specifically through the use of the
pandas library for data analysis and manipulation utilizing structured and labelled datasets,
allowed for the importation of the hourly CSV files, cleaning of any erroneous data,
management of the timestamps within the dataset, reorganization of the variables into

analysis tables and generation of subsets of the data for the development of graphs.

Matplotlib was utilized to develop the graphical representations of the data. According to
the official documentation, Matplotlib is a comprehensive Python library for developing
static, animated, and interactive visualizations. The pyplot interface is capable of generating
Figures, creating plots, labelling and formatting the plots. Matplotlib was utilized to produce
the hourly PV output plots, irradiance-power scatter plots, temperature-related plots,
seasonal profiles, representative-day comparisons, and correlation heat maps developed

during the results section of the thesis.

Microsoft Excel was employed as a secondary platform to review the processed data and

organize the final outputs into a format that can be easily reviewed by hand. Openpyxl, a
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Python library to read and write Excel 2010 (.xlsx) and similar files, was utilized to create
and format Microsoft Excel workbooks. The documentation indicates that openpyxl is
capable of exporting the cleaned hourly datasets and arrange them into individual workbook

sheets to check and present the results.

The combination of PVGIS, Python, Matplotlib, and Microsoft Excel produced a practical
workflow for the study. PVGIS provided the hourly PV and weather data. Python allowed
for the reproducible cleaning and analysis of the data. Matplotlib was utilized to provide
visual representations of the data. Microsoft Excel provided a method to inspect and present
the processed results. All four of these tools made it possible to compare the weather-related
variability in the photovoltaic output of the selected years in a manner that is clear and

structured.

3.4 Data analysis

Data from the hourly PVGIS model for Beirut was analysed for two years, 2010 and 2020.
After collecting the data, it was cleaned and sorted by year and hour to allow comparison of
photovoltaic power generated and related environmental factors. This study was to evaluate
the relationship between PV Power Generation and the major environmental factors
influencing the weather such as: ambient temperature, wind speed and irradiance. Graphical

and comparative methods were used to analyse the hourly data.

First, Time-Series Plots were used to visually evaluate the daily and seasonal patterns of PV
power output at select hours to determine if there is daily and seasonal variability in electric

power generation.

Second, Scatter Plots were used to graphically evaluate the relationship between PV Power
Output and Irradiance, and to assess the influence of Temperature on PV Power Production.
The purpose of using scatter plots was to visually evaluate if changes in the Weather

Variables are correlated to increases or decreases in Photovoltaic Power Output.
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Additionally, Seasonal Hourly Profiles were developed to graphically compare the average
daily PV Power Production Patterns during each season. In addition, representative winter
and summer days were selected to visually demonstrate how PV Power Production varies

under the different seasonal weather conditions.

The purpose of conducting these analytical procedures was to visually present the PVGIS
data and provide insight into how variations in the environment affect solar photovoltaic
power generation in Beirut. The use of time-based graphics, variable comparisons and
correlation analysis allowed this study to investigate both short-term variability in PV

Performance and longer-term seasonal and yearly variability.

4 Results

4.1 Performance comparison
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Figure 9. Relationship between air temperature and the PV power-to-irradiance ratio during

daylight hours in Beirut, for the years 2010 (blue) and 2020 (orange).
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Midday PV output through the year
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Figure 10. Midday PV output through the year in Beirut, Lebanon, for 2010 (blue) and 2020

(orange).
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Figure 11. Scatter plot of specific power P / G(i) versus ambient air temperature Tom (°C) in

Beirut, Lebanon, using hourly daylight data for 2010 (blue) and 2020 (orange).
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Hourly PV output versus irradiance
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Figure 12. Scatter plot of photovoltaic power output P (W) versus solar irradiance G(i)
(W/m?) in Beirut, Lebanon, using hourly data for 2010 (blue) and 2020 (orange).
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Figure 13. Time-series plot of hourly photovoltaic power output P (W) during the period 1
January to 7 January in Beirut, Lebanon, using data for 2010 (blue) and 2020 (orange).
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Figure 14. Seasonal profiles of average hourly photovoltaic power output P(W) , in Beirut,

Lebanon for Winter, Spring, Summer and Autumn during years 2010 (blue) & 2020

(orange).

4.2 Impact of weather variation

In Figure 9 we can see how the PV Power-to-Irradiance ratio (P/Gi) has been changing in

relation to increasing ambient air temperature throughout the day for both 2010 and 2020 in

Beirut. We can see an obvious down trend in each year; that is, the trend is that the ratio of

P / Gi decreases as the temperature increases. That is, given the same amount of irradiation,

a PV system will generally produce less power as its temperature increases due to the fact

that high temperatures negatively affect PV efficiency.

We can see that most of the highest ratios of (P/Gi1) occur when the air temperature is low or

moderately warm (generally < 10 — 15°C), with the majority of those data points occurring

close to 0.80 — 0.85 W/ W/m?. As the air temperature continues to increase (into the 20 — 35

°C range) we see that the ratio of P/Gi is generally much lower overall and has a significant
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number of data points (approximately 30%) clustered around 0.72 — 0.78 W/(W/m?). The
above distribution patterns indicate that PV performance (per unit of irradiation) appears to
be significantly better under cool operating conditions than during warm periods, in Beirut,

which would typically represent late Spring through early Autumn.

The Figure further illustrates that there was no discernible difference between the two years
regarding the impact of temperature on PV performance. However, it does show that while
temperature had the most apparent effect on the ratio of (P/Gi), there were a number of other
factors influencing the performance of the PV systems as well, including but not limited to
wind speed, seasonal influences and changes in atmospheric conditions. Nonetheless, the
dominant theme in these Figures clearly illustrate that increased ambient air temperature
results in decreased PV output relative to input (and therefore per unit of irradiance); thus

supporting the conclusions made in Chapter 2, Section 2.3.2.

The mid-day PV output for Beirut in 2010 and 2020 is shown in Figure 10. As can be seen
from this Figure, the mid-day output of PV (in terms of magnitude and variability) varies
considerably throughout the year. Mid-day PV output tends to be higher and less variable in
the middle of the year; however, mid-day PV output has a greater range of variability, and
lower magnitudes, toward the beginning and end of the year. The overall trend observed in
Figure 4 illustrates how seasonal environmental factors greatly impact the ability to generate
electricity using photovoltaics. Specifically, the trends illustrated in Figure 4 are indicative
of better (and/or clearer) solar conditions occurring later in the Spring, Summer and early
Fall months, and varying weather conditions in Winter and transition periods. The repeated
drop-offs visible in each annual data set indicates that short term changes in atmospheric
condition (such as clouds), impacted PV mid-day generation levels, even during times of
day where it would normally be expected that the maximum amount of energy is being

generated.

A clear inverse relationship exists as demonstrated by Figure 11 (specific power vs. air
temperature) for the year 2010 and 2020. At the cooler end of the spectrum i.e., close to 0 —
10°C or primarily found within the months of winter and early spring; it appears there were

high levels of specific power, estimated at 0.84 — 0.86. Conversely, as the temperature
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increased throughout the year, the level of specific power decreased. Low levels of specific
power appear most often when temperature levels are high (close to 30-37 °C); indicative of
summer conditions. Both datasets provided indicate an almost identical relationship between
temperature and PV performance; further indicating that the effects of temperature on PV
performance occurred similarly in both years. However, while a degree of scatter is apparent
in the dataset, particularly at moderate temperatures (approximately 10°C - 25°C), the
general trend indicates a strong downward slope, clearly demonstrating that warmer

temperatures resulted in less PV energy generated per unit of solar radiation.

Figure 12 shows the relationship between PV output and irradiance in Beirut over the period
from 2010-2020. As seen, a very high degree of linear correlation exists between these two
variables; i.e., as the amount of irradiance increases, so does PV output (almost on a one-to-
one basis).At the time of day when there is clear sky, the maximum amounts of PV output
were achieved, ranging from approximately 800 — 900 W. These conditions are generally
found at times of peak sunshine and typically occur in late Spring through early Summer.
Also evident from the Figure is the fact that the data points from 2010 and 2020 essentially
track each other, demonstrating that the relationship described above has remained relatively
stable throughout these two years. The close clustering of points to the fitted line indicates
that irradiance is by far the most significant variable affecting PV output and minimal

variation occurs due to other environmental factors.

Hourly solar PV performance for the 1st through the 7th of January in Beirut from 2010 and
2020 are presented in Figure 13. Due to Beirut's location within the Northern Hemisphere,
January represents winter months; these months have fewer daylight hours and more variable
weather patterns. As illustrated in the Figure, it is apparent that due to the short daylight
hours and variable weather conditions experienced during this time frame, the PV system
will experience limitations on available generation time per day and generate at lower peak
levels than other times of year with average peak levels being approximately 400W and
700W Additionally, the PV generation pattern illustrates that there exists considerable day-
by-day variation in PV generation levels with some days experiencing relatively uniform
generation characteristics while other days exhibited extreme variations in the magnitude of
daily peaks and/or were subject to sharp changes in generation levels. The existence of these

differences suggest that variability in meteorological conditions (such as varying amounts
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of clouds) significantly impacted PV system operation during the winter months. The data
collected illustrate that both PV systems operating in Beirut produce less PV energy during
the daylight hours and exhibit less stable PV generation characteristics when compared to

PV systems operating during non-winter periods.

Figure 14 illustrates the Average Daily PV Output Profile per Season at Beirut from 2010
and 2020. As shown, it is clear that there are seasonal differences in PV output. Winter has
a much smaller window of PV operation compared to other seasons; as such, PV starts
generating power later in the morning, stops generating power sooner in the afternoon, and
reaches peak values of about 450-520 Watts. Spring and Summer have larger windows of
daylight hours along with greater output values, reaching peak values of about 650-700
Watts, mainly around lunchtime (11am-1pm). Fall represents an intermediate scenario of the
three, with lower peak values than Summer and shorter operating days than Spring. The PV
output profiles follow a Bell Curve model for all Seasons, with highest generation at mid-
day. Results indicate a high degree of consistency for both years examined across all four
Seasons. Thus, Figure 8 indicates that the amount and duration of PV Generation varies
greatly by Season with most favourable operating conditions found in the Spring and

Summer months, while most limited operating conditions occur in the Winter months.

5 Discussion

5.1 Limitations

The PV performance of Beirut was analysed through a comparison of hourly recorded data
from 2010 and 2020. Although this research was completed with actual, hourly recorded
data, there were some limitations to its overall findings. For example, while the data
presented here are actual hourly recorded values, they only reflect those conditions found
within the sample used in this research and do not account for all possible environmental
conditions in which a PV system may be installed in Beirut. There are site-specific factors
that can affect the operation of a PV system that are not represented by the larger dataset.

Such site-specific factors include; shading caused by trees or other structures, dust
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accumulating on panels, how well maintained the panels have been over their life cycle, and

the type of equipment installed at the location.

Secondly, while the analysis includes many weather variables (irradiance and ambient
temperature), there are other weather variables which also impact PV performance (wind
speed, humidity, panel temperature). Furthermore, the use of ambient temperature as a proxy
for PV cell temperature adds some uncertainty; in fact, the module temperature may differ

greatly from ambient conditions.

A final limitation of the analysis is that it only considers two years (2010 & 2020); although
this makes comparing the two years straightforward, it cannot accurately portray the
variability of weather conditions or PV performance over time. An extended analysis of a

larger number of years will help create a better understanding of trends and variability.

The discussion of the simplified systems included within this thesis is under the assumption
of ideal systems with no energy losses, lossless batteries, and generic load profiles.
Therefore, the estimated costs and selection of components is illustrative based upon general

market experience rather than a detailed economic and/or technical optimization.

5.2 Real life applications

To relate the findings of this study to a possible practical implementation, a simple
residential PV system of the €1,000-class can be imagined for Lebanon. This case will not
serve as a final engineering design; however, it serves as a low-cost illustrative example of
a PV-based backup power system for some essential household loads such as LED lighting,
a Wi-Fi router, charging of mobile phones, laptops and limited TV viewing. A realistic low-
cost example based on current Lebanon retail listings includes two monocrystalline PV-
panels of common size found among the products listed by retailers in Lebanon, one small
off-grid or hybrid inverter and one storage battery. As shown above, local listings show
small inverters like the Axpert VM II Premium 3 kW at approximately $250 and batteries,
inverters, solar cables, breakers and panel brands like Longi and Jinko of the type used in

the Lebanese market. Hence, there are clearly examples of each of the component types



40

required for a system available in the Lebanese market. However, in a simplified cost
estimate, the total budget should not be identified with an exact €1,000; instead it should be
approximated as belonging to the €1,000 class after all the components of a fully functional

system have been taken into account.

The primary reason for this is that although the principal hardware appears cheap initially,
other necessary equipment such as structural mountings for the panels, solar cables, MC4
connectors, fuse or circuit breakers and installation accessories increase the price beyond the
initial hardware costs. Therefore, even though the fundamental hardware is priced less than
€1,000, the final practical cost for a functional system can exceed €1,000 when all additional
materials are included. For this reason the example is best illustrated as an essential load

backup power system, not as a complete house electrical system.

This practical example is very relevant to Lebanon where despite efforts by successive
governments, the country still experiences frequent electricity shortages and prolonged
periods of daily blackout. According to a 2025 document produced by the World Bank
electricity supply has averaged only 6-8 hours/day provided on a rotating schedule.
Similarly, according to Human Rights Watch Lebanese households estimated they were
without electricity from any source for approximately 9 hours/day. In such conditions a
relatively small residential PV-battery system could provide considerable assistance to meet
essential needs such as lighting, Internet access and telephone charging along with limited
appliance usage during evening and nighttime hours when grid electricity was unavailable.
Instead of providing a total house system it could serve as a backup source of energy when
grid electricity is unavailable - especially during nighttime hours. The battery capacity in a
system of this nature can also be expressed in terms of ampere-hours (Ah) - which is
convenient due to several reasons including most batteries offered regionally being labelled
in this manner. Converting Wh to Ah follows the standard formula of Ah = Wh/V. For
example, a battery having a nominal stored energy of 2.4kWh at 12V has an equivalent
capacity of 200Ah since (2400Wh/12V)=200Ah. A similar battery of 2.4 kWh at 24V has
an equivalent capacity of 100 AH. Larger lithium batteries of 5.12 kWh at 51.2 V have an
equivalent capacity of about 100 AH. Thus, it is crucial to convert between Wh and Ah units
when selecting battery sizes for residential systems. Under these assumptions the €1,000-

class example should be viewed as a minimalistic residential backup configuration in
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Lebanon capable of covering only selected loads for short durations and not supplying power
continuously throughout the night. Of particular relevance to this thesis is how the example
relates observed PV-generating patterns to feasible small-scale configurations utilizing
actual product types present on the Lebanese marketplace. Additionally, important
limitations exist relative to making design decisions in real-world systems, as factors such
as losses associated with inverters, discharge limits related to battery depth-of-discharge,
efficiency characteristics of charging processes, variability of seasonal weather patterns and

specific appliance usage profiles will directly impact operational performance.

In real-world terms this implies that the battery would be able to run in an emergency power
back-up situation for many hours into the night after the PV panels cease to produce
electrical energy. The PV panels may be producing some electrical energy until sunset; at
which time they will stop. If the total nighttime load on the house is 150-200 watts (LED
lights, router, telephone charging, etc.), then a 2.4 kWh battery could support this type of
load for approximately 12-16 hours at night assuming there are no losses such as self-
discharge from the battery and/or inefficiencies associated with charging/discharging the

battery.

6 Conclusions

In this thesis we used hourly data from Beirut for 2010 and 2020 to determine how the
weather impacts photovoltaic power generation. We have shown that solar energy
production is affected significantly by environmental conditions, specifically by the amount
of solar irradiance, ambient temperature, and seasonal patterns. While irradiance is still the
dominant factor influencing PV output; our results indicate that temperature consistently
reduces system efficiency, and thus reduces the amount of electricity produced per unit of

received solar radiation.

Our results highlight the importance of seasonal variations in PV output. Our results show
that PV output is highest and most stable during late spring, summer, and early autumn;

where longer daylight hours and clearer atmospheric conditions dominate. Conversely,
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winter periods show much lower levels of PV output and greater variability due to shorter
days and increased cloud cover. Furthermore, even during peak daylight hours, transient
weather conditions such as cloud movement can cause large fluctuations in hourly PV

generation.

We have also observed a strong linear relationship between irradiance and PV output. This
confirms that PV systems respond predictively to available solar energy under typical
operating conditions. However, deviations from ideal behaviour, specifically at higher
temperatures and during variable weather conditions, highlight the need for real-world

environmental effects to be considered when evaluating system performance.

Finally, to relate these results to real-world applications, a simplified €1000-class residential
PV system for Lebanon has been examined. This example demonstrates that even a low-cost
system could provide significant support for essential household loads, particularly in
regions with limited electricity availability. Our analysis shows that such a system could
supply several hours of electricity both during the daytime and nighttime depending on
storage capacity and usage patterns. This highlights the practical relevance of PV systems in
areas where unreliable grid supply exists and small-scale solar installations could

significantly improve energy access and reliability.

Overall, our findings show that, while photovoltaic systems offer reliable and scalable
renewable energy solutions their performance is highly dependent upon local weather
conditions and temporal variability. Hence accurate assessment of environmental factors is

vital for effective designing, sizing and performance prediction of PV systems.
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