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Abstract: Saudi Arabia fully depends on fossil fuels such as oil and natural gas to generate its
electricity. Fossil fuels may have limited life and a history of fluctuating costs, which will lead
to multiple issues that can affect the energy security of this country in the long-term. Critical
Infrastructure Protection (CIP) is a concept different to “energy security”, which must consider the
solar and wind energy as basic sources of energy supplies in Saudi Arabia. Monte Carlo Simulation
(MCS) and Brownian Motion (BM) approaches were employed to predict the future behaviour of solar
and wind energy, along with long-term temperature performance, based on 69 years of historical daily
data. MCS and BM were employed to provide a wide range of options for future prediction results.
A validation exercise showed that the north-western region was the most highly recommended region
for deployment of solar and wind energy applications due to an abundance of solar and wind energy
resources with low temperature supported by a clearer sky during the year. This is followed by the
southern region, which exhibited good solar and wind energy resources. This study can be considered
as a roadmap to meet the climate and sustainability goals by providing a long-term overview of solar
energy, wind energy, and temperature performance in some countries that have a lack of long-term
future prediction analysis such as Saudi Arabia.

Keywords: prediction; Monte Carlo Simulation; Brownian Motion; solar and wind energy;
Saudi Arabia; north-western region; southern region

1. Introduction

Technological advances in renewable energy, such as solar and wind energy, have made the
generation of electricity through renewable energy resources a highly efficient and economically viable
process, as well as the fastest-growing process in the power generation sectors globally. In the last
two decades, Saudi Arabia has been optimising electricity generation from fossil fuels with renewable
energy as a backup system [1]. Recently, Saudi Arabia’s government has planned to shift towards
renewable energy resources due to increases in power consumption and restrictive environmental
regulations [1]. Carbon dioxide and greenhouse gas emissions can be reduced by applying renewable
energy technologies. Since the late 19th century, the global average temperature of Earth’s surface
has increased by 0.6 °C (+£0.2 °C) due to climate change and global warming [2]. Regionally, during
the dry seasons, the temperature has risen 0.72 °C per decade [2]. As the climate becomes warmer,
evaporation increases, leading to an increase in average worldwide precipitation [1]. The combined
impacts of fossil fuels on global warming have made implementing solar and wind energy in the
21st century a top priority [3]. The absence of harmful emissions, the rapid development in these
technologies, and the decreasing cost of renewable energy have made solar and wind energy the most
promising alternatives to fossil fuels in recent years [4,5]. However, the dependence on weather and
nature fluctuations, which are difficult to predict, is a common drawback of solar and wind energy
resources [4,6]. These issues could be partially confronted by applying the strengths of one source
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to overcome the weaknesses of the other source, but this integration makes hybrid solar and wind
generation systems more difficult to analyse in some cases [4,6]. The variability and uncertainty of
solar and wind energy resources create new challenges that can cause quick increases or decreases in
power generation [7]. Solar and wind energy vary over time due to the influence of meteorological
fluctuations. These normal variations occur across seconds, minutes, hours, days, weeks, months,
seasons, and years. Solar and wind energy resources at prospective geographical locations must be
investigated for economical utilisation [8]. The key for optimal utilisation and integration of solar
and wind power is understanding these variations and their predictability. Forecasting modelling
tools are widely used to assist utilities to manage grid operation by advising estimated renewable
generation in advance [9]. Various numbers of research have been conducted throughout the world to
discuss forecasting models to assess electricity generation from solar and wind sources in advance.
A great prediction solution system was proposed by Shafiullah [9] as a hybrid integration system
which can predict solar and wind generation in advance, supported by a model that can analyse the
techno-economic and environmental prospects of renewable energy; as well as a load management
system in order to manage customer load demand efficiently. The comprehensive proposed system
was developed to be applied in a subtropical climate of Central Queensland. Moreover, these types
of effective models can support the implementation of solar and wind energy in many locations due
to the high quality of efficiency and cost reductions. In order to maximise the resultant benefits and
maintain reliability at the required level, advanced tools for handling solar and wind energy, such as
future-forecasting and management algorithms, can be employed. Solar and wind energy forecast tools
that predict the next hours, days, and weeks can play a crucial role in the processes of management
operator systems. Al-Alawi and Al-Hinai [10], Lopez et al. [11], and Mohandes et al. [12] conducted a
search to develop predictive models to forecast solar irradiation based on an Artificial Neural Network
by machine learning. The majority of these models achieved a high forecasting accuracy. The field
of renewable energy forecasting has developed quickly due to increasing of total renewable energy
share in many countries. Ji et al. [13] discussed a forecasting model used to predict mean hourly wind
speed using a Support Vector Machine (SVM) technique. The proposed model is a novel algorithm for
wind speed prediction, and forecasting error is improved by a support vector classifier, which is better
than the transitional support vector regression algorithm. More and Deo [14] applied a technique to
predict daily, weekly, and monthly wind speeds at two coastal sites in India using an Artificial Neural
Network. Satisfactory prediction values with low deviations and high correlation observed. This
type of forecasting technique was applied, trained with past data in auto-regressive manner by back
propagation and cascade correlation algorithms. However, prediction accuracy reduced as the interval
of prediction decreased, for example, from one month to one day. The majority of predictive models
discussed in previous studies were built to cover the short or medium term, while there is a requirement
to build a long-term predictive model due to cost-effective, energy saving, and climate requirements.
The analyses of large historical solar and wind speed data from meteorological measurements and
system operators at typical site locations allow determination of the future variations in net generated
power, which can be expected for a long-term period. Furthermore, to assess the economic feasibility
of solar and wind power generation projects, several optimisation approaches can be employed to
analyse the performance of solar and wind resources for the long-term [4]. Optimisation modelling
and statistical analyses can be employed to provide an effective solution to select the suitable sites to
deploy solar plants and wind farms in order to generate large-scale power from renewable sources
which significantly reduce the cost of power generation and eliminates CO, emissions [15]. There
is a need for developing predictive solutions due to sustainability requirements and climate change
issues. Probabilistic forecasting is one of the flexible management tools that is enabling a movement
from deterministic to stochastic methods to find robust solutions. The probabilistic approach can be
implemented in this research to evaluate solar and wind resources behaviour based on Monte Carlo
simulations (MCS) and Brownian Motion (BM), based on a large size of historical data in order to
provide a wide range of options for future predicted values. Therefore, this paper aims to analyse
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the solar and wind resources in specific locations to support the integration of solar and wind energy
generation projects. Furthermore, this paper synthesises the positive criteria of renewable energy’s
benefits and attempts to compensate for its deficiencies. This research simulates the future performance
of solar and wind energy penetration scenarios in Saudi Arabia, and evaluates three selected cities:
Riyadh in the central region, Tabuk in the north-western region, and Sharurah in the southern region,
which represent different climate profiles. This study examines the distributions of changes in solar
irradiance, wind speed, and temperature that may occur at different timescales during a long-term
period. Although this research is employed to study the future performance of solar and wind resources
in Saudi Arabia as a case study, it can be applied to other countries once a large amount of historical
data is available, especially for the Gulf Cooperation Council (GCC) countries, which have the same
geographical locations and climatological conditions.

The structure of this paper is organised as follows: Section 2 discusses the solar and wind energy
resources in Saudi Arabia. The methods of this research, including the main approach and framework,
are presented in Section 3. Section 4 contains the results and discussion. Finally, conclusions are
provided in Section 5.

2. Solar and Wind Energy Resources in Saudi Arabia

Solar and wind energy are presented as a key source for the future of energy in Saudi Arabia,
and the world. The worldwide developments of solar and wind energy have encouraged the research
and scientific communities to conduct a series of investigations to analyse potential solar and wind
energy resources in Saudi Arabia [8]. Saudi Arabia has contributed major international renewable
energy research, such as the SOLERAS program that was established 31 years ago [16]. Additionally,
King Abdulaziz City for Science and Technology (KACST) focuses on solar and wind energy studies
and conducting appropriate applied research to develop technical feasibility for its localisation in
Saudi Arabia. KACST helped to develop a wind energy atlas for research projects in Saudi Arabia, in
cooperation with the United States Joint Program [17]. The atlas platform resources provide profiles of
wind speed data, such as the frequency distribution of wind directions and the diurnal variations of
mean wind speeds from several airport meteorological stations. Furthermore, King Abdullah City for
Atomic and Renewable Energy (KACARE) has launched a more comprehensive Renewable Resource
Atlas in order to provide a solar and wind energy resource-monitoring system for live data recorded
from 41 stations across the country for the use of researchers, developers, policy-makers, government
institutions, and those working in risk-reduction [18]. KACARE has developed a Renewable Resource
Monitoring and Mapping (RRMM) program, which is in cooperation with the Battelle Memorial
Institute and the United States-Based National Renewable Energy Laboratory to assist and evaluate
the potential of solar and wind energy [19]. The KACST and KACARE platforms monitor network
resources aimed to measure and record solar and wind energy data at different locations in Saudi
Arabia to improve renewable energy technologies [19,20].

2.1. Historical Solar and Wind Energy Performance

Saudi Arabia represents a variety of geographical locations and climatological conditions. In order
to select the most suitable locations for wind farms and solar power plants, especially for the early
deployments of these technologies, the historical performance of solar and wind energy will be
investigated in the following sections.

2.1.1. Solar Energy

Alharthi et al. [21] analysed the performance of solar energy in four selected cities in Saudi Arabia:
Riyadh (central region), Sharurah (south region), Hafar Albatin (north-eastern region), and Yanbu
(western coast). According to Alharthi et al. [21], the monthly total global horizontal irradiance (GHI)
and the direct normal irradiance (DNI) levels were high at all of the selected sites and supported
by relatively low variability. Alharthi et al. [21] summarised the solar irradiance behaviours of the
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four sites. Furthermore, Sharurah site recorded the highest annual average daily total of GHI and
DNI values, while the lowest values were observed at the Hafar Albatin site. Yanbu site reached the
second highest values of GHI and DNI [21]. The diffuse horizontal irradiance (DHI) values were close
across the four sites. The highest value of DHI was observed at Riyadh site, and the lowest value
was observed at Yanbu site. Zell et al. [19] conducted a study to investigate the performance of solar
energy and temperature at 30 sites, including Riyadh, Sharurah, and Tabuk (north-western region).
Zell et al. [19] agreed with Alharthi et al. [21] that all the sites recorded high values of GHI with low
variability. These GHI values are well-suited for strong photovoltaic (PV) technology and solar power
plants across Saudi Arabia [19]. Nevertheless, the temperatures in some sites were extremely high
(over 30 °C), which can relatively impact the behaviour of solar power plants [19]. The north-western
region of the country showed higher DNI levels, supported by a clearer sky during the year. These
results can have a strong influence on decisions such as location selection for solar power plants,
technology selection, the creation and validation of solar resource forecasts, and support for utility
scale plant operation. Almarshoud [22] conducted a study to explore the relative properties of solar
energy performance in 32 sites around Saudi Arabia by applying three types of sun-tracking modes,
such as fixed tilt angle, 1-axis tracking, and 2-axis tracking. Based on Almarshoud [22], the northern
region of Saudi Arabia, such as Timma and Tabuk sites, produced high solar energy productivity due
to high average solar irradiance and low average temperatures. Similarly, the two sites of Sharurah
and Najran in the southern region of Saudi Arabia reached high average values of solar irradiance.
Meanwhile, the Qunfudhah site on the Red Sea coast recorded the lowest values of average solar
irradiance [22]. Ramli et al. [23] debated a technical and economic analysis that showed that the
west coast region has sufficient potential energy from solar power to generate electricity. Another
study was conducted by Abu-Hamdeh and Alnefaie [24] to evaluate solar energy and to investigate
the appropriateness of a concentrated solar power (CSP) system in Jeddah. The results showed that
the solar intensity is higher than the required critical values. Extended research was conducted by
Dasari et al. [25] to evaluate the solar energy resources over the Arabian Peninsula, including Saudi
Arabia, across 38 years (1980-2017). The data were collected from 46 in-situ radiometer stations to
analyse the GHI, DNI, and DHI. In particular, the main observations were that the south-eastern
to north-western regions of Saudi Arabia are the most suitable regions to exploit solar energy with
minimal cloud coverage [25]. Moreover, the GHI and DNI values are high over the western and
south-western regions of the Red Sea. The reanalysis and review of solar energy resources over
Saudi Arabia as initial and boundary conditions assimilated the most available observations in the
country. Overall, the investigation of previous studies and the historical solar energy data showed that
the south-eastern and north-western regions of Saudi Arabia can be subjects of study to implement
solar energy technologies, as these regions are supported by a minimum of cloud coverage and low
temperatures. Due to its widespread, unused desert land and the abundance of solar energy resources
(presented in Figures 1-3), Saudi Arabia has great potential opportunities to harness solar sources for
solar energy applications. If a breakthrough is achieved in the solar energy fields, Saudi Arabia can
be a leading producer and exporter of solar energy generation. However, solar energy technologies’
performance in Saudi Arabia requires a long-term future forecasting analysis. Forecasts need to be
updated continuously for more evaluations of solar energy resources in Saudi Arabia, which will have
different economic and system reliability benefits during different periods.
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Figure 1. The global horizontal irradiance performance of the three regions.
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Figure 2. The direct normal irradiance performance of the three regions.
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Figure 3. The diffuse horizontal irradiance performance of the three regions.
2.1.2. Wind Energy

Alharthi et al. [21] analysed wind speed distribution frequency in Riyadh (central region),
Sharurah (south region), Hafar Albatin (north-east region), and Yanbu (west coast), and found that the
probabilities of wind speed reaching 10 m per second (m/s) or higher at an 80-m maximum height were
41% at Yanbu site, with 27% at Hafar Albatin site, 22% at Sharurah site, and 14% at Riyadh site. Rehman
and Ahmad [26] performed an analysis of wind speed distribution at different heights (10, 40, 50, and 60
m) for five coastal locations in Saudi Arabia: Yanbu, Dhahran, Al-Wajh, Jeddah, and Gizan. According
to Rehman and Ahmad [26], for harnessing wind power, Yanbu is the best coastal location, and Dhahran



Energies 2020, 13, 588 6 of 18

is the next best location for wind power generation. The analysis of monthly average wind speed
showed higher wind speeds available in the summer season at Dhahran, Yanbu, and Gizan, while the
impact of season was insignificant at Al-Wajh and Jeddah sites [26]. Al-Abbadi [8] conducted a study
to analyse the wind energy potential at five sites in Saudi Arabia: Dhahran, Yanbu, Arar, Gassim, and
Dhulum. According to Al-Abbadi [8], Dhulum and Arar sites have higher wind energy potential, with
5.7 and 5.4 m/s annual average wind speeds, respectively. Dhulum and Arar have isolated, scattered,
and low population areas that support the economic feasibility of wind power being used at these
locations, as it is recommended to use remote areas for wind farm projects. Baseer et al. [27] performed
an assessment to evaluate the wind speeds at different heights above ground level (10, 50, and 90 m) for
five sites at Jubail industrial city in the eastern province in Saudi Arabia. Based on Baseer et al. [27], the
highest mean wind speeds at the Jubail industrial site of 5.35 m/s, and the possibility of wind speeds
reaching above 3.5 m/s, was 75%. Another study was conducted by the same team [28] to analyse
seven sites at Jubail using different tools. The results showed that the highest annual mean wind speed
of 4.52 m/s was observed at Jubail [28]. Shaahid et al. [29] studied the economic feasibility of wind
energy potential for four coastal sites in the western region at a height of 10 m: Al-Wajh, Jeddah, Yanbu,
and Jizan. The study indicated that the maximum yearly wind speed average was 5 m/s [29]. Research
performed by Rehman et al. [30] to explore the possibility of establishing a wind farm in the eastern
region in Saudi Arabia recorded 5.74 m/s as the highest mean wind speed in the region at a height
of 40 m. Furthermore, it was observed that higher wind speed values were recorded during the day
and during the summer season, while lower wind speed values were recorded during the night and
during the winter season [30]. Elhadidy and Shaahid [31] conducted research to exploit renewable
energy resources and focus on wind energy performance in the eastern coastal region. The analysis
indicated that the monthly average wind speed was 5.8 m/s, which is relatively close to the findings of
Rehman et al. [29]. Another study was conducted by Rehman et al. [32] to investigate the wind energy
characteristics in the city of Rafha in the northern region of Saudi Arabia. The results showed that the
maximum annual mean wind speed value was 4.9 m/s at Rafha site, and the possibility of reaching
higher than 6.5 m/s was 20% [32]. In addition, Yip et al. [33] evaluated the wind energy in the Arabian
Peninsula, including Saudi Arabia. According to Yip et al. [33], the coastal regions along the Arabian
Gulf have more variable wind resources compared to their Red Sea counterparts at similar latitudes.
Along the coast of the Arabian Gulf, persistent wind speed was observed, and more abundant wind
resources were found in the western mountains of Saudi Arabia compared to most Red Sea coastal
areas [33]. Based on the historical wind speed measurements (shown in Figure 4) and the evaluation of
wind speed frequency distributions for different sites in Saudi Arabia, the wind resources reached
relatively high levels along the coastlines. The wind speed was observed to be greater in the western
mountains and the northern region, with good opportunity performance in the southern region of
Saudi Arabia. In view of this, an appreciable fraction of these regions’ energy requirements can be
harnessed from wind energy resources. To facilitate large-scale exploitation of wind energy for a
sustainable future, wind resource assessments for different regions of Saudi Arabia need to be carried
out to meet an appreciable portion of the energy requirements. In order to promote wind energy
utilisation as a form of clean energy and to mitigate a possible future energy crisis, investment in wind
energy is imperative.
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Figure 4. The wind speed performance of the three regions.

Saudi Arabia fully depends on fossil fuels such as oil and natural gas to generate its electricity.
The fossil fuels may have limited life and a history of fluctuating costs, which will lead to multiple
issues that can affect the energy security of this country during the long-term. Critical Infrastructure
Protection (CIP) is a concept that is different from “energy security” which must consider renewable
energy (solar and wind energy) as a basic source of energy supplies in Saudi Arabia. Furthermore,
increasing fossil fuel energy consumption impacts Saudi Arabia’s economy growth and leads to a rise
in environmental issues, such as increasing the CO, rate in the region, as well as Global Warming.
Implementation of renewable energy technology shares in Saudi Arabia’s total energy generation
can be the suitable solution for all fossil fuel issues. In addition, there is a lack of renewable energy
(solar and wind) research and studies of these technologies in Saudi Arabia, which are required to
support renewable energy implementation and to diversify the energy mix. This research aims to
assess a long-term contribution in sustainable energy strategy using smart tools that protect the power
supply from fluctuations and volatility, and to reduce CO, issues in Saudi Arabia. The research aims
to spearhead the renewable energy transition towards with a more sustainable and equitable future.

3. Methods

Historical daily weather data were collected for the period 19502019 from eight weather in-situ
radiometer stations around Saudi Arabia for the three selected cities: Riyadh in the central region,
Tabuk in the north-western region, and Sharurah in the southern region. Historical weather data
included temperatures, solar irradiances, and wind speeds at a height of 10 m as km/h. Wind speeds
were measured at 150-m heights for all regions using Equation (1). The historical data are presented in
Figures 1-5. Equations (1) and (2) represent the velocity profile by a power function and logarithmic
function, respectively [34]. U is the wind speed at a required height, Uref is the reference wind speed,
z ref is the anemometer height, z is the required height, s is the shape of the power-law profile, and zo

is the surface roughness length.
S
u z
= 1
Uref [ zref ] M

U  ( Ln(z/zo0)
Uref (Ln(zref/zo))

@
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Figure 5. The average temperature performance of the three regions.

Monte Carlo Simulation (MCS) and Brownian Motion (BM)

MCS and BM were employed herein to estimate the future performance of solar and wind
energy with the behaviour of temperature for the three selected sites in Saudi Arabia [35]. MCS is
a computerised mathematical technique employed to produce random values based on a known
distribution of the historical data. MCS was applied to model the probabilities of several outcomes,
which cannot be easily predicted due to the intervention of random variables to understand the
distribution and uncertainty in a prediction model. This approach is a form of quantitative analysis
that is employed to randomly calculate the Sharpe ratio for thousands of selected allocations. MCS
and BM were employed to refer to a universe of different simulation approaches, such as future energy
prediction scenarios, which help researchers make informed decisions. BM is technically a Markov
process, which means the values follow a random walk, and is consistent with the weak form, and past
value information is already incorporated, and the next estimated value’s movement is “conditionally
independent” of past values movements. Standard Brownian motion (BM) is a stochastic process
when B = {B(t): t > 0} as continuous sample paths. The ultimate aim of describing the details of BM
and MCS processes are to use these concepts for real option theory application. The new generated
dataset is larger than the historical initial dataset, which would provide immense opportunities to
understand and analyse the produced scenarios. It would be a big challenge to generate accurate
long-term prediction, which depends on the size of the historical data and suitable selected approaches.
These are common issues with all approaches that are used to build future scenarios, but BM and MCS
approaches have the great advantage of using a small amount of historical data, including generating
unlimited future values, which can avoid this issue to generate long-term scenarios. Python software
simulates and predicts the development of the values from 1000 to 10,000 times, which would generate
the maximum and minimum expected average values. Python’s package library is very extensive,
offering a wide range of facilities and providing access to system functionality with large memory. The
large memory is highly required in statistical processes, such as for huge historical data and large future
predicated data. The holistic method process of historical data collection, including preparing the
historical data and building the predictive model, is shown in Figure 6. In addition, Equations (3)-(5)
were employed to produce the future values of wind speed, solar irradiance, and temperature [35]. D is
the drift, V is the variance, S is the standard deviation, u is the average log value or the percentage drift,
and r is the long-share value and the natural logarithm of Brownian Motion. S; is the value for day (t),
while S;_; is the value observed on the previous day (t — 1) when standard deviation = 1, mean =0,
Z is the number of standard deviations, and b is the step size of the latent variables. Furthermore,
Equations (3)—(5) were implemented, and integrated in the codes in order to build a sufficient long-term
predictive model. All the algorithms and variables of the BM and MCS approaches were defined based
on Python’s libraries, including Numpy, Pandas, and Scipy functions. The codes and predictive model
were evaluated at multiple stages based on comparing different algorithms to each other, oftentimes in
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terms of computational and predictive performance, and selecting the best model efficiency from a
specific hypothesis space, as shown in Figure 6.
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Figure 6. Method processes of historical data gathering, preparing, and building the predictive model.

4. Results and Discussion

In order to encourage the implementation of solar and wind energy in Saudi Arabia, the future

performance of weather resources, such as solar irradiances, wind speeds, and temperatures, must

be investigated and analysed for the long-term. Three regions in Saudi Arabia were selected to be
the subjects for weather analysis and evaluation: the central region, the north-western region, and
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the southern region, to cover different climatological conditions. The daily total values of the GHI,
DNI, and DHI were estimated to analyse their future behaviours. The weather patterns are somewhat
random in different times and locations, and extremely difficult to predict without depending on
historical data performance, while the historical data have a major impact on overall results due to
the strong relationship of time series between the performance of historical data and future predicted
values. The inherent variability of future values of solar irradiance, wind speed, and temperature of
historical records are extremely useful for analytical and predictive tools, which are appropriate for a
wide range of applications. According to the MCS and BM future analyses, the daily total values of
GHI in the central region were predicted to reach 6089 Watts/meter square (W/M?) as the highest value
and 3240 W/M? as the lowest value, as shown in Figure 7b. In addition, the distribution performance
describes the future daily behaviours of GHI at the central region, as illustrated in Figure 7a. On the
other hand, the north-western region exhibited higher daily total solar GHI, which was estimated to
reach the maximum and minimum values of 9050 W/M? and 5110 W/M?2, respectively, as indicated
in Figure 8b, with an extremely highlighted distribution performance, as presented in Figure 8a.
The southern region exposed a good daily total solar GHI distribution (Figure 9a), with the highest and
lowest solar GHI values of 7600 and 5150 W/M?2, respectively. Furthermore, the maximum daily total
value of DNI was 6490 W/M2 with a minimum value of 2700 W/M?2 in the central region, as shown in
Figure 10b. The north-western region was predicted to continue reaching high future DNI values, with
7449 and 3710 W/M? as the highest and lowest values, respectively, as presented in Figure 11b. The
maximum daily total value of DNI in the southern region was estimated as 7203 W/M2, with 3100 W/M?
as the minimum value, as indicated in Figure 12b. Moreover, the daily total of DHI in the central
region was expected to be 777 W/M? as the highest value and 425 W/M? as the lowest value, as shown
in Figure 13b. The maximum and minimum daily total values of DHI in the north-western region were
predicted to reach 531 and 220 W/M?, respectively, as presented in Figure 14b. The highest and lowest
daily total values of DHI in the southern region were estimated at 689 and 470 W/M?, respectively,
as indicated in Figure 15b. Based on the results of this study, the north-western region exhibited
extremely promising daily solar irradiance resources, followed by good daily solar irradiances in the
southern region. This makes these regions suitable for solar power plant projects, in addition to the
fact that they are supported by vast open land with relatively low temperature values. These results
can be ascribed to the central region generally, which has a history of long dust storms spells with
typhoons, terrain and a significant lack of rain during the year, especially in the summer. Meanwhile,
the north-western region is characterised by a distinguished location with a clear sky, free from dust,
relatively low temperature, and a moderate climate throughout the year, which explains these very
distinct results. The southern region is characterised by a history of lower temperature, dusty and
cloudy weather during the year, with foggy days in some cases. The fact is that, on a clear day, the
received direct solar irradiance represents between 85% and 90% of the total amount of solar irradiance
reaching the surface of the earth. On a foggy or cloudy day, when we “cannot see the sun”, the direct
component of solar irradiance is essentially very low. The variation of all of these factors, including
geographical locations and climate change issues, attenuate the direct component and change the solar
irradiances. In general, a considerable amount of effort has been spent in cataloguing, measuring,
and developing analytical predictive models to forecast these effects. However, the future evaluation
of solar energy resources showed that Saudi Arabia has abundant potential solar energy resources
available in the north-western and southern regions, which presents great opportunities to diversify
Saudi Arabia’s power system. Theoretically, the findings of this research show great incentives to push
ahead with investments in solar energy.

The wind speed distributions levels were plotted in order to gain insight into the locations to
permit extrapolation between the sites and the predicted results. The daily average wind speed
measured in the three regions was predicted, and it was expected that 6.7 and 3.3 m/s would be the
maximum and minimum values in the central region, respectively, as shown in Figure 16b. In addition,
the estimated highest and lowest daily average wind speeds in the north-western region were 8.5 and
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5.8 m/s, respectively, with good wind speed distributions (Figure 17a). The southern region exhibited
predictable maximum and minimum daily average wind speeds of 8.57 and 4.8 m/s, respectively, as
illustrated in Figure 18b. The wind speed changes from one site to another due to various factors,
such as different geographical locations and meteorological (differences in the atmospheric pressure)
conditions. In general, Saudi Arabia is characterised by a wide desert area, with a very dry climate,
and some mountainous areas in the southern region, valleys in the central region, some small hills in
the north-western region, and agricultural areas in the north-western and southern regions. The effect
of terrain features that may cause local variations in wind speed was reflected in the predicted values
wind speeds. Based on the MCS and BM future analyses, the north-western and southern regions have
acceptable wind energy resources for the long-term, and the two regions are suitable for wind farm
projects in Saudi Arabia. Hence, modern wind turbines are variable-speed machines and have different
wind speeds that depend on the characteristics of the selected and installed wind turbines, such as
the size. In this regard, the cut-in and cut-out wind speeds of the wind turbines are 3.5 and 25 m/s,
respectively. Furthermore, the average wind speeds in a particular region are required to achieve at
least 6-8 m/s to be economically viable.

According to the MCS and BM future predictions, the minimum and maximum daily average
temperatures of the central region were 16.3 and 46.4 °C, respectively. Figure 19b shows the performance
of the daily average temperature of the next 10,000 days of the future, starting from 20 February
2019. Figure 19a presents a high concentration of average temperature intensity in the central region,
between 10 °C in the winter and 45 °C in the summer during the next 27 years. The north-western
region exhibited lower daily average temperature values for the future, which were expected to be 33.3
and 13 °C as the highest and lowest values, respectively. Figure 20a shows the concentration of average
temperature distribution in the region. Furthermore, the southern region exhibited the maximum and
minimum daily average temperatures of 30.4 and 13 °C, respectively, as shown in Figure 21. Compared
to the other two regions, the southern region recorded lower daily average temperature values due
to dusty weather during the summer, in some cases, on the whole, and cloudy weather during the
winter; however, relatively, it can support the implementation of solar power plants. Meanwhile,
the southern region is characterised by a clear sky throughout the year and a lesser dust rate, which
makes it more suitable for solar system power plants due to low cost of cleaning the solar panels.
The temperature values play an important role in solar power generation: as the temperature values
increase, the current values rise very slightly, and the voltage values decrease more rapidly. Higher
temperatures generally eliminate the power outputs of solar plants and increase power losses.

A validation exercise showed that the north-western region is the most highly recommended
region for deployment of solar and wind energy applications due to abundance of solar and wind
energy resources supported by low temperature. This is followed by the southern region, which
exhibited good solar and wind energy resources. The two regions were classified based on their overall
of 69 years of historical data for daily solar irradiances, wind speed, and daily average temperature
behaviour, with 27 years of future predicted value performance. Furthermore, an interesting aspect
from this paper is that this study can be considered as a roadmap to meet the climate and sustainability
goals by providing a long-term overview of solar, wind energy, and average temperature performance
in some countries that have a lack of long-term future prediction analysis, such as Saudi Arabia.
The findings of this research can be used by a decision-maker for renewable energy development in
Saudi Arabia.
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Figure 7. (a) Daily total solar global horizontal irradiance (GHI) distributions for the central region,
as predicted by Monte Carlo Simulation (MCS) and Brownian Motion (BM), and (b) a one-day scenario
for the solar GHI distribution prediction performance.
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Figure 8. (a) Daily total solar GHI distributions for the north-western region, as predicted by MCS and
BM, and (b) a one-day scenario for the solar GHI distribution prediction performance.
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Figure 9. (a) Daily total solar GHI distributions for the southern region, as predicted by MCS and BM,
and (b) a one-day scenario for the solar GHI distribution prediction performance.
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Figure 10. (a) Daily total solar direct normal irradiance (DNI) distributions for the central
region, as predicted by MCS and BM, and (b) a one-day scenario for the solar DNI distribution
prediction performance.
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Figure 11. (a) Daily total solar DNI distributions for the north-western region, as predicted by MCS
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and BM, and (b) a one-day scenario for the solar DNI distribution prediction performance.
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Figure 12. (a) Daily total solar DNI distributions for the south region, as predicted by MCS and BM,
and (b) a one-day scenario for the solar DNI distribution prediction performance.
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Figure 13. (a) Daily total solar diffuse horizontal irradiance (DHI) distributions for the central
region, as predicted by MCS and BM, and (b) a one-day scenario for the solar DHI distribution

prediction performance.
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Figure 14. (a) Daily total solar DHI distributions for the north-western region, as predicted by MCS

and BM, and (b) a one-day scenario for the solar DHI distribution prediction performance.
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Figure 15. (a) Daily total solar DHI distributions for the south region, as predicted by MCS and BM,
and (b) a one-day scenario for the solar DHI distribution prediction performance.
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Figure 16. (a) Average daily wind speed distributions for the central region, as predicted by MCS and
BM, and (b) a one-day scenario for the wind speed distribution prediction performance.
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Figure 17. (a) Average daily wind speed distributions for the north-western region, as predicted by
MCS and BM, and (b) a one-day scenario for the wind speed distribution prediction performance.
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Figure 18. (a) Average daily wind speed distributions for the southern region, as predicted by MCS,
and BM, and (b) a one-day scenario for the wind speed distribution prediction performance.
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Figure 19. (a) Average daily temperature distributions for the central region, as predicted by MCS and
BM, and (b) a one-day scenario for the temperature distribution prediction performance.
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Figure 20. (a) Average daily temperature distributions for the north-western region, as predicted by
MCS and BM, and (b) a one-day scenario for the temperature distribution prediction performance.
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Figure 21. (a) Average daily temperature distributions for the south-west region, as predicted by MCS
and BM, and (b) a one-day scenario for the temperature distribution prediction performance.

5. Conclusions

In order to combat climate change issues and promote the implementation of solar and wind
technologies as clean energy in Saudi Arabia, the future behaviour of weather resources such as
solar irradiances, wind speed potential, and temperature performance were analysed for long-term
results. Three regions in Saudi Arabia were selected to be subject to weather analysis and assessment:
the central region, the north-western region, and the southern region. The historical daily weather
data of the three regions were gathered from eight in-situ radiometer weather stations around Saudi
Arabia from the period 1950-2019. The MCS and BM approaches were employed in this research to
conduct the future prediction for the solar and wind energy potential and temperature performance.
In particular, solar and wind energy fluctuations can be challenges to the selection of both time and
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location for solar and wind energy projects, requiring careful study of the visibility and availability of
resources. Fortunately, the variations of solar and wind energy technologies can complement each
other. For instance, when solar plants are dormant at night, wind turbines are at work. Solar plants
generate maximum power in the summer season and minimum power in the winter.

Based on the results of this research, the north-western region exhibits higher daily total solar
GHI and DNI (9050 and 7449 W/M?, respectively), supported by relatively low temperatures and clean
skies. In addition, the north-western region has the best estimated daily average wind speeds (between
5.8 and 8.5 m/s). The second promising region was the southern region, which exposed good daily
total values of GHI and DNI (7600 and 7203 W/M?2, respectively). The southern region showed good
predictable daily average wind speed performance (between 4.8 and 8.57 m/s), with adequate daily
average wind speed distribution for the long-term and low temperature values. According to this
research, Saudi Arabia has great opportunities to diversify its power system due to an abundance of
potential solar and wind energy resources. Finally, after intensive evaluation and careful analysis of
various aspects of solar and wind energy resources in the three studied regions, the north-western
region is the most highly recommended region for solar and wind energy applications, followed by the
southern region, which also exhibited strong solar and wind energy resources.
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