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ABSTRACT. Renewable energy sources are critical choices for achieving long-term energy security while minimizing the 
effects of climate change. Wind energy in Egypt has received attention, however, wind power potential is dependent on 
climatic factors such as wind speed and temperature. Therefore, the wind power plan must rely on an in-depth understanding 
of wind resource sensibility to climate change to guarantee its sustainability, thereby supporting wind plan and climate 
change strategy. Using GIS analysis, the effect of climate change has been estimated on wind power density by 2065 under 
the climate change RCP 8.5 scenario. Furthermore, some criteria, such as elevation, slope, road networks, protectorates, 
archeological sites, touristic sites, and grids, have been used to identify regions that would be suitable for wind projects. The 
results revealed that wind energy potential is expected to be vulnerable to climate change, reflected in a 1% decrease in 
regions with high wind power density.  Even after considering the effect of climate change, the Suez Gulf region would be 
the most suitable. Projects can also be expanded to other suitable locations where there are no projects yet, such as the Sinai 
Peninsula and the Red Sea coast.
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INTRODUCTION

	 Climate change is a serious challenge that will confront 
humanity in the coming years, which will have socio-
economic and geopolitical consequences. Economic 
activities are a major driver behind the current warming 
trend, as greenhouse gas emissions (GHGs) have been 
steadily increasing since the mid-twentieth century, at 
an unprecedented rate over decades (Pachauri et al. 
2014). One of the main challenges in addressing climate 
change is how to balance the growing energy demand 
with the need to reduce CO2 emissions. Renewable 
energy is essential to reaching climate goals because of 
its crucial role in reducing emissions and meeting rising 
electricity demand in a more sustainable way, as well as its 
advantageous strategic and economic benefits (Al-Riffai et 
al. 2015). In this regard, wind energy is regarded as one of 
the most successful renewables in the world, owing to its 
cost-competitiveness and technological maturity (IRENA 
2023). Thus, wind energy supports the transition to a green 
economy, achieving sustainable development goals (SDGs), 
and international ambitions in terms of climate change 
mitigation. Climate change, on the other hand, would have 
an impact on the energy sector, including supply, demand, 

and infrastructure. Permanently rising global surface 
temperatures associated with unprecedentedly high levels 
of GHGs may considerably affect energy demand patterns 
(Clarke et al. 2022). Climate change is expected to cause 
spatial and temporal variability in wind resource, which can 
have a significant impact on extractable power output and 
production costs. Different parts of the world are likely to 
experience varying trends and magnitudes of change in 
wind power potential (Cronin et al. 2018; Fant et al. 2016; 
Ohba 2019; Pereira et al. 2013). Risks related to climate 
change, such as extreme weather, storms, hurricanes, 
temperature increases, and flooding, are anticipated to 
influence on the resilience of the power system and may 
harm the infrastructures of wind farms (Clarke et al. 2022). 
Climatic determinates of wind power potential include 
wind speed, air pressure, and temperature, hence changes 
in wind speed and temperature as a result of climate 
change impacts would have an influence on wind power 
output (El-Ahmar et al. 2017; Rao 2019).
	 In Egypt, renewable energy sources have experienced 
a noteworthy growth during the last decade. The 
total installed capacity was 6691 MW, which includes 
hydropower, onshore wind, solar PV, solar CSP, and 
biomass, accounting for 25.87 TWh of total electricity 
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generated. This transition to renewable energy is anticipated 
to save $287.01 billion by 2050 due to decreased emissions 
(Abbas et al. 2021). Wind power represents one of the most 
promising sources of renewable energy. The installed wind 
power capacity has reached 2191 MW, contributing 3% of 
the country’s total electricity generation. With ambitious 
national strategies aiming to increase this share to 14% 
in the near future, Egypt is actively positioning itself as a 
regional leader in wind energy development. Key projects 
such as Gebel El-Zeit and Zaafrana have demonstrated 
considerable success, attracting international investment for 
large-scale wind power deployment. A clear and supportive 
governmental policy framework underpins its progress in 
wind power. The government has adopted a long-term 
Integrated Sustainable Energy Strategy (ISES) targeting 42% 
renewable energy by 2035, with wind playing a major role in 
this mix. Policy instruments such as feed-in tariffs, competitive 
bidding, and public-private partnerships have been crucial in 
mobilizing both domestic and foreign investment. In addition, 
streamlined licensing procedures and the availability of land 
in high-wind zones, such as the Gulf of Suez, have further 
accelerated project implementation (Ghanem & Elsobki 2024). 
Moreover, Egypt is fostering local manufacturing capabilities 
for wind energy components, including towers and related 
infrastructure. This is supported by competitive advantages 
such as low labor costs, favorable energy prices for industry, 
and access to raw materials (Salah et al. 2022). These factors 
enhance Egypt’s competitiveness in the global renewable 
energy market. Moreover, the development of wind power 
contributes to national goals of reducing greenhouse gas 
emissions, diversifying energy sources, and achieving long-
term sustainability.
	 Egypt has a desert climate, with hot and dry summers and 
mild winters with little rainfall. It is predicted to experience 
negative climate change consequences as it becomes hotter 
and drier. Also, climate change may make climate extremes 
more frequent and severe that are related to renewable energy 
production in the future (Abbas et al. 2021; Smith et al. 2013). 
In warmer temperatures, wind power plants, for instance, 
which are usually designed for conditions of around 250C, 
may become less effective, reducing generation efficiency. 
Egyptian electricity systems may be better able to deal with 
the negative effects of rising temperatures and heat waves 
if adaptation measures are taken, such as incorporating a 
climate change impact assessment into energy planning with 
the aim of identifying locations for the construction of future 
power plant1. 
	 Most published research on climate change’s impact has 
overlooked several critical sectors, including the energy sector, 
despite its vital importance (Hassaan 2018). Naturally, numerous 
research studies were carried out to assess the wind resource 
at multiple sites ( Agwa et al. 2023; Ahmed 2010; Ahmed 2012; 
Ahmed 2018a; Ahmed 2018b; Hamouda 2012; Lashin & Shata 
2012), as well as conducted multi-criteria suitability analysis for 
installing offshore wind farms (Mahdy & Bahaj 2018). However, 
these studies presented assessments of wind power potential 
under current wind speeds, without considering climate 
change impacts and climate change scenarios. Hence, this 
study aims to assess the impact of climate change on the 
potential for wind power generation and determine the most 
suitable area to install projects by 2065 under the climate 
change RCP 8.5 scenario. Such research work can support 
the decision-making and policymaking process in terms of 
planning wind energy projects.

Materials and Methods

	 Geographical Information System (GIS) can be used for a 
wide range of fields as they can assist in organizing, querying, 
storing, and displaying spatial and non-spatial data. Thus, it can 
support knowledgeable decisions and policymaking. Power 
generation from renewable resources depends on numerous 
spatial determinants, such as wind speed, solar radiation, 
biomass availability, locations, grids, energy demand …etc. In 
this regard, several studies have been undertaken in different 
regions of the world, applying GIS analysis tools to analyze 
wind power potential (Eshete & Abate 2022; Razeghi et al. 
2023; Samak 2023) or perform multi-criteria suitability analysis 
for siting wind power farms in either inland regions (Atici et al. 
2015; Aydin et al. 2010; Elmahmoudi et al. 2020; Pakere et al. 
2022), onshore regions (Effat 2014; Sliz-Szkliniarz et al. 2019), 
or offshore regions (Saleous et al. 2016; Tercan et al. 2020). 
Meanwhile, some previous research work used GIS to assess 
the economic impact of the turbines, in the construction and 
operation phases (Pakere et al. 2022).
	 The Arab Republic of Egypt is located in the northeastern 
part of Africa, with the Sinai Peninsula forming a land bridge 
into western Asia. Egypt is bordered by the Mediterranean 
Sea to the north, the Red Sea to the east, Libya to the west, 
Sudan to the south, and the Gaza Strip to the northeast. 
Geographically, it lies between latitudes 22° and 31° North and 
longitudes 25° and 35° East. The Nile River flows through the 
country from south to north, dividing it into distinct eastern 
and western regions. This strategic location encompasses a 
variety of climatic and topographic zones relevant to wind 
energy assessment under different climate change scenarios.
	 In this study, a four-phase methodology was implemented 
to assess the potential impacts of the climate change RCP 8.5 
scenario on wind power in Egypt and identify suitable sites for 
future development using a GIS-based approach. The phases 
include (1) data collection and manipulation, (2) assessing 
current and projected wind power potential, (3) spatial-
temporal profiling of changes in wind power, and (4) multi-
criteria suitability analysis. Fig. 1 presents an overview of the 
workflow, and the following sections describe each phase in 
detail.

Data Collection and Manipulation

	 Data on wind energy determinants were obtained from 
the Coordinated Regional Climate Downscaling Experiment 
(CORDEX)2 in February 2022 for the Middle East and North Africa 
region. Climate models are forecasts of the future state of the 
climate system and are used to understand how the climate will 
change (Abbas et al., 2021). The CORDEX provides downscaled 
climate change scenarios using Regional Climate Models 
(RCMs) alongside the Intergovernmental Panel on Climate 
Change (IPCC) Fifth Assessment Report for a variety of global 
domains. RCMs usually provide climatic data at high spatial and 
temporal resolution. The data were collected monthly, and had a 
spatial resolution of 24 km, which was achieved using the RCA4 
model (Hassaan et al. 2024; Nabipour et al. 2020). The gathered 
data included historical data on wind speed, air temperature, 
and air pressure at 10 m from 1970 to 2005, which represents 
the historical period, with 1988 being the mid-period year for 
this reference period. In addition, projected data on the same 
variables were acquired for the climate change RCP 8.5 scenario 
for 2050-2080, which represents 2065. The IPCC developed four 
Representative Concentration Pathways (RCPs) labeled based 
on possible radiative forcing in W/m2  by the end of the twenty-
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1IEA. (2023). Climate Resilience for Energy Transition in Egypt. International Energy Agency (IEA), 
Paris. https://www.iea.org/countries/egypt. [Accessed 16 August 2023]
2CORDEX. (2022). Coordinated Regional Climate Downscaling Experiment. https://esgdn1.nsc.liu.se/search/cordex/. [1 February 2022].
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first century, relative to the 1986-2005 period. Climate change 
scenarios represent how anthropogenic GHG concentrations 
may evolve in the future. RCP8.5 is considered the worst-case 
scenario, which has a radiative forcing of 8.5 W/m2, high-level 
emissions of more than 1000 CO2-eq, and a 3.7 °C increase in 
mean temperature by 2100, implying no further climate efforts 
(Pachauri et al. 2014). The RCP 8.5 scenario is selected, which, 
despite being the highest emission pathway, provides valuable 
insights into potential extreme impacts on wind resources. 
Given Egypt’s long-term energy planning and the critical need 
to assess site robustness under high-risk climate conditions, 
RCP 8.5 is a useful analytical boundary to explore the upper 
limits of climatic impact. 
	 Given the absence of direct long-term observational 
wind speed data across Egypt for the historical period, this 
study relied on the validation efforts of previous research that 
assessed the accuracy and performance of CORDEX-RCM 
outputs (Hassaan et al. 2024; Nabipour et al. 2020). Therefore, 
no additional bias correction or validation was conducted in 
this study, and the dataset was used as a reliable source to 
analyze climate-induced changes in wind power potential.

	 Furthermore, data on criteria for siting wind power projects 
such as elevation, roads, high voltage grids, and land use were 
downloaded from DIVA-GIS3, which provides geographical 
open access data for the world’s countries. Moreover, data on 
sensitive land uses such as archeological sites were acquired 
from (Nagi & Nagi 2002). The collected data were integrated 
into a geodatabase that included various vector and raster 
feature classes (Table 1). Using ArcGIS Software version 10.8, 
the collected data were masked and manipulated to produce 
raster layers representing monthly and annual averages of 
wind speed, air pressure, and air temperature over historical 
and future periods. 
	 To assess whether the observed changes in monthly mean 
wind speeds between the reference period (1970–2005) and 
the future period (2050–2080) under the RCP8.5 scenario are 
statistically significant, a paired sample T-test was conducted. 
The test compared the same months between the two periods, 
based on monthly mean values derived from wind speed data 
that had been spatially processed. The analysis was performed 
using SPSS software version 26.

3DIVA-GIS. (2022). DIVA-GIS. Free Spatial Data by Country. Available: https://www.diva-gis.org/gdata. [Accessed 16 November 2022].

Fig. 1. Proposed methodology of assessment wind power under climate change

Table 1. Geodatabase Structure

Feature Class Type        Description

Current_Wind_Speed Raster      Current wind speed for the reference period (1970-2005)

Current_Air_Pressure Raster      Current air pressure for the reference period (1970-2005)

Current_Air_Temperature Raster      Current air temperature for the reference period (1970-2005)

Projected_Wind_Speed Raster      Projected wind speed for the period (2050-2080) under RCP 8.5 scenario

Projected_Air_Pressure Raster      Projected air pressure for the period (2050-2080) under RCP 8.5 scenario

Projected_Air_Temperature Raster      Projected air temperature for the period (2050-2080) under RCP 8.5 scenario 

Elevation Raster      Elevation above mean sea level 

Slope Raster      Slope of land  

Roads Vector      Road network

Sensitive land uses Vector      Protectorates, archaeological sites, and touristic destinations

Grid Vector      High voltage grids
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Assessing Current and Projected Wind Power Potential

	 To find wind power potential under current conditions 
as well as projected climatic conditions in the future, the 
Eq.1 was employed: 

	 Where: P
w – Power in wind,  ρ – Air density, ν – Wind 

Speed (Sawadogo et al. 2021)
	 The air density was calculated according to the Eq. 2:

	 Where: ρ – Air density, R – The gas constant = 287 J/kg-K 
for air,  P – Air pressure, T – Air temperature in kelvin  (Tong 
2010)

Profiling Changes in Wind power Under Climate Change

	 The estimated wind power potential of the reference 
period (1970–2005) was compared to the estimated future 
wind power potentials under the RCP8.5 scenario by 
the year 2065 (2050–2080).  It is worth noting that wind 
turbulence needs to be considered when deciding to 
locate wind farms, as wind speed fluctuations may cause 
fluctuations in power output and also damage the turbine. 
Therefore, probability density functions (PDFs) were 
produced on an annual basis to determine the variance in 
wind speed in each area.

Suitability Analysis for Siting Future Utilization of Wind 
Power 

	 In general, wind power potential is critical but not 
sufficient for deciding where to locate wind power projects 
due to the existence of other factors that may raise the cost 
of the project or restrictions that prevent its construction. 
This emphasizes the importance of multi-criteria suitability 
analysis in determining the most suitable locations for wind 
farms, which are dependent on a variety of factors. Such an 
analysis involves the use of a set of criteria, including local 
topography, economic viability, and environmental aspects. 
Local topography criteria assess appropriateness for wind 
power farm construction and operation. For example, 
suitable sites for a wind farm should have a gentle slope to 
avoid difficulties in the installation and operation of wind 
turbines. In this respect, it was suggested that the slope of 
wind farm sites should not exceed 25  or more favorably 15 
. In addition, wind farms are usually installed at relatively 
high altitudes to generate more power. Nevertheless, 
installation at higher than 2000 m is not preferred because 
the air density reduces at these levels, resulting in low 
turbine efficiency. Also, moving the turbine components 

to extremely high regions is challenging (Feng 2021; 
Rediske et al. 2021). Economic viability entails identifying 
sites with the largest wind power potential as well as more 
accessible sites, allowing for easier and lower-cost wind 
farm construction and maintenance. Also, installing wind 
farms as close to the transmission power grid as possible 
to minimize power loss and grid connection costs. Wind 
farm construction and operation are usually associated 
with environmental impacts, for instance, turbine noise 
that can influence on both human health and animal life. 
Wind farms should thus be located away from sensitive 
land uses such as protectorates, archaeological sites, and 
tourism destinations. 
	 To represent the identified criteria and their relevant 
indicators, the slope was derived from the elevation digital 
model. Also, using Spatial Analyst Tools (Euclidean Distance 
Tool), several raster surfaces were created, representing 
the distance to road networks, power grids, and sensitive 
areas. As a result, six raster feature classes were produced, 
representing various indicators of the criteria considered. 
Thereafter, each of these raster surfaces was normalized 
through one of the Eqs. 3-4: 

	 Where: N
x
 – Normalized pixel value, X – Pixel value,  

X
min  

– Minimum pixel value in the raster surface, 
X

max
 – Maximum pixel value in the same raster surface 

(Hassaan et al. 2021)
	 It should be noted that the raster surfaces of those 
indicators that are positively correlated with suitability 
were normalized according to formula (3), while the raster 
surfaces of those indicators that are negatively correlated 
with suitability were normalized according to formula 
(4). Meanwhile, the raster surface of elevation, whose 
curvilinear relationship with suitability, was normalized 
according to the Eq. 5:

	 Where: N
x
 – Normalized pixel value, X – Pixel value,  

X
min

 – Minimum pixel value in the raster surface, 
X

max
 – Maximum pixel value in the same raster surface

	 These different formulae of normalization ensured 
consistent normalized raster surfaces, with pixel values 
ranging between 0 and 1 representing the least and 
highest levels of suitability, respectively. This is followed 
by calculating the composite suitability index through 
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Table 2. List of criteria and their relevant indicators

Criteria          Indicator Unit Relationship

 Local topography 
         Slope Degree Negative

         Elevation Meter Curvilinear

Cost-effectiveness 
         Wind power potential W/m2 Positive

         Distance to roads network Meter Negative

Environmental impact
         Distance to Grid Meter Negative

         Distance to sensitive land uses Meter Positive

(1)

(3)

(5)

(4)

(2)
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Fig. 3. Predicted change in monthly mean wind speed

Fig. 2. Annual wind speed by 2065 under RCP 8.5 scenario compared to the reference period (1970-2005)

aggregating various primary indicators, assuming equal 
weight of all indicators according to the Eq. 6: 

	 Where: S –  Suitability index, N
i
 –  Normalized pixel 

value of indicator i,  W
i
 – Weight of indicator N

i
	 As a result, a new raster surface was generated, representing 
different levels of suitability according to the considered 
criteria and their indicators. The resulting raster surface has 
pixel values ranging between 0 for the least suitable locations 
and 1 for the most suitable locations.  

Results and Discussion 

Projected Changes in Wind Speed

	 Annual mean wind speed in the reference period 
(1970–2005) ranged from 2.76 to 5.73 m/s at 10 m, whereas 
under the RCP8.5 scenario, annual mean wind speed would 
range from 2.74 to 5.91 m/s at 10 m (Fig. 2). This means that 
the annual mean wind speed is expected to experience a 
marginal increase. It should be noted in this respect that the 
annual mean wind speed does not reflect temporal and spatial 
variations in different locations within the country. Therefore, 

there would be a need to look more in-depth at temporal and 
spatial variations in different parts. 
	 Temporally, the monthly mean wind speed in the reference 
period (1970–2005) ranged between 3.07 and 4.20 m/s at 10 
m. Winds exceeding 4 m/s are prevalent in the summer and 
spring. Higher wind speeds indicate greater potential for 
electricity generation. It is worth noting that wind speeds 
are high during the summer, which is Egypt’s peak electricity 
demand season4. Monthly mean wind speed is expected to 
range between 3.20 and 4.22 m/s under the climate change 
scenario RC8.5. Compared to the reference period, wind speed 
on average would increase by 10% in September, while wind 
speed in February is expected to be unchanged. Some months 
would, meanwhile, experience some decline in wind speed, 
with August experiencing the largest decline, exceeding 4% 
(Fig. 3).
	 A paired sample T-test was applied to the corresponding 
monthly averages between the two periods, and the results 
showed that the difference was not statistically significant at 
the 0.05 level (p > 0.05). This minor variation can be attributed 
to natural variability and may also fall within the margin of 
error inherent in the climate model used.
	 Spatially, wind speed varies from one area to another. 
Different sites have been chosen to evaluate wind potential. 
In the Gulf of Suez region, there are already some wind power 

(6)

3CEIC. (2024). Egypt Electricity Consumption. Ceicdata. https://www.ceicdata.com/en/egypt/electricity-consumption/electricity-
consumption. [Accessed 11 April 2024].
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Fig. 5. Changes in annual mean wind speed at the selected areas

Fig. 4. Geographic location map of the eight selected sites in Egypt

projects, and more will be added in the future. Egypt intends 
to grow in the future, including the Red Sea and the West Nile 
areas. Furthermore, other sites, such as Sinia, Aswan, Sharq El 
Owainat, the Mediterranean Coast, and Kharga Oasis, have 
been selected to investigate the possibility of establishing 
future wind farms for local community development if they 
are determined to be suitable (Fig. 4).
	 Climate change is likely to cause different patterns 
in wind speed (Fig. 5). The Suez Gulf, Red Sea Coast, 
Sharq El-Owainat, and Aswan areas are expected to have 
significant increases in annual mean wind speeds ranging 
between 2.8 -1.1%.  Kharga Oasis would experience the 
largest increase in wind speed with 7.3% compared to the 
reference period. The West Nile and the Sinai Peninsula 
areas would be unchanged, while the Mediterranean coast 
would experience a 2% decrease. The expected decline 
in wind speed alongside the Mediterranean coast was 
attributed to a decrease in the temperature difference 
between the polar regions and the tropics, resulting in a 
decrease in average wind speeds in the middle latitudes 
(Ebinger & Vergara 2011).
	 In order to understand patterns of change in wind 
speed in different sites under the climate change scenario 
RCP8.5 compared to the reference period, the wind speed 
probability density function (PDFs) was estimated. It is 
obvious that PDFs vary noticeably among different sites, 
so it is crucial to choose a location with favorable wind 

conditions for wind power generation (Fig. 6). The findings 
indicate that (a) Suez Gulf is predicted to be the windiest 
site, with increased variance with high wind speed values. 
(b) The annual mean wind speed of the Red Sea Coast is 
expected to rise, which would increase the likelihood of 
higher wind speeds at low values and lower wind speeds 
at high values. Furthermore, no significant variations 
are expected in this area. (c) In the West Nile region, the 
variance in wind speed would increase without a rise in its 
annual mean. This means a lower level of reliability of wind 
power in this region. (d) In the Sharq El-Qwinat region, 
the annual mean wind speed is expected to experience 
a marginal increase with an unchanged variance in wind 
speed, indicating that there is a probability increase in 
wind speed toward high values. (e) The annual mean of 
wind speed in Aswan would increase with a low variance, 
indicating that there is an increased probability of higher 
wind speed values. (f ) In Kharga, the annual mean wind 
speed is expected to increase, with an increased probability 
of higher wind speed values and also low variance that 
indicates less fluctuation in wind speed. (g) Alongside the 
Mediterranean Sea coast, annual mean wind speed would 
decrease with unchanged variance, indicating that there 
is a decreased probability of higher wind speed values. (h) 
The variance in wind speed in Sinai would increase slightly 
without a rise in its annual mean. This generally means 
unchanged under climate change conditions.
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Expected Changes in Air Density

	 Based on temperature and air pressure for the reference 
period (1970–2005), the annual mean air density was found 
to be 1.00 – 1.22 kg/m3. Due to the inverse relationship 
between temperature and air density, an increase in 
temperature causes a decrease in air density. Under 
the RCP8.5 scenario, the annual average temperature is 
expected to increase by about 3 K on average, while air 
pressure is expected to experience an approximate decline 
compared to current levels of air pressure on average. 
Accordingly, the range of the annual average air density is 
expected to be 1.21–0.99 kg/m3, decreasing by about 3% 
(Fig. 7).

Estimated Changes in Wind Power Potential

	 Annual wind power density ranged between 12.34 
and 112.70 W/m2 during the reference period (1970–2005), 
whereas it is anticipated to be 11.99 to 122.33 W/m2 (Fig. 8). 
This, consequently, shows that climate change would have 
a slight negative impact on annual mean wind power 

density, and this decline is mainly due to a reduction in 
expected air density.
	 Wind power potential was classified into three 
categories based on wind speed in the reference period 
and under the RCP8.5 climate change scenario (Tables 
3 and 4). Land areas with high wind power potential are 
projected to decrease by 1% because of climate change 
impacts.
Annual wind power density in different locations of Egypt 
varied notably during the reference period, ranging 
between 29.35 and 53.61 W/m2, and is anticipated to 
range between 29.95 and 55.40 W/m2 under climate 
change (Fig. 9). Except for the Mediterranean Sea coast, 
all of the selected areas are predicted to increase their 
annual average wind power density. The Suez Gulf, which 
has significant potential, is anticipated to increase by 3%. 
This is consistent with (Gebaly et al. 2023) finding that wind 
power density in the Gulf of Suez would experience an 
increase under climate change scenarios. Meanwhile, sites 
with moderate wind power potential, such as Kharga Oasis, 
are expected to increase by 18%.

Fig. 6. Probability distribution function (PDFs) of wind speed in the selected areas
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Fig. 7. Annual air density by 2065 under RCP 8.5 scenario compared to the reference period (1970-2005)

Fig. 8. Annual wind power density by 2065 under RCP 8.5 scenario compared to the reference period (1970-2005)

Table 3. Classification of wind power density (1970-2005) at 10m

Table 4. Classification of wind power density under RCP 8.5 scenario at 10m

Class Wind speed (m/s) Wind power density (W/m2) Resource potential Area (%)

1 2.8 - 3.5 < 28 Low 44

2 3.5 - 4.1 28 - 47 Moderate 52

3 4.1 - 5.7 > 47 High 4

Class Wind speed (m/s) Wind power density (W/m2) Resource potential Area (%)

1 2.7 - 3.6 < 28 Low 45

2 3.6 - 4.1 28 - 47 Moderate 52

3 4.1 - 5.9 > 47 High 3
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	 Limited research publications (Gebaly et al. 2023; 
Hassaan et al. 2024) examined changes in wind resources 
under climate change scenarios that revealed multiple 
expected trends in wind power density over Egypt. This 
research article’s findings differed from those of (Gebaly et 
al. 2023), who found that wind power potential based on 
the worst scenario (SSP5-8.5) would rise between 2041 and 
2100.
 
Suitable Sites for Future Utilization of Wind Power 
Projects

	 This research paper suggested an approach to 
conducting a suitability analysis to determine the most 
suitable locations for wind power projects in light of 
climate change, which aspect has not been discussed 
in previous studies at all (Gebaly et al. 2023; Hassaan et 
al. 2024). Indicators revealed various levels of suitability 
(Fig. 10); for instance, based on slope and the distance 
to sensitive areas, western parts are more suitable than 
eastern parts. Meanwhile, the eastern parts have a higher 
level of suitability based on elevation and distance to the 
roads. This emphasizes the importance of a composite 
index, which combines several indicators into a single 

numerical value that represents the overall compatibility 
of different parts.
	 Fig. 11 depicts the composite suitability index that 
indicates the most suitable regions are predicted to be 
in the Suez Gulf, a part of Sinai, and southern Egypt, 
which together encompass around 8.8% of Egypt’s entire 
landmass. In general, depending on the criteria chosen, it is 
possible to argue that up to 75% of Egypt’s land would be 
suitable for wind power installation in the future under the 
RCP8.5 climate change scenario.
	 Expected minimization in the landmass of the most 
suitable sites, especially in the Gulf of Suez region (Table 
5), where wind power projects are highly concentrated, 
may obstruct the growth of additional wind projects there 
and necessitate expansion in other sites. There are no plans 
for installing wind power projects in the Sinai Peninsula, 
the Red Sea Coast, or  Kharga Oasis, for instance, but 
these areas may be more suitable under climate change, 
especially since technological progress ensures that 
integrating remote locations is no longer a barrier to Egypt’s 
renewables development (Elgeziry et al. 2019). There 
could be a considerable socio-economic improvement 
for the local community if a wind farm proposal is made 
there. Furthermore, it presents a chance to export energy 

Fig. 9. Predicted change in wind power density in 2065

Fig. 10. Normalized raster surfaces of the selected indicators
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production to foreign nations. The West Nile region is one 
of the planned sites for wind farms with towers of up to 
120 m for developing this area, which is expected to be 
suitable for wind project installation under climate change 
based on the selected criteria. Nevertheless, in general, it is 
preferable to expand to another much more suitable site 
with great potential for wind power. In addition, this area 
would experience significant fluctuations in wind speed, 
making it unsuitable for the installation of a wind farm 
since turbulence reduces wind turbine performance.

Conclusions

	 Climate change has become an issue of concern, with a 
wide range of impacts already observed in countries all over 
the world. The objective of this research article is to assess 
climate change impacts on wind power potential utilizing 
climatic factors such as wind speed, air pressure, and 
temperature from 1970 to 2005, as well as expected values 
under the climate change RCP 8.5 scenario (2050-2080). In 
addition, some criteria were employed to determine the 
most suitable regions for wind farm installations, including 
wind power density, elevation above mean sea level, slope 
of land, road networks, protectorates, archeological sites, 
touristic sites, and power grids. Spatial analysis was carried 
out using GIS, and the results were presented in maps, 
tables, and figures. 
	 Although the average wind speed did not exhibit a 
statistically significant change between the reference and 
future periods under the RCP8.5 climate change scenario, 

the wind power density demonstrated more spatial and 
quantitative variability. Specifically, the annual maximum 
wind power density increased from 112.70 W/m² to 
122.33 W/m², while the minimum slightly decreased from 
12.34 W/m² to 11.99 W/m². However, the overall average 
wind power density across Egypt declined. This apparent 
inconsistency is due to the nonlinear relationship between 
wind speed and wind power density, where even small 
increases in wind speed at certain locations can produce 
relatively large increases in power output. At the same time, 
this decline is mainly due to a decrease in the predicted 
air density that is greater than the rise in the expected 
wind speed under the future climate scenario (RCP8.5). 
This study demonstrates that climate change would have 
a slight adverse impact on wind power potential. Thus, it 
may not be able to produce more wind power in the future 
than it already does in current climate conditions. 
	 Meeting increased power demand in the future can be 
accomplished by installing more wind farms. The findings 
revealed that wind power potential in the different sites 
would not change greatly under climate change, with 
different patterns in each area, however, the Gulf of Suez, 
Red Sea Coast, Sinai, and Kharga would have high annual 
mean wind density. Suitability analysis revealed that 
different parts have varied levels of suitability for future 
utilization of wind power. In this respect, the Suez Gulf 
region is expected to be the most suitable region, which 
is consistent with the state’s plans for wind projects in this 
region. It can be expanded to other suitable areas, such as 
the Red Sea Coast and Sinai, for example, to establish more 

Fig. 11. Suitable sites for installing wind power projects

Table 5. Suitability level for future utilization of wind power under RCP8.5 climate change scenario

  Suitability level
Reference Period (1970-2005)    Under RCP8.5 scenario   (2050-2080)

Area (km2) (%) Area (km2) (%)

  Most suitable areas 95,167.39 9.50 88,837.18 8.85

  More suitable areas 461,043.49 45.94 450,372.7 45.15

  Moderately Suitable areas 288,279.32 28.72 298,773.12 29.95

  Less suitable areas 155,858.11 15.54 156,858.94 15.72

  Least suitable areas 2,363.28 0.23 2,458.71 0.24
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projects to reach the desired percentage of electricity from 
wind.
	 In developing a strategy for wind energy utilization, it is 
essential to take into account not only the current situation 
but also predicted conditions under climate change and 
more viable measures.
	 It is important to note that the observed changes in 
wind speed and power density may fall within the typical 
range of modeling uncertainty. Therefore, the conclusions 
and recommendations are not only based on these 
numerical differences, but also on the absence of any 
substantial decline in wind resource potential, as well as 
the strategic importance of energy diversification.
	 Maximum utilization of wind power potential in Egypt 
under climate change requires:
	 • Integrating wind power into a diversified energy 
system can enhance energy security and its resilience. By 
combining various renewable energy sources including 
wind and solar power, with energy storage systems, a 
stable supply of energy can be maintained, especially 
under climate variability.
	 • As climate change may cause an increase in the 
magnitude and frequency of extreme weather events, 
there is a need to develop and implement comprehensive 
disaster preparedness and response plans for wind farms 
to minimize damage due to extreme weather events. 
For example, wind turbines should be designed and 
constructed to withstand extreme weather conditions. This 
includes using materials and engineering techniques that 
can resist high winds, heavy precipitation, and temperature 
fluctuations. Regular maintenance and inspection of 
turbines are also essential to identify and address any wear 
and tear due to climate impacts. 
	 • Plan new wind farms or expand existing ones by 
taking into account long-term climate projections. By 
using climate data and models, developers can choose 
sites that are less vulnerable to extreme weather events, 
such as hurricanes, storms, or prolonged heatwaves.
	 • Implementing adaptive management practices 
allows for the flexibility to adjust operations in response 
to changing climate conditions. Regularly reassessing the 
risks and vulnerabilities associated with climate change can 
assist in ensuring proper and viable investment concerning 
renewable energy utilization.
	 • Promoting policy-relevant research on wind energy 
potentials under climate change can support generating 
knowledge and thus more informed policy and decision-
making process.
	 • Encouraging collaboration between climate 
researchers and renewable energy stakeholders can 
improve wind power resilience. Research can focus 
on developing advanced weather forecasting models, 
understanding climate change impacts on wind patterns, 
and optimizing wind turbine technologies.
	 • Adopting a more participatory approach actively 
engaging different stakeholders including local 
communities in decision-making processes and 
encouraging renewable energy adoption can foster 
community support and enhance the long-term 
sustainability of wind power projects.

	 • Increasing awareness of climate change impacts 
and the importance of renewable energy and promoting 
renewable energy initiatives can encourage public-
private partnerships in the renewable energy sector. This 
may require developing policies that promote renewable 
energy adoption by implementing measures such as 
providing financial incentives for climate-resilient projects.

Limitations and Future Work

	 This study provides insights into the spatial and temporal 
variability of wind power potential under projected 
climate conditions. While the findings lead  to a broader 
understanding of future wind energy resources, several 
limitations have been identified that may influence the 
interpretation of the results. Recognizing these limitations 
is essential for guiding more targeted research in the future. 
First, the analysis relied on a single regional climate model 
(RCM) under a single climate change scenario (RCP8.5), 
which may not fully capture the range of possible climate 
futures. Therefore, multiple RCMs and climate scenarios 
such as RCP4.5 or Shared Socioeconomic Pathways (SSPs) 
should be incorporated in future analyses to improve the 
robustness and generalizability of the results. Second, 
the land suitability assessment was limited to proximity 
constraints such as roads, power grids, protected areas, 
archaeological sites, and touristic destinations. Certain land 
use categories were not fully integrated, such as military 
zones, urban expansion areas, high-value agricultural lands, 
and airport zones. It is recommended that future studies 
incorporate these additional constraints to enhance the 
practical feasibility of the selected sites. Third, all suitability 
criteria were assigned equal weights, which may not reflect 
the importance of each criterion. Future studies could apply 
multi-criteria decision-making techniques, such as the 
Analytic Hierarchy Process or fuzzy logic, to assign relative 
weights. Fourth, the reference period (1970–2005) may 
not fully represent current climatic conditions, particularly 
given recent trends in climate variability, and the collected 
data are at a height of 10 meters. It is recommended to 
use more recent reference periods, such as the 2000–2020 
period, higher temporal resolution data, and extrapolate 
wind speeds to turbine hub heights, such as 50–100 meters, 
to enhance practical relevance. Fifth, wind speed modeling 
involves a degree of uncertainty, especially when using 
data from only one regional climate model and low spatial 
resolution. These uncertainties can affect how accurately 
wind power density is estimated. To improve future results, 
it is recommended to use multiple climate models and 
apply downscaling techniques to reduce uncertainty and 
increase confidence in the projections. Finally, although 
this study evaluated wind power density across Egypt 
and performed an analysis at eight selected sites using 
ArcGIS tools, these locations may not fully capture the 
local variability of wind resources. Future research could 
benefit from focusing on only a single location using 
the same methodology with higher-resolution spatial 
and climate data, possibly combined with ground-based 
measurements to enhance the local accuracy and provide 
deeper insights into wind power potential.
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