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This paper performs a technoeconomic analysis of the wind power potential and evaluates the cost of wind power generation in
Evodoula, comparing two methods, the conventional method and the uncertainty method based on a comparative spatiotemporal
approach using the geographic information system (GIS) software tool. This study is based on satellite wind data measured at 10 m above
ground level (AGL) over a 40-year period (1980-2019), by the meteorological service NASA (National Aeronautics and Space
Administration)/Goddard Space Flight Center (GSFC). The main objectives are to obtain an appropriate design for a proven optimal
location and to assess the viability of wind power at Evodoula. For this type of study, there is little literature available. The
optimization of an onshore wind farm and deployment in the wind energy development interest area (ZIDEE) is carried out to obtain
a minimum and parsimonious discounted cost production unitary (CPU) of the electricity produced. The results showed that in
Okok, a location with a large energy deficit, an onshore wind farm with an electricity generation capacity of 125 MW with 5
NORDEX N100-2.5MW wind turbines would have a total energy production (TEP) of about 64.0254825 TWh and a selling price of
electricity that would be 0.0034 CAD$/kWh, which is very low compared to the utility price (about 98% cheaper). The total cost of the
wind farm would be about $11 million, with a net present cost of about $218 million. The annual profit generated by the wind farm
would be over $6 billion. The return on investment (ROI) of the project is estimated at 2880.882%. The constructed onshore wind
farm would avoid CO, emission at over 11 MtCO,, /year as the energy generated is from the atmosphere. The wind farm would
realize an average annual cash flow estimated at nearly $30 million after 20 years of operation. These savings would allow the
installation of CO, capture systems in conventional power plants. In addition, the analysis of uncertainties and risks was identified
and quantified to estimate the confidence levels of the project development results. The risks have been assessed, and we recommend
that the total uncertainty of the project is around 15%. The energy values in P,; and Py, are 10.08% and 19.22%, respectively, lower
than the energy value in Py, of 11.60 GWh/An. Finally, the main policy recommendations for an inclusive design process are
highlighted. The contribution of this study is to assist policy makers in making appropriate decisions in the development and
implementation of energy and environmental policy in Cameroon and in many continental areas.
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1. Introduction

Energy, a pole to animate economic attractiveness, is an
indispensable factor for a new economic dynamic. Energy
in Cameroon is characterized by an insufficient supply of
electrical energy. Thus, it is difficult to meet the demand
for energy throughout the territory. We note here that the
most vulnerable are those who live in rural areas or isolated
sites or a large number of individuals are devoid of any
energy supply. However, we note that the existence of poten-
tial deposits of natural gas, hydroelectric energy, and other
renewable energy sources (solar, hydraulic, wind, biomass,
and geothermal) is very important. One of Cameroon’s cur-
rent concerns is the development of new energy sources to
offset the country's current energy deficit. Consequently,
the move towards full integration in Cameroon of renewable
energies is increasingly being considered with the aim of
optimizing considerably and sustainably its producible. Seen
through this lens, the energy challenges in terms of the cost
of electricity production are important in several countries
in the world, including Saudi Arabia, Turkey, Ethiopia, Paki-
stan, Kuwait, Egypt, and Cameroon, in particular. According
to some recent studies presented by [1-3], it is clear that
Cameroon also has vast renewable resource potential,
including the prevalence of wind energy, for electricity gen-
eration. Therefore, it is useful to do an assessment of wind
energy prospects for the country. Although a number of ini-
tiatives are already underway to assess the potential use of
wind energy locally, a number of work remain to be done,
including in light of recent technological developments. An
assessment of wind energy involves a consolidated analysis
of the potential wind resources of a specific location. This
starts by understanding the general wind patterns of the area
and moves towards the collection and analysis of wind speed
data. However, due to the lack of a reliable and accurate
Cameroonian wind atlas, further studies on the evaluation
of wind energy in Cameroon are necessary and continue
to this day. The results of the study presented by [4, 5] esti-
mate that Cameroon has good wind potential. Indeed, in
many studies, it has been mentioned that in Cameroon,
there are many potential suitable sites that have a very good
wind potential, which makes it possible to consider the
installation of wind farms in the country. Recently, many
research teams around the world have studied different
methods of energy efliciency and explored robust tech-
niques to effectively predict wind energy production and
energy costs [6]. In their work, entitled estimation and tech-
noeconomic analysis of the wind potential in northern
Cameroon, an evaluation and a technoeconomic study were
carried out in this article in three cities of Cameroon on the
wind potential. The results showed that the cost per
kilowatt-hour of electricity produced varies by city, a cost
of $0.347 in Ngaoundere, $0.305 in Garoua, and $0.297 in
Maroua, with corresponding energy production of at least
31536 MWh annually and 11510.640 GWh over 20 years,
29541 MWh annually and 10782.465 GWh over 20 years,
and 21376 MWh annually and 7802.240 GWh over 20 years
in the cities of Maroua, Garoua, and Ngaoundere, respec-
tively. Installing six NORDEX-type wind turbines will help
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solve the energy deficit problem in Northern Cameroon,
which has a good wind speed. The authors concluded that
the NORDEX (N43/600) wind turbine with a height of
60 m is better than the other five. Kidmo et al. [7] proposed
a study on wind energy for electricity generation in the far
north region of Cameroon. In this article, 28-year (1985-
2013) wind speed data measured at 10 m above ground level
(AGL) are analyzed statistically using the Weibull distribu-
tion. The results showed that the exposed peaks in the range
of 100 to 300 m AGL fall into class 3 or higher of the Inter-
national Wind Classification System and are considered
suitable for most wind turbine applications (WT). An eval-
uation of the performance of five commercial WT (50 to
2000kW) for electricity generation is then carried out by
calculating their respective capacity, power, and energy fac-
tors. The authors concluded that among the WTs explored,
YDE-1500-87 (1500 kW) appears to be the attractive option,
with the highest capacity factor and lowest energy cost. In
addition, COE is observed to be lower during the dry season
than during the rainy season, which begins in late July and
ends around mid-October. On average, the energy costs
using the P-15-50 are 40.55 and 53.12 XAF/kWh, respec-
tively, around the boroughs of Kousseri and Maroua. As
for YDF-1500-87, the costs per kilowatt-hour of electricity
produced are 25.53 and 33.99 XAF/kWh around the bor-
oughs of Kousseri and Maroua, in that order. In another
similar study [8], the potential of wind energy at the top
of exposed ridges in the mountains surrounding the city
of Maroua was assessed. In this work, 28 years of wind data,
measured at 10 m above ground level (AGL), from the Mar-
oua weather station are used. The aim of this study is to
estimate the cost of wind electricity using six types of wind
turbines (50 to 2000 kW). The results showed that the hill-
tops in the range of 150 to 350m AGL in increments of
50 falls into class 3 or higher of the International Wind
Classification System and are considered suitable for excep-
tional wind applications. A comparative technical and eco-
nomic assessment of the wind turbines at the top of the
considered hills has been taken into account. The results
showed that the lowest costs per kilowatt-hour are achieved
using the YDF-1500-87 turbine (1500 kW), while the high-
est costs are provided by P-25-100 (90kW). The lowest
costs (USD) per kilowatt-hour of electricity produced range
from a minimum of 0.0294 at the top of the hills at 350 m
AGL to a maximum of 0.0366 at the top of the hills at
150m AGL, with corresponding energy production of
6125 and 4932 MWh, respectively. In addition, the corre-
sponding capacity factor values are 38.05% at 150m AGL
peaks and 47.26% at 350 m AGL peaks. In addition, Ener-
con E82-2000 wind turbines (2000 kW) provide the lowest
cost of wind power and are recommended for large commu-
nities. The average P-15-50 (50 kW) wind turbine, despite
the best coeflicient factors (39.29% and 48.85% at 150 m
and 350 m AGL peaks, in that order), generates electricity
at a higher average cost per kilowatt-hour of 0.0557 USD
and 0.0440 at 150 m and 350m AGL, respectively. The P-
15-50 is considered a more advantageous option for off-
grid electrification of small, remote communities [2]. In
the technical and economic potential of the development
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of electric wind pumping systems in the Northern region of
Cameroon, a performance of the selected wind turbines is
examined as well as the costs of wind electricity. Four wind
turbines (WT), represented by WT1, WT2, WT3, and WT4,
with a nominal capacity of 20kW and a 30 m tower, for the
eight sites were considered to simulate output power and
energy output. The results showed that the Figuil site shows
the best combination of CF and energy cost, regardless of
the WT used followed by the Basheo and Pitoa sites. The
Poli site has the worst CF and COE. For the Figuil site,
the CF is equal to 15.14% and the COE is 93.82 XAF/kWh
using WT1. For WT2, CF and COE are 11.15% and
139.54 XAF/kWh, respectively, while for WT3, the corre-
sponding values are 7.11% and 246.57 XAF/kWh, in that
order. WT4 has the worst performance, with a CF of
5.82% and a COE of 301.05XAF/kWh. The authors con-
cluded that the selection of the WT for low-wind sites
would require a combination of the wind resource at the
WT site and WT features such as interlocking and nominal
wind speeds to take full advantage of energy and water costs
produced. A similar study was conducted by [3] to analyze
the potential use of wind electric pumping for water distri-
bution in off-grid locations in the North Region Cameroon
(NRoC), using ground measured data as well as data
derived from long-term satellites. The results showed that
the capacity factor (CF) and energy cost (COE) values use
WT1, WT2, WT3, WT4, and WTS5, for the eight sites
selected. The Figuil site shows the best combination of CF
and COE, regardless of the WT used, followed by the
Basheo and Pitoa sites. The Poli site has the worst CF and
COE. For the Figuil site, the CF is equal to 26.52% and
the COE is 49.05 XAF/kWh using WT1. WT5 shows the
worst performance, with a CF of 7.11% and a COE of
420.17 XAF/kWh. The authors concluded that WT5 has
the worst performance among the WT. Gaddada and Kodi-
cherla [9] studied the potential for wind energy and esti-
mated the costs of wind energy conversion systems
(WECS) for electricity generation in the eight selected loca-
tions in the Tigray Region (Ethiopia). In this study, three
commercial wind turbines, namely, POLARIS P15-50,
POLARIS P50-500, and VESTAS V110-2.0, were selected
as large-scale wind energy conversion systems (WECS) for
the technical and economic evaluation of electricity produc-
tion in eight selected locations in the Tigray Region of Ethio-
pia. The results showed that the highest capacity factor is
obtained at 7.873% using VESTAS V110-2.0 at Mekele, while
the lowest at 0.002% using POLARIS P15-50 at Shire. The
average minimum cost per kilowatt-hour obtained in Mekele
was $0.0011/kWh with VESTAS V110-2.0, while the highest
average cost was $7.3148/kWh with POLARIS P15-50 in
Shire. Further, the authors suggested that Atsbi, Chercher,
Mekele, and Senkata were the most cost-effective for electri-
cal and mechanical applications than the cost of hydropower
in the country. Gungor et al. [10] analyzed wind potential
and Weibull parameter estimation methods: a case study in
Turkey. In the present study, the authors investigated the
suitability of four different numerical methods for predicting
Weibull distribution parameters using wind speed informa-
tion from Izmir in Turkey. In addition, an economic analysis

to represent the probability of installing wind turbines
between 800 and 4200 kW on the site was also carried out.
The results demonstrate that the standard deviation-mean
wind speed method is the most appropriate. In addition,
the estimated cost of wind electricity was calculated at
0.0111 USD/kWh obtained with the Enercon E-82 E2 model
wind turbine. Annual energy production ranged from
3354.2651 MWh with Enercon E-48 model wind turbine to
20519.9378 MWh with the Enercon E-126 EP4 model wind
turbine. Adnan et al. [11] conducted a technoeconomic anal-
ysis for wind power generation: a case study from Pakistan.
In this feasibility study, wind resource assessment (WRA)
of Umerkot and Sujawal districts located in Sindh provinces
of Pakistan was analyzed by analyzing average wind speeds,
estimated Weibull parameters, calculation power, and energy
densities for different heights of selected wind turbines. In
this work, wind speed data for 2016 and 2018 (with a resolu-
tion of 10 min), the highest values of power and energy den-
sities for Sujawal are 414.18 W/m? and 3628.22 kWh/m’/An,
and for Umerkot, these values are 303.86 W/m’ and
2661.81 kWh/m?*/An. The results indicated that the use of
NORDEX N90/2500 wind turbines is very beneficial for
Umerkot and Sujawal. The associated energy costs are
$0.074/kWh and $0.056/kWh, respectively, and the payback
period is estimated at around 7 years with a project life of
20 years. The authors concluded that the Umerkot and Suja-
wal sites are suitable for power generation. Kaboli and Naz-
mabadi [12] investigated a research study based on a
technoeconomic analysis of the feasibility of implementing
wind power generation in Kuwait with power generation of
105 MW based on 50 wind turbines. The study focused on
three main axes of analysis and numerical modeling using
the RETScreen software tool. The results are used to estimate
that the price of energy would be $0.053/kWh for a power
generation capacity of 105 MWh based on an initial cost of
$168 million and an O&M of 5 million dollars for
214,000 MWh of electricity exported to the grid. Abdelrah-
man et al. [13] examined a technoeconomic analysis to
develop the first wind farm in the Egyptian western desert
at Elkharga Oasis. This paper presents a comprehensive anal-
ysis of the characteristics of wind potential at Elkharga Oasis
in Egypt, based on a real wind measurement campaign taken
by a meteorological mast at two levels in height of 10 and
25 m, respectively. The results showed that the LCOE of the
V162 turbine has the lowest value, ranging from $28.1517
to $28.4104/MWh, depending on the turbine distancing.
However, the V110 had the highest LCOE range of $33.99
to $34.2861/MWh. The authors concluded, based on these
results and discussions, that the best wind turbines at the
Elkharga site can be ranked in decent order as V162, V150,
and V110. Although there are a number of studies in the
open literature that have discussed the wind potential of
certain (regions) areas in Cameroon [1-8, 14-19], as these
studies have shown different results, the determination, mod-
ification, proposal, and development of optimal and opti-
mized methods for technoeconomic assessments of wind
potential and the cost of energy produced are continuing.
However, a technoeconomic analysis combined with the
development of wind resource maps, in the occurrence of



maps of wind speed, energy produced, and cost of production
generated using GIS software (geographic information sys-
tem) by following an applied geographic approach, is neces-
sary. This software, which was developed by Environmental
Systems Research Institute, Inc. (Esri), is a widely used tool
for wind site characterization. Over the past two decades, a
number of works have been carried out to assess the wind
potential in several regions of the world. GIS-based studies
include Feng et al. [20], Baseer et al. [21], Xu et al. [22], Atici
et al. [23], Latinopoulos and Kechagia [24], Siyal et al. [25],
Omitaomu et al. [26], Ali et al. [27], Van Haaren and Fthena-
kis [28], Sliz-SzKkliniarz and Vogt [29], Hossain et al. [30],
Janke [31], Aydin et al. [32], and Baban and Parry [33]. A
recent study on detailed economic analysis was conducted
to investigate the feasibility of offshore wind power in the
Persian Gulf region using uncertainty analysis and GIS
[34]. The authors used a Monte Carlo simulation which
was used for the long-term simulation of the wind field and
wind turbine production. The performance of this simulation
remains to be demonstrated, as it strongly depends on a
number of tests to be carried out to identify the appropriate
analysis method. Other work has dealt with the characteriza-
tion of sites by statistical analysis methods [35-38]. Or it is
noted that studies on the technoeconomic analysis of a wind
energy production system and the mapping of wind
resources using GIS software tools are little known. That said,
in order to show this incompleteness in the knowledge of
wind potential assessment, technoeconomic analysis, envi-
ronmental impact study, financial analysis, mapping of wind
resources, uncertainties, and risks of a wind project, this
complete research work proposed on this paper highlights
the interest of the combinations of horizontal and vertical
interpolation techniques for the applications of wind
resource mapping using GIS software tools for which certain
wind potentials extractable technically exploitable are
unknown or difficult to measure directly on ideal sites. We
develop a new method for modeling, optimizing, and simu-
lating a parameterized power performance model of a wind
power generation system through a semiempirical approach.
This model has the advantage of making it possible to study
the performance of an electricity production system both
hourly and monthly. In addition, we propose a new modified
energy factor method (MEPFM), on the one hand, to cor-
rectly estimate the wind power density available on the
twelve locations considered in the EEZ at Evodoula. On the
other hand, the impact of the adjusted (interpolated) power
per unit of exploitable surface as a function of a modulation
factor “a” (which can be considered as an indicator of wind
site performance) with regard to the results which are then
adjusted to a GIS using an optimal 2D horizontal spatial
interpolation method weighted by the inverse of the distance
(IDW) for an evaluation of the energy produced annually
and the unit cost of electricity production generated by the
twelve sites considered as a function of conventional
methods and uncertainty is shown. Therefore, the translation
of this research into practical application must consider wind
power estimation to assess the performance and efficiency of
wind power generation by collecting, analyzing, and model-
ing satellite data, reanalyses of long-term wind speeds,
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installed annual generation capacity, operation of wind tur-
bines, and wind energy production. An environmental
impact study to assess the environmental benefits of imple-
menting wind energy, the economic and technical aspects
of wind energy installation, has never been presented collec-
tively. The main objectives of the current research are to eval-
uate the onshore wind energy production combined with the
evaluation of the production cost of the generated wind elec-
tricity using the present value of costs (PVC) method at the
assistance of five models of wind turbines (1650 to
5600kW) for the twelve locations selected, namely, Evo-
doula, Etok, Ekol, Ayos, Okok, Nkolkougda, Ngobo, Ntouda,
Nkolmeyos II, Nkotabel, Nkolabang, and Nloudou. The arti-
cle offered five different wind turbine models of VESTAS
V162-5.6MW, VESTAS V150-5.6MW, VESTAS V82-
1.65MW, NORDEX N100-2.5MW, and NORDEX N90-
2.5MW with their different data characteristic techniques.
These wind turbines can be installed at heights of 59m,
75m, 80m, 100m, 105m, 108 m, 119m, 125m, 148 m,
149 m, and 166 m. The working document drawn up is a real
decision-making tool and will serve as a reference for devel-
oping countries with similar renewable resources for the pro-
duction of electricity suitable for the sites studied. The main
contributions of this paper are therefore summarized below:

(i) Estimates of the Weibull distribution parameters
for the selected locations

(ii) Estimates of wind power density and wind energy
density for selected locations

(iii) Recommendation of wind turbines for the selected
locations

(iv) Recommendation of a height of interest of 100 m
for installation and ideal layout configuration of
wind turbines adapted to the proven optimal
location

(v) Assessments of the annual wind energy production
and estimates of the production cost of the electric-
ity produced for the selected sites

(vi) Selection of the most practical wind turbine deter-
mined on the basis of the scalable adaptability per-
formance factor “a” and the wind turbine that

produces the lowest cost of energy produced

(vii) Calculation of the recovery of greenhouse gas
(GHG) savings from the onshore wind farm in
the proven optimal location

(viii) Estimation of the financial return of the onshore
wind farm of 12.5 MW composed of five wind tur-
bines of the model chosen over 20 years on the
aggregated surfaces at the proven optimal location

(ix) Establish the mapping of wind speeds a 100 m
below the ground (AGL) over the entire study
period of the EEZ in Evodoula
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(x) Establish maps of annual energy production and
cost production unitary based on conventional
and uncertainty methods

Thus, in order to ensure the success of the wind power
program, it is essential to carry out technoeconomic studies
beforehand. This is the subject of the study presented on this
paper, where as an example, we considered twelve locations
in the exclusive economic zone (EEZ) of Evodoula. With the
evolution of wind technology and better management of all
influencing factors, the cost of electrical energy produced
by the exploitation of wind energy has dropped significantly
in recent years in Cameroon. Compared to other sources
(conventional and unconventional) of electricity production,
electrical energy of wind origin is the most competitive, par-
ticularly when this energy is produced from onshore facili-
ties and when operating conditions are favorable. But how
much does the kilowatt-hour of electricity produced by a
wind farm cost?

2. Presentation of the Study Area and the
Data Used

2.1. Presentation of the Study Area. The commune of Evo-
doula is located between 451662.66266328277-460933.39732
332056 North latitude and 740544.9642155031-759031.228

8344726 East longitude and covers an area of approximately
250km”. Evodoula belongs to the formation known as the
central plateau, and the rainfall is between 1300 mm and
1500 mm, and we note the existence of four seasons of
unequal duration, namely, a short dry season (from May to
mid-August), a long season of rain (mid-August to mid-
November), a long dry season (from December to mid-
March), and a short rainy season (from March to May), thus
allowing two cycles of winds per year. It belongs to the
humid equatorial zone; the temperatures here oscillate
between 22°C and 32°C. On the pedological level, there is a
great variety of soils based on structure and texture. The soils
are mostly ferralitic, sandy-clayey, and hydromorphs in the
lowlands found in places. The relief is very rugged, with high
hills especially in the northern part of the town where rocky
outcrops are encountered in most roads. The vegetation is
that of the equatorial forest, degraded by the overexploita-
tion of the soil to take into account the roughness. Table 1
presents the different details (metric coordinates, height,
measurement period, data size, temporal resolution, actual
altitude, and characteristic) of the twelve locations in the
EEZ of Evodoula presented at Figure 1.

2.2. Data Used. In this article, the choice fell on MERRA-2
reanalysis data produced by the National Aeronautics and
Space Administration (NASA)/Goddard Space Flight Center
(GSEC), because MERRA-2 has temporal and grid resolu-
tions, respectively, of 1 hour and 0.5° x 0.625° in longitude
and latitude which were used as the source of wind speed
and direction data. Satellite data wind speed and direction
in monthly format of the twelve locations in the EEZ of
the municipality from Evodoula are taken from NASA’s
open source database. These average monthly wind and

direction data have been recorded in the long term at a
height of 10 m from the ground in the EEZ over a period
of 40 years (quadridecadal) from January 01, 1980, to
December 31, 2019. The data are available since 1980 and
updated monthly. The zonal and southern wind components
of MERRA-2 were processed at 10 m above the ground [39].
This is how these wind data were downloaded, preprocessed,
and analyzed to perform a detailed analysis of the wind
speed data of the twelve locations in the EEZ of Evodoula
on the one hand and to select an accurate method that gives
a more accurate estimate of the Weibull distribution param-
eters (K and C) on the other hand. From the parameters of
this distribution, the spatial distribution of the wind poten-
tial is then determined.

3. Materials and Methods

3.1. Materials. In this section, the materials used are pre-
sented below:

(i) The downloaded raw meteorological data is saved as
a CSV file and further processed with the Microsoft
Excel 2016 program by clicking “upload to CSV.”
The raw data was downloaded and then statistically
analyzed every twelve months of the year with the
Excel software from the 2016 office pack

(ii) Excel software from the 2016 pack records the
monthly data for the entire site under study. Mean
monthly data of winds and numerical directions
are acquired from NASA from the MERRA-2
weather model over a period of 40 years (1980 to
2019) of the twelve selected locations in the EEZ
under study (Table 1) of the municipality of Evo-
doula. These data were collected and then statisti-
cally processed on a four-decade scale (period of
40 years). This data was analyzed for the twelve
site-specific locations of the study area by the
embedded Weibull spatial distribution “LOLWEI-
BULL” in Excel 2016 through data statistics,
monthly that have been calculated for each parame-
ter to be established. Thus, the Excel 2016 software
made it possible to draw our various curves

(iii) The location map of my study area (Figure 1) is
made using global geographical coordinates of
UTM WGS 84 projection spatial reference in deci-
mal degrees and then transformed into metric coor-
dinates to establish a cartography of the site under
study produced using the QGIS 3.8 software, which
made it possible to vectorize the municipality of
Evodoula as well as its neighboring boundaries

(iv) In addition, the QGIS 3.8 software made it possible
to draw up the 2D topographic map of the munici-
pality of Evodoula and its surroundings (Figure 2),
as well as the 3D topographic map of the municipal-
ity of Evodoula (Figure 3)

(v) The spatial analyst extension package ArcGIS 10.4.1
enabled the elaboration of mapping in terms of
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wind speed, annual energy production, and cost
production unitary in Evodoula EEZ at 100 m above
ground level (AGL)

(vi) Plotting the wind rose using wind direction data
from the twelve locations in the EEZ of Evodoula
100m above ground level (AGL) has been per-
formed using Excel 2016 software

3.2. Detailed Research Methodology Adopted in This Work
and Scope of the Study. The methodology developed to assess
wind potentials is a set of sequential steps that incorporate
the characteristics theoretical, geographic, technical, eco-
nomic, and environmental aspects of the EEZ of Evodoula
as well as the constraints of using wind energy. The follow-
ing actions were carried out: initially, the optimal potential
localities conducive to the installation of wind turbines were
studied according to a comparison of the defined multicri-
teria analyses (conventional and uncertainty) reflecting a
spatiotemporal approach combined with the use of a geo-
graphic information system (GIS). Second, the wind speed
data sets measured by NASA weather service satellites were
extrapolated vertically and interpolated horizontally to
derive the surface of aggregated wind speed data at the rotor
hub blade height. Moreover, the number of hours at full load
or number of production hours at rated power (Nhepn) over

the entire study period (1980-2019) was estimated for five
turbines of different powers on the basis of the distribution
parameters of Weibull probability and power curves. Next,
the layer of locations available for the construction of a wind
farm was overlaid with a grid wrap on the layer of the num-
ber of hours of production at nominal power to determine
the technical potential of wind energy in the location-say
case studies. Finally, to assess the economic viability, the cost
production unitary of electricity in the grid was estimated.
The steps are shown in (Figure 4): (1) the evaluation meth-
odology begins with measuring the wind for selected loca-
tions, (2) preprocessing of wind speeds and wind direction
using Excel 2016 software, and (3) statistical description of
wind speed data. The relationship between the wind at the
hub of the wind turbine and the power delivered by the wind
turbine is given by the power curve (see Section 3.3.9). But
the problem is that the measurements are not taken exactly
at the level of the hub of the future wind turbines, which is
why the calculation of the wind potential begins with several
stages of extrapolation of the initial wind measurements to
ideal heights or heights of interest:

(i) (4) The vertical extrapolation takes into account the
fact that the measurement mast is generally lower in
height than that of the hub of the wind turbines (see
Section 3.3.3)
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FIGURE 4: Synoptic diagram of the flowchart chain of research
methodology for the assessment of wind potential. In green, the
stages of preprocessing of the measured wind and GIS processing;
in blue, the stages of extrapolation of the measured wind; in
orange, the calculation of production from the wind thus
estimated; in red, the stages to take into account the losses to be
withdrawn from gross output.

(ii) (6) Temporal extrapolation makes it possible to take
into account the fact that the measurements, which
are carried out over a period of approximately one
year, are not necessarily representative of an average

year, because of the interannual variability of the
wind. (5) To do this, we use another set of wind
data, available over a large number of years for a
location close to the site, called the “long-term
reference”

(iii) (7) The horizontal interpolation makes it possible to
take into account the fact that the wind turbines will
not be placed at the exact location of the mast but at
a few tens or hundreds of meters. (8) For this, we
rely on the topography of the site, and (10) the
GIS processing according to the analysis approach
is based on a spatial and ecological policy. (11)
The locations of future wind turbines in the farm
are shown in Section 3.3.5

During these wind extrapolation steps, the Weibull dis-
tribution is very often used to model the wind speed statis-
tics (see Section 3.3.1). (9) This gives an estimated or
adjusted wind at the right height, in the right places, taking
into account the interannual variability of the wind. (12)
The power curve of the wind turbines then makes it possible
to calculate the gross production for this wind (see Section
3.3.10). (14) From this gross production, we must subtract
the losses to obtain the net production. The first losses to
be removed are the losses due to wake effects in a wind farm
(13), that is to say the reduction of the wind arriving at a
wind turbine due to the presence of other wind turbines
upstream of the flow. These losses are linked to the geometry
of the wind farm, to the wind statistics (with great impor-
tance of the direction), and to the power curve of the wind
turbines. (15) The other losses or loss factors are linked to
the production activity and are systematically estimated by
standard error percentages. (16) Gross production adjusted
for wake effects is applied to the wake model and estimated
production losses. (17) The net output obtained by the cal-
culations is taken as the median of the possible outcomes
and is called Py;. (18) The risk in the economic sense is eval-
uated by the uncertainties on this value of the potential (see
Section 3.3.11). The uncertainties relate to the following:

(i) The wind (on the measurement itself and on each of
the extrapolation steps)

(ii) Estimation of production losses (detailed above)

They are estimated, globally or for each stage, by percent-
ages (generally standard). (19) The evaluation of the multi-
faceted wind potentials is sought to be calculated. (20) The
analysis of the energy costs is to be determined. (21) Evalua-
tion of the reduction in greenhouse gas (GHG) savings is to
be advocated. (22) ROI and PBP are indicators that measure
the profitability and payback time of a project, respectively.
The corrected power law model is used to determine wind
speeds at different heights. A technical and economic evalua-
tion was made for the aggregate production of electricity
using wind turbines on the locations studied. To summarize
our study, we propose an organization chart which was car-
ried out for the aggregated production of electricity using
wind mills with the studied places. The overview of the
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approach of each workflow given in the (Figure 4) is to illus-
trate the analysis procedure of this study.

3.3. Methods

3.3.1. Modeling the Distribution of Wind Frequencies. The
most widely used model for modeling the distribution of
wind speeds is the Weibull probability distribution. This
was chosen in this work to model the distribution of wind
speeds. The choice of the Weibull function is motivated by
site data spanning 40 years. The Weibull distribution param-
eters K and C are calculated based on this data. This noncu-
mulative distribution (PDF) is expressed mathematically by
the relation formulated with the following equation [18, 37,
38, 40-43].

K V atLon K-1 |:_ ViatLon K:|
f(VLat,Lon) =\~ Steeton - exXp ( ‘ ) > VLat,Lon
C C

>0,K>0,C>0,

(1)

where V1., (m/s) represents the wind speed at a defined
latitude and longitude, f(V,1,,) represents the probability
of observation or occurrence of the wind speed V1., C is
the Weibull scale parameter which informs the quality wind
(m/s), and K is the Weibull shape parameter which indicates
the shape of the frequency distribution (dimensionless).
The corresponding cumulative distribution function
(CDF) is given by the mathematical relation defined in

|:7 (VL;\l,Lon ) K i|
F(VLat)Lon) = Jf(VLat,Lon)dV =1- exp ‘ > VLat,Lon >0.

(2)

3.3.2. Weibull Parameter Estimation Methods. In this article,
a probability distribution function is used to model the wind
speed distributions in the commune of Evodoula. The sites
concerned in the EEZ are Evodoula, Ekol, Etok, Ayos, Okok,
Nkolkougda, Ngobo, Ntouda, Nkolmeyos II, Nkotabel, Nko-
labang, and Nloudou. There are different methods available
to calculate the parameters of distribution functions. Several
methods are used to determine these parameters. The Wei-
bull distribution parameters (K and C) used in this study
are determined by the energy factor method, the empirical
method, and the method of moments. The choice of these
three methods is motivated by the knowledge of the average
data of the wind speed of the site.

(1) Energy Pattern Factor Method (EPFM). The energy pat-
tern factor method (EPFM) is related to averaged wind
speed data; ie., it can be calculated by dividing the mean
of the cube of the wind speed by cubes of the mean speed
wind at a known latitude and longitude and is defined by
the following equation [17, 42, 44-46].
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1/ ”Zi:l VLat,Lon,.

EPFM = P 3
(1/”2,‘:1 VLat,Loni )

) (3)

where V7, 1,,; (m/s) is the wind speed for the i™ observation
at the defined latitude and longitude, n is the number of
samples of the wind speed, and V. (m/s) is the average
monthly or annual wind speed at a defined latitude and
longitude.

Once the energy pattern factor method (EPFM) is calcu-
lated using Eq. (3), the Weibull shape parameter K is esti-
mated from Eq. (4). The Weibull scale parameter C is
determined using Eq. (5).

K1y 369 @
(EPEM)*’
C — VLat,Lon . (5)
I'(1+1/K)

3.3.3. Extrapolation of Wind Speed as a Function of Height.
In order to have adequate speeds for the operation of wind
turbines at different heights, the vertical extrapolation of
the wind speed is necessary and takes into account the char-
acteristics linked to the sites. The present study uses the cor-
rected formula of Justus and Mikhaiel for the vertical
extrapolation [17]. Equations (6)-(8) illustrate this corrected
power law.

~ 7 @
VLat,Lon (ZZ) = VLat,Lon (Zl) ) <2> > (6)

Zl
N 0.0881
In(2iZy) 1-0.008811In (z,/10)
Vi (2) (7)
.ln ( Lat,Lon \“1 >,
6
Z=\/Z,-Z,, (8)

where V,1,,(z,) represents the reference speed measured
at 10 m from the ground at a defined latitude and longitude;
V9atLon(22) represents the speed calculated at values greater
than 10 m from the ground at a defined latitude and longi-
tude; Z, and Z, denote the heights at 10 m from the ground
and at variable values greater than 10 m from the ground,
respectively; and Z; is the roughness of the ground.

3.3.4. Extrapolation of Weibull Distribution Parameters. The
model proposed in our study is in accordance with Egs.
(9)-(11). Using the chosen model, the following formulas are
therefore used to extrapolate to the different altitudes [17]:

n=0.37-0.088 In (C,), (9)
n
Cz=Cy % <i> , (10)
Z10
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K, = KIO
zZ~ >
1-0.00881 In (Z/10)

(11)

where z represents the height where we would like to install
the wind turbines, C, and K, are the corresponding parame-
ters, and C,, and K, are the Weibull parameters, respectively,
calculated at a 10m.

3.3.5. 2D Spatial Variability: Technical for Horizontal Spatial
Interpolation of Measurements. In the present study, we con-
sidered a technical and its variants: inverse distance weight-
ing (IDW). This method of 2D spatial interpolation assigns
values to unknown points which are calculated as weighted
averages of the values available to the known grid points
(GIS [47]). This method is also known as distance-based
interpolation and is formulated by the following mathemat-
ical relationship.

- Tw(x)P -V .
VLat’Lon(x) — i=1 l( ) Lat,Lon; ] (12)

Yiwi(x)f

w;(x) = . (13)

is a simple weighting function, as defined by Shepard
[48], where x is the point to be interpolated, x; is a (known)
interpolation point, ViatLon; aT€ the known values at a
defined latitude and longitude of the function V., which
represents the integer ratio which gives an estimate of the
known value at the point of interest at a latitude and longi-
tude at point x;, d is a given distance from each point of inter-
est (measurement operator) from the interpolation point x;
to the point to be interpolated x, n is the total number of
known points used in the interpolation, and p is a real posi-
tive number, called the power parameter. Here, the weight
of neighboring points decreases when the distance increases.
Larger values of p give greater influence to values closer to the
interpolated point. For 0<p<1, in V. (x), smoothed
peaks are observed around the interpolation point x;
whereas for p > 1, the peak becomes sharper. The choice of
p is therefore a function of the degree of smoothing desired
for the interpolation, of the density and distribution of the
interpolated samples, and of the maximum distance beyond
which an individual sample can influence the surrounding
points. As described, the interpolation function is indetermi-
nate at the interpolation points (0/0 division). In this case, the
weight will be taken as 1 for the point at distance 0 from x
and 0 for all other points as defined by Duplyakin et al.
[49]. In this study, the IDW method is evaluated with 2, 3,
4,5, 6, 8, 12, and 16 points used for interpolation to assess
the role that the amount of data used in interpolation plays
in reducing or increasing the interpolation error.

3.3.6. Available Wind Power Density (WPD). The available
average power density is defined by the available instanta-
neous power P reported per unit area S, which is given by
the following mathematical relationship.

11

i3

p- V.

]l
Il

(14)

nl
| =

Wind power density (WPD) per monthly or annual unit
area of a site based on a Weibull probability density function
can be expressed as follows by rearranging Eq. (14); thus, we
obtain the following mathematical relation [50].

1 3
WPD:P:E~p-c3-F(1+E>, (15)

where I' is a function that characterizes the shape of the
frequency distribution and the asymmetry of the speed
frequency distribution, and it is given by the following
mathematical relationship.

1, 139

I'(x)= (\/ﬁ) () (e - (1 + %x+ Ses® mx3+~-),
(16)

with

3
=1+ —. 17
x=1+— (17)

Much research has used the energy pattern factor
method (EPFM) to calculate wind power density ([44] cit-
ing [46]). However, during our numerical simulations, we
find that the profile for which we are studying did not
correspond to the EPFM defined by Akdag and Dinler
[51] to Eq. (3). For the first time, we are trying to modify
the EPFM, previously defined by Akdag and Dinler [51].
Thus, the modified energy pattern factor method
(MEPFM) in the present study is proposed by the mathe-
matical relation given in the following equation.

MK, = MEPFM =

1 n
3 Z Viat,Lon,- . (18)

Lat,Lon =1

The average monthly or annual power density available
at a defined latitude and longitude is established by the
following mathematical relationship.

P(VLat,Lon) _

WPDLat,Lon (ZZ) = p(VLaI,Lon) = S - 5 ' pLat,Lon

e

(19)

3
: VLat,Lon - MK

3.3.7. Wind Energy Density Estimation (WED). The energy
density of a wind turbine or wind energy density (WED)
monthly or yearly at a defined latitude and longitude is
a very important parameter; it makes it possible to quan-
tify the energy produced during a time T by the wind tur-
bines or the park. It should be noted that the time T
depends on the availability factor and the load factor. It
is obtained by the following equation.
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1
WEDLat,Lon (ZZ) = WPDLat,LonT = E . pLat,Lon -V MK,.

Lat,Lon ° e

(20)

The available wind power density and the wind energy
density thus calculated depend on the metric coordinates
considered in the EEZ for a height of interest of 100m
(AGL).

3.3.8. Average Air Density in the EEZ of the Study Area. The
average value of the air density was estimated based solely on
the altitude at 589 m in height at a place called Evodoula by
Eq. (21) which approximates the standard United States
atmosphere profile for air density [52]. Note that the air den-
sity calculated at this height is assumed to be constant for the
calculation of the wind power density of the locations in the
EEZ, because there will be no significant difference.

Praton =Py~ 1194X 107 x H,, 21)

where H,, is the altitude of the locations in meters (see
Table 1); the air density at sea level is given by p, = 1.225
kg/m”.

3.3.9. Useful Wind Power. The energy produced by a wind
turbine depends on its characteristic curve. This is therefore
an important element in the modeling. According to the
work of Lu et al. [53], there are many models that have been
developed for the simulation of the power supplied by a
wind turbine. This section presents two parameterized
power models (physical and modified) used in this study:

(1) Quadratic Model or Pallabazzer Model. The quadratic
model is the one that generally has the lowest squared error
rate and is therefore more suitable for testing the reliability
of wind turbines. It differs from the linear model by the non-
linear shape of the curve between the engagement speed and
that for which the rated power is obtained. For this purpose,
in this part, the power generated by the wind turbine is esti-
mated by the following four equations.

0 forV<V, areal
VD vy cvey I
—— forV,< area
P(v)=¢ “VE-VE TP ,
Py for Vy< V<V, arealll
0 for V>V, arealV

(22)

where Py is the rated electric power of the aerogenerator; V
designates the wind speed at the height of the hub at a given
instant; and V,, V, and V; denote the cut-in wind speed,
rated wind speed, and cut-off wind speed of the wind gener-
ator, respectively, once the power P;(V) at the output of the
wind turbine at each time step i is calculated.
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The use of an adaptive power curve derived from the
previous one by linear transformation equivalent to a mod-
ular factor “a” is calculated by

v -V
a= Lat,Lon (ZZ)V Lat,Lon (Zl ) , (23)

1

where “a” is the adaptive or modular factor (dimensionless),

V9atlon(22) is the average wind speed calculated by the
extrapolation method between two heights z, and z, (m/s)
(see Section 3.3.3), V| (2;) is the average wind speed at
reference height (m/s), and V; is the undisturbed free wind
speed measured at hub height interpolated at each step i
fixed at 1 (m/s).

(2) Quadratic Model Modified or Pallabazzer Model Modi-
fied. This adaptive power curve model generated by the wind
turbine is expressed by the following four equations in given
in Eq. (24), in considering adjusted wind speed V, given in
Eq. (25):

0 forV,<V,p new area [
Va = Van
——2e forV, ,<V, <V new area II
(V=3 " Vin-Vip e
Py forV,y<V,<V,. newarealll
0 forV,>V,c new area IV
(24)
with
Vi
Va = ; > (2 5 )

where P_;(V,) is the adaptive power of the wind turbine at
each time step i being calculated; we estimate the average
output power Py, Of a turbine. The latter is an important
parameter of a wind turbine, because it determines the total
energy production PT(t), V,p, V,n» and V, - denoting the
adaptive cut-in wind speed, the adaptive rated wind speed,
and the adaptive cut-off wind speed, respectively. V, is the
adjusted wind speed (m/s), and V; is the undisturbed free
wind speed at nacelle height of each wind turbine in the
farm (m/s).

3.3.10. Energy Generated. The energy generated (in watt-
hour) by a wind turbine is the product of the useful power
recovered by the wind turbine and the operating time T
(in hours). The average energy produced by a wind turbine
is established by

Eyipsg = Pyipg X At (26)

with

+00
PMPE = J Pa,i(Va) 'f(VLat,Lon)dVLat,Lon’ (27)
0
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where E,pgg is the average energy produced at the output of
the wind turbine (MWh), P,pg is the average power pro-
duced by the wind turbine (W), and At is the operating
period of the wind turbine. For this period, the maximum
energy produced annually by a wind turbine is given by

Epp = Py x 8760, (28)

where Py is the rated power and Ey, is the maximum
energy produced (MWh).

The total power produced by the wind turbine is given
by Eq. (29). This power is used to power the load. Surplus
energy is used to charge the battery.

PT(t) = Ny X Pyi(Va)s (29)

where PT(t) is the total power of wind turbines, N, is the
total number of wind turbines, and P, ;(V,) is the adaptive
electrical power at the output of the wind turbine given by
Eq. (24).

3.3.11. Uncertainties and Risks. The total uncertainty as a
fraction of production is denoted as ¢, and it is assumed that
the distribution of productions is Gaussian with a standard
deviation equal to 0. Then, the expression of Py, production
that we are 90% sure to exceed, is given by the following
equation [54].

Py = Psy(1 - 1.2820), (30)

where Py is the median net output obtained and o is the
standard deviation.

3.3.12. Capacity or Load Factor of Wind Turbines. The load
factor or the capacity factor, also called the utilization factor,
is represented by the ratio between the electrical energy actu-
ally produced by the wind turbine over a given period and
the energy it would have produced if it had operated at its
rated power during the same period [55]. In the present
study, to determine the load factor of wind turbines, the for-
mula given in Eq. (31) was used.

PT(t)

CF(%) = :
EMP

(31)

If we obtain a load factor of at least 25%, we can speak of
the electricity production of the wind turbines [56].

3.3.13. Technoeconomic Analysis of Wind Turbines. The eco-
nomic problems of wind systems are common these days.
The unit cost of electricity produced by a wind turbine is
affected by several factors. The economic merit of a generat-
ing wind power plant depends on local, endogenous condi-
tions which may vary from place to place. Economic
evaluation is essential while investing hugely in installing
large-scale wind turbines for wind power generation. At
the initial stage, the specific site analysis of the wind charac-
teristics is carried out, and then, a selection of wind turbines
is examined while considering the mechanical configuration
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of the turbine adapted to the site. When the investment cap-
ital is high while evaluating the initial investment for the
project, investment for essential requirements such as land,
transmission lines, and power conditioning systems should
also be accounted for a wind turbine. The estimation of pres-
ent value cost analysis based on net present value is as
described in the following section [57]. First of all, we start
by defining all the necessary elements used in the present
study during the construction of the economic model of
the wind turbines for the twelve locations under study. The
validation of the economic model is based on information
such as the initial investment of the project C; and the cost
of operation and maintenance M, which is m% of the initial
investment. In addition, Dy, is the discounted operating
costs and maintenance costs for the lifetime # of the wind
turbine for a first year. Note that the construction of an eco-
nomic model of wind turbines differs from one country to
another and from one site to another. These include, among
others, the work of Sukkiramathi and Seshaiah [58], Mosta-
faeipour et al. [59], Touafio et al. [60], Moria et al. [61], and
Kassem et al. [62, 63]. In addition, some authors have pro-
posed modifications of the economic model using the PVC
(present value cost) method and the CPU (cost production
unitary or cost per unit) method (Said [64]).

where the initial investment cost C; is equal to the sum of
the component costs [65, 66]. The total investment cost is

Cr=Cw + Cg + G + C + Cpyp + Gy + Cpyiges (33)

Cwi = Cspe X Py (34)

where the parameter I is the interest rate (%), Cyy, is the cost
of the wind turbine ($), Cg, is the cost of the study or 2% of
Cy (8), Cg, (is the engineering cost or 5% of Cyy, ($), C; is
the civil work and the installation cost which is 8% of Cy,
($), Cy, is the cost of transport which is 2% of Cyy, ($), Cy
is the cost of the electrical connection which is 7% of Cyy,
(%), Cyisc is the miscellaneous cost which is 1% of Cyy, ($),
and Cg,, is the specific cost of the wind turbine ($).

The net present value (NPV) of all costs including the
initial investment is C:

NPV:CI[1+mE— (1:1)"” (35)

For the calculation of the cost of this wind energy, one
can use the method of the present value of the costs (PVC)
for the estimation of the cost of production of the wind
energy. Therefore, the annual operating cost of the turbine is

PVC:%[1+mE— (1+11)"H' (36)
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Wind farm efficiency is measured by AEP (annual
energy production), reflecting how the wind turbine exploits
the wind resource and estimating the electricity production
during the lifetime of a wind turbine in 1 year given by the
following relation:

AEP = 8760 x Py, x CF, (37)

where P is the rated power of the turbine and CF is the fac-
tor of wind turbine load or capacity factor. Thus, the esti-
mate of the cost production unitary of 1kWh of wind
energy produced by different wind turbines is given by the
following relationship:

PVC ¢ (1 11
CPU(S/KWh) = ZEp = 5760 <PNCF) [1 * m[f a +1)"H'

(38)

3.3.14. Annual Greenhouse Gas (GHG) Savings. After deter-
mining the value of the expected gross (AEP Gross) and net
annual energy production (AEP Net) based on a modified
chosen power model (modified quadratic model) combined
with a spatial interpolation technical (inverse distance
weighted or (IDW)), the annual reduction in greenhouse
gas (GHG) emissions could be calculated. According to sta-
tistics from the Journal Our World in Data based on the
Global Carbon Project, annual carbon dioxide (CO,) emis-
sions based on production are measured in kilograms per
kilowatt-hour of primary energy consumption. Production-
based emissions are based on territorial emissions, which
do not take into account emissions embedded in traded
goods per kilowatt-hour from Cameroon’s average national
electricity generation mix over the 40-year period (1980-
2019) amounted to 180.0825 g/kWh, which was used for this
calculation of GHG emissions [67]. The carbon intensity of
energy production is measured as the amount of carbon
dioxide emitted per unit of energy production. This is mea-
sured in kilograms of CO, per kilowatt-hour. Equation (39)
was used to calculate the reduction in GHG emissions:

_180.0825 x AEP

) (39)
1000000
where G is the annual reduction in emissions of (GHG) in
ton equivalents (CO,/year) and AEP is the annual energy
production in kilowatt-hour per year).
The wake loss rate (WLR) takes into account the AEP
Gross and the AEP Net. The WLR was calculated using the
following equation.

AEP Gross

WLR (%) = ( AEP Net

- 1) x 100. (40)

Most systems require investment, and in addition to
access to other funding benefits, return on investment is nec-
essary. The return on investment (ROI) of a wind farm is
considered as the rate of return, or profit taking into account
the turnover generated by the profits, i.e., the present value

International Journal of Energy Research

of the profits (PVB), and the total investment cost, i.e., the
present value of the costs (PVC). In this study, the ROI
was calculated with the following equation.

PVB - NPV

ROI (%) = — =

(41)

Earnings generated by the wind farm are the difference
between the annual gross income and the total annual
expenditure. Thus, the PVB was calculated using the follow-
ing equation.

PVB = (CPUselling price — CPUcost per kWh of the wind farm) TEPNet,
(42)

where TEPNet (kWh) is the net total energy produced by the
wind farm.

The payback time, or payback period, indicates the num-
ber of annuities until the investment is paid. The PBP was
calculated by the following equation.

NPV

PBP (Yr) = .
(¥7) average annual cash flow

(43)

4. Results and Discussion

4.1. Statistical and Average Characteristics of the Wind on
the Twelve Locations of Evodoula

4.1.1. Monthly, Annual, and Interannual Variation of the
Average Wind Speed at a Height of 100 m. The processing
of the data made it possible first of all to calculate the aver-
age monthly, annual, and interannual speeds of the average
wind speed at a height of 10m from the reference ground
(not represented in these graphs), simultaneously extrapo-
lated at 100 m above ground level (AGL) using Eq. (6), and
then present their evolution curve. Figure 5 shows the varia-
tions of the monthly averages of the wind speed for the
twelve locations Evodoula, Etok, Ekol, Ayos, Okok, Nkolk-
ougda, Ngobo, Ntouda, Nkolmeyos II, Nkotabel, Nkolabang,
and Nloudou. The analysis of this figure shows that all the
twelve places have a maximum average wind speed during
the period August-February and the month of March. As
for the minimum, it occurs during the period of the month
of November. The results obtained from the monthly aver-
age wind speeds between the localities of Evodoula show that
the curves describe the same pace at an installation (or inter-
est) height of 100m. As can be seen, the average monthly
wind speeds varied between 1.112 and 4.440 m/s. Minimum
and maximum velocities occurred in November at Nloudou
and August at Ayos, respectively. Figure 5 presents the
monthly average variation of the monthly average wind
speed of the months of the year over the 40 years of mea-
surements during the period 1980-2019.

Figure 6 show the results of the comparison of the aver-
age annual wind speed of the twelve locations selected dur-
ing the periods studied (1980-2019, 1980-1989, 1990-1999,
2000-2009, and 2010-2019). Ayos has the maximum annual
average wind speed of 3.155m/s during the period 2000-
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2009, followed by Ekol, Nkolkougda, Okok, Evodoula,
Ngobo, Nkotabel, Etok, Ntouda, Nkolabang, Nkolmeyos II,
and Nloudou, as shown in Figure 6. Moreover, it is observed
that the annual average wind speed values in the wind speed
values at Etok and Nkotabel are the same, i.e., about 3.087 m/
s during the period 1980-2019. In addition, the results of
comparing the annual average wind speed values in the wind
speed values at Ayos, Okok, and Ekol are approximately the

same, i.e., about 2.974, 2.972, and 2.972 m/s, respectively dur-
ing the four-decade period (1980-2019) and the ten-year
period (1980-1989).

Figure 7 shows the long-term evolution of the annual
average wind speed at selected locations from 1980 to 2019
at the height of 100 m above the ground. This figure shows
that the behavior of the wind speeds on the locations is in
an oscillatory regime and marked by a strong interannual
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FiGURrk 8: Curves of Weibull annual fits of probability distribution function (PDF) and cumulative distribution function (CDF) to wind
speed data at a height of 100m for (a) Evodoula, (b) Ekol, (c) Etok, (d) Ayos, (e) Okok, (f) Nkolkougda, (g) Ngobo, (h) Ntouda, (i)

Nkolmeyos II, (j) Nkotabel, (k) Nkolabang, and (1) Nloudou.

variability of the winds on a four-decade scale. We notice that
Ayos presents a maximum of average annual wind speeds
during the year 2005 of 3.64m/s, followed by Okok, Ekol,
and Nkolkougda, with values being identical at 3.63 m/s.
As for the minimum, it occurs during the year 2017 of

2.42m/s in Nloudou. The standard deviation between the
maximum value (2005) and the minimum value (2017)
is 1.22m/s. This justifies the reconciliation of the values
obtained. Thus, the similar shape of the wind speed evolu-
tion curves is reinforced.
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F1GURE 9: The diagram of the wind rose over the 40-year period studied (1980-2019) for (a) Evodoula, (b) Ekol, (c) Etok, (d) Ayos, (e) Okok,
(f) Nkolkougda, (g) Ngobo, (h) Ntouda, (i) Nkolmeyos II, (j) Nkotabel, (k) Nkolabang, and (1) Nloudou.

4.1.2. Variation of the Weibull Distribution. The curves of
adjustment of the statistical distribution of the annual fre-
quencies of the wind speeds of 1980-2019 obtained from
the distribution of Weibull on the places are represented in
Figures 8(a)-8(1). These figures show the annual variation
over the period studied from 1980 to 2019 of the Weibull
distribution at a height of 100 m above the ground (AGL);
thus, the curves representative of the statistical distributions
of the wind speed are obtained by adjustment of the data,
within the meaning of the energy pattern factor method
(EPFM) and by using the Weibull model. Observation of
the curves shows that the evolution of the annual distribu-
tion differs from one location to another. The results of the
annual Weibull shape and scale parameters show a dissimi-
larity from one location to another as indicated on
Figures 8(a)-8(l). Moreover, we notice that at 100 m height,
34.24%, 33.98%, 34.66%, 33.93%, 33.92%, 34.07%, 34.31%,
34.39%, 34.85%, 34.45%, 34.84%, and 35.07% of the wind
speeds are greater than or equal to 3m/s, respectively, at
Evodoula, Ekol, Etok, Ayos, Okok, Nkolkougda, Ngobo,
Ntouda, Nkolmeyos II, Nkotabel, Nkolabang, and Nloudou.
We also notice that on the figures, the probabilities for that
the wind blows in a range of speeds here for a range from
2 m/s to 3 m/s is AV 100(3) = AV 010n(2)) = 34.24 -
26.5 either 7.74% 5 f(V 1 10n(3)) = AV 1arzon(2)) = 33.98 —
26.28 either 7.7% 5 AV 141 10n(3)) = f{ Viar1on(2)) = 34.66 -
27.49 either 7.17% 5 AV 141 100(3)) = AV a1 10n(2)) = 33.93 -

26.31 either 7.62% ; (V1 100(3)) = AV 1ar10n(2) = 33.92 -
26.3 either 7.62% 5 f(V 10 100(3) = fV 1ar10n(2)) = 34.07 -
26.24 either 7.83% ; (V4 10n(3)) = IV s 10n(2) = 34.31 -

27.47 either 6.84% ; IV, 10n(3)) = IV 1r10n(2)) = 34.39 -
27.78 either 6.61% ; AV 41 10n(3)) = AV s 10n(2) = 34.85 —
28.94 either 5.91% ; AV, 10x(3)) = AV 1r10n(2)) = 34.45 —
27.52 either 6.93% ; V4 10n(3)) = AV o 1on(2)) = 34.84 —
28.09 either 6.75% ; (V4 10n(3)) = IV 1t 1on(2)) = 35.07 —

29.13 either 5.94% and the ranges of speeds extend weakly
up to 25 m/s. The analysis of Figure 6 translates the high
probability for the wind speeds here (very low) ranging from
2 and 3m/s. This means that the large wind turbines
installed on these places, at a height of 100 m, can produce
energy for 92.26%, 92.3%, 92.83%, 92.38%, 92.38%, 92.17%,
93.16%, 93.39%, 94.09%, 93.07%, 93.25%, and 94.06% time
and operate at rated power, respectively, at Evodoula, Ekol,
Etok, Ayos, Okok, Nkolkougda, Ngobo, Ntouda, Nkolmeyos
II, Nkotabel, Nkolabang, and Nloudou. Figures 8(a)-8(1)
show that the average annual speed on the locations is
between 2 and 3m/s (greater than or equal to the starting
wind speed of most wind turbines), which allows electricity
production.

4.1.3. Wind Rose Diagrams of the Selected Locations. The sta-
tistical study of the data allowed the determination of the
wind rose which is the graphic representation of the average
wind speed as a function of the direction in a polar reference.
The wind rose is determined for the 40-year data set from
1980 to 2019. The wind direction was recorded for each
selected location. A total of 16 directions were considered,
and the average wind speeds for these directions are pre-
sented in Figure 9(a)-9(1). It is observed that the prevailing
wind direction at Nkolmeyos II, Ekol, Nkolkougda, Nkola-
bang, Ayos, Ntouda, and Nloudou turned out to be north-
east (NE) with average speed values of 3.0m/s. For Etok
and Ngobo, it was found to be north (N) with average speed
values of 3.0m/s and 2.9m/s, respectively. Additionally, it
can be seen that the wind direction with the most significant
average speed was north (N) to north-east (NE) at Okok. For
Evodoula, the wind direction was north (N) to north-north-
east (NNE) with average speed values of 3.0 m/s. Addition-
ally, the prevailing wind direction for Nkotabel was north
(N) and east-north-east (ENE) with average speed values
of 2.9m/s.
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F1GURE 10: Monthly variation at 100 m height for the twelve locations selected in Evodoula for (a) average wind power density and (b)

average wind energy density.

The interest of these figures (Figures 8(a)-8(l) and 9(a)-
9(1)) is to make better extrapolations in order to obtain
favorable speeds for the production of electrical energy and
the orientation of wind turbines on the selected locations.

4.1.4. Estimation of Monthly Average Wind Power Density
(WPD) and Monthly Average Wind Energy Density (WED)
at a Height of 100 m. Curves of monthly average wind power
density and energy density monthly average wind turbine at
a height of 100m are illustrated in Figures 10(a)-10(b),
respectively. The results obtained show that the estimation
of the monthly mean wind power density from the Weibull
parameters correspond closely to the different time scales.
The monthly values of wind power densities and wind
energy density are presented in Tables 2-5. The values of
wind power densities and wind energy density were calcu-

lated at a height of 100 m from the ground using Egs. (19)
and (20), respectively. It can be seen that the monthly wind
power densities are between 84.470 W/m? and 2030.065 W/
m? in Evodoula, between 82.024 W/m” and 2061.322 W/m?
at Ekol, between 81.715W/m? and 1930.587 W/m” in Etok,
between 82.449 W/m” and 2067.827 W/m? in Ayos, between

82239W/m®> and 2054.590W/m® in Okok, between
84.321 W/m* and 2058.789 W/m® in Nkolkougda, between
76.901 W/m®> and 1901.601 W/m® in Ntouda, between
77.848W/m®> and 1934.946 W/m> in Ngobo, between
26.512W/m” and 629.918 W/m” at Nkolmeyos II, between
78.795W/m> and 1927.960 W/m® at Nkotabel, between
79.953W/m® and 1871.350 W/m® in Nkolabang, and

between 76.164 W/m®> and 1779.878 W/m* in Nloudou.
Additionally, the monthly wind energy densities are in the
range of 29.598 to 711.335 MWh/m” at Evodoula, are in
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TaBLE 6: Characteristic technical data of the V162-5.6MW, V150-5.6MW, V82-1.65MW, N100-2.5MW and N90-2.5MW wind turbines.

Characteristics of wind VESTAS VESTAS VESTAS NORDEX NORDEX
turbine models V162-5.6MW V150-5.6MW V82-1.65MW  N90-25MW  N100-2.5MW
Hub height (m) 100/119/125/148/149/166  100/105/125/148/155/166 59/100/108 80/100/120 75/100
E;Cfggi’;if: (h;')’ height 100 100 100 100 100
Rated power Py (kW) 5600 5600 1650 2500 2500
Rotor diameter (m) 162 150 82 90 100
Cut-in wind speed V7, (m/s) 3 3 2.5 3 3
Rated wind speed Vy (m/s) Not defined Not defined 13 14 12
iﬁ:ﬁ?&e?ﬁ/‘;rated wind 14 15 13 14 12
Cut-oft wind speed V- (m/s) 25 25 32 25 20

the range of 28.741 to 722.287 MWh/m” at Ekol, are in the
range of 28.633 to 676.478 MWh/m” at Etok, are in the range
of 28.890 to 724.566 MWh/m”> at Ayos, are in the range of
28.817 to 719.928 MWh/m® at Okok, are in the range of
29.546 to 721.400 MWh/m” at Nkolkougda, are in the range
of 26.946 to 666.321 MWh/m” at Ntouda, are in the range
of 77.848 to 1934.946 MWh/m” in Ngobo, are within the
range of 26512 to 629,918 MWh/m* at Nkolmeyos II,
are in the range of 27.610 to 675.557 MWh/m” at Nkotabel,
are in the range of 28.016 to 655.721 MWh/m? at Nkolabang,
and are in the range of 26.688 to 623.669 MWh/m? at Nlou-
dou. Moreover, it is seen that the highest wind power density
and wind energy density are reached in August (2067.827 W/
m? and 724.566 MWh/m?), respectively, at a place called
Ayos, and the lowest values are obtained in November
(75.663 W/m? and 26.512 MWh/m?), respectively, at a place
called Nkolmeyos II as indicated in Tables 3 and 4. From
the statistical analysis of these results, it was revealed that
“the EPFM corresponded better to the reanalysis data.” “This
remark was reinforced by the evaluation of the performances
of the distribution used,” while the technical of calculating
the available wind power density and the wind energy density
revealed “the MEPFM proposed by adhering to the formula-
tion with the aim of estimating the existing wind potential on
the selected locations.” The results of this study showed that
for each selected location, it falls within class 1 to 8 of the
International Wind Classification System, because the aver-
age annual wind speed recorded in the location Evodoula
was 2.96 m/s, the corresponding annual average power den-
sity has been estimated at 833.987 W/m”, and the average
annual energy density was 292.229 MWh/m?; the average
annual wind speed recorded in the place called Ekol was
2.972m/s, the corresponding annual average power density
has been estimated at 846.942 W/m?, and the average annual
energy density was 296.769 MWh/m? the average annual
wind speed recorded in the place called Etok was 2.912 m/s,
the corresponding annual average power density has been
estimated at 793.256 W/m?, and the average annual energy
density was 277.957 MWh/m? the average annual wind
speed recorded in the place called Ayos was 2.974m/s, the
corresponding annual average power density has been esti-

mated at 846.854 W/m?, and the average annual energy den-
sity was 296.769 MWh/m?; the average annual wind speed
recorded in the place called Okok was 2.971 m/s, the corre-
sponding annual average power density has been estimated
at 847.333W/m”’, and the average annual energy density
was 296.905 MWh/m? the average annual wind speed
recorded in the place called Nkolkougda was 2.973 m/s, the
corresponding annual average power density has been esti-
mated at 846.089 W/m?, and the average annual energy den-
sity was 296.47 MWh/m?; the average annual wind speed
recorded in the place called Ntouda was 2.898 m/s, the aver-
age power density corresponding annual was estimated at
788.235 W/m”, and the average annual energy density was
276.197 MWh/m?; the average annual wind speed recorded
in the place called Ngobo was 2.912 m/s, the corresponding
annual average power density has been estimated at
799.730 W/m®, and the average annual energy density was
280.225 MWh/m?; the average annual wind speed recorded
in the place called Nkolmeyos II was 2.844 m/s, the corre-
sponding annual average power density has been estimated
at 742.674 W/m?’, and the average annual energy density
was 260.233 MWh/m? the average annual wind speed
recorded in the place called Nkotabel was 2.910 m/s, the cor-
responding annual average power density has been estimated
at 795.713 W/m?, and the average annual energy density was
278.818 MWh/m?; the average annual wind speed recorded
in the place called Nkolabang was 2.883 m/s, the correspond-
ing annual average power density has been estimated at
770.292 W/m?®, and the average annual energy density was
269.91 MWh/m?* and the average annual wind speed
recorded in the place called Nloudou was 2.835m/s, the cor-
responding annual average power density has been estimated
at 733.737 W/m?, and the average annual energy density was
257.101 MWh/m®.

4.2. Performance of Selected Wind Turbines and Technical
Analysis of Wind Power Generation Potential. Selected wind
turbines that will satisfy the estimated annual energy for the
selected location are shown in Table 6. In the present work,
five different models of wind turbines, 1 of medium power
and 4 of high power, were used in order to know which
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model of wind turbine will produce more energy. The selec-
tion of these wind turbines was made after an overall com-
parison between the different models of wind turbines. In
addition, the different models used for the estimation of
the wind turbine output power were applied to the data of
the five wind turbines (V162-5.6MW, V150-5.6MW, V82-
1.65MW, N100-2.5MW, and N90-2.5MW) provided by the
manufacturers. The blades are located at the level of the
hub, and one must take into account the height of the mast
of the wind turbine for the power calculations. In this study,
to evaluate the annual performance of the five wind turbines
in the selected location, the annual average output energy
produced by each turbine and the annual capacity factors
of the different wind turbine models were calculated using
Egs. (26)-(29) and (31).

The calculation of the production requires making the
assumption of a certain power curve. The problem here is
that the observations are made on the surface, that is to
say, at a height of 10 m where the wind is much weaker than
at an altitude of 80 to 100 meters where the current wind
turbines are located. So, using a classic power curve for such
an altitude will lead to almost zero productions where very
few speeds exceed the starting wind speed (3 or 4m/s). To
remedy this problem, one relies on the power curve
explained in Section 3.3.9 using Eq. (22), for its mathemat-
ical expression explained and plotted in Figure 11, but a lin-
ear transformation equivalent to that of the first power
curve is applied to it. To fill this research gap, which has
an important element of review, this study demonstrates,
to make a difference with other publications which may
take the form of comparison and/or critique. For this, we
propose a new method for optimizing a modified parame-
terized power model which is developed in Eq. (24). There-
after, a calculation of the annual energy production more
efficient by the use of the modulation factor “a” is estab-
lished in Eq. (23), which represents a new methodology
for a search criterion. Figure 11 illustrates the classic annual
power curve of the selected wind turbines and the annual
adaptive power curve derived from the previous one by
equivalent linear transformation of factor a. For example,
in Okok, the dotted pink curve corresponds to a scalable
adaptability performance factor a=1.73. This shifts the
curve towards weaker winds. This value a=1.73 is not
insignificant, and it corresponds to an extrapolation from
10 to 100m each step wind speed of 1 m/s assuming a cor-
rected Mikhaiel power law. We will use this fixed value, or
else, we will adjust a so as to have a realistic load factor.
This corresponds in a way to extending the mast of the
wind turbine to a height where the winds are sufficient.
These figures show the power-speed characteristics of these
five wind turbines selected, based on data from the manu-
facturers, the twelve locations selected, and the simulation
results of these characteristics from the chosen modified
quadratic model. In order to ensure the validation of the
chosen model, we compared the values V; of the speed of
the undisturbed free wind at hub height interpolated at each
step i of 1m-s”, with the values V, of the speed of the
adjusted wind using Eq. (25) obtained by simulation in
Excel. We will present the results obtained on these figures

29

(see Figure 11), comparative graphs with the classic annual
power curve of the wind turbines selected from the previous
one by linear transformation equivalent to modulating fac-
tor “a” of the simulated model with the monthly data esti-
mated at 100m in the twelve locations considered in the
EEZ of Evodoula. The curves representative of the interpo-
lated values and those fitted by each of the models were
first drawn up on the same curve, after which, we selected
the one that best fits the estimated (interpolated) wind
speed data at each location of the EEZ at Evodoula. How-
ever, a comparison of these two models used using the
monthly data for the twelve locations at a height of 100 m
represented in Figure 11 is carried out on the basis of the
characteristic power speeds of wind turbines, ie., rated
power Py, cut-in speed V,, rated speed V, cut-oft speed
V¢, and the Weibull parameters K extrapolated from the
twelve locations (as shown in Tables 2-5) at the height of
the hub of the wind turbine at 100 m according to the alti-
tude recommended in this work. We concluded that the
modified quadratic model is better suited for wind turbines
at this height than the quadratic model which underesti-
mates the power and therefore the productivity (estimated
production). Thus, our choice fell on the modified Pallabaz-
zer model. This result then contradicts Pallabazzer [68] and
Pallabazzer and Gabow [69]. The annual comparison
results from simulations of the performance of the two
models indicated a modulating factor a of between 1.67
and 1.73 over the twelve locations (see Figure 11). It can
be seen that for locations Evodoula, Ekol, Okok, Nkolk-
ougda, and Ayos, an identical modulating factor a=1.73
(very windy locations) was indicated, and for locations
Etok, Ngobo, Ntouda, and Nkotabel, an identical modulat-
ing factor a=1.7 was shown (less windy locations). How-
ever, location Nkolabang showed a different modulating
factor a=1.69 (little windy location), and as for locations
Nloudou and Nkolmeyos II, an identical modulating factor
a=1.67 was shown (slightly windy locations). Therefore,
we will rely on the choice made on the modified quadratic
model to determine the energy produced annually, the
number of production hours at rated power, the total num-
ber of hours produced annually, and the capacity or load
factor which result on the twelve locations. That being said,
we will deduce the choice of proven (optimal) location, so
the known location is Okok.

In Table 7, we represent the values reflecting the esti-
mate of the energy produced by the wind farms for different
rated powers, the number of production hours at rated
power, and the total number of hours produced annually
over the data collection period of 8760 % 40 for the twelve
locations selected for the five wind turbines. The results
obtained are tabulated in this table showing the gross and
net annual energy production (AEP) and the capacity fac-
tors (CF) of the wind turbines calculated using two
methods, namely, the conventional method and the uncer-
tainty method. It can be noted that the highest capacity fac-
tor of 18.4% is obtained almost identically in the locations
Okok and Ayos with NORDEX N100-2.5MW as indicated
in Table 7. This can be attributed to the rated speed of
12m/s and the generation time of 19336.41849h and
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6000 -
5000 +
4000 -
3000 +
2000 +
1000
0 5 10 15 20 25 30 35
Wind speed (m/s)
—— PVESTAS V162-5,6 MW -+ - P.1,73 VESTAS V162-5,6 MW
—— PVESTAS V150-5,6 MW -+~ P.1,73 VESTAS V150-5,6 MW
P VESTAS V82-1,65 MW P.1,73 VESTAS V82-1,65 MW
P Nordex N100/2,5 MW P.1,73 Nordex N100/2,5 MW
—— P Nordex N90/2,5 MW -+ - P.1,73 Nordex N90/2,5 MW
(a) Evodoula
6000 -
5000
4000
3000
2000
1000
0 5 10 15 20 25 30 35
Wind speed (m/s)

—— P VESTAS V162-5,6 MW

—— P VESTAS V150-5,6 MW
P VESTAS V82-1,65 MW
P Nordex N100/2,5 MW

—— P Nordex N90/2,5 MW

-~ P.1,73 VESTAS V162-5,6 MW
—» - P.1,73 VESTAS V150-5,6 MW
P.1,73 VESTAS V82-1,65 MW
P.1,73 Nordex N100/2,5 MW
-~ P.1,73 Nordex N90/2,5 MW
(b) Ekol

Figure 11: Continued.
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FIGURE 11: Strong line: classic annual power curves (quadratic model) of the selected wind turbines. Dotted line: annual adaptive power
curves (modified quadratic model) of the wind turbines selected from the previous one by linear transformation equivalent to factor “a”

selected locations.

19320.10361 h, obtained by the conventional method, or
from 51270.00451h to 51197.81828h obtained by the
uncertainty method, respectively, for the two aforemen-
tioned locations, which is superior to other wind turbine
models. In addition, the VESTAS V150-5.6MW wind tur-
bine model produces the lowest annual energy compared
to other models and has the lowest capacity factor of
6.8%. This can be attributed to the higher rated speed and
generation time of 7133.228008 h obtained by the conven-

tional method. In general, the capacity factor is greater for
wind turbines with lower rated speed. This remark was
observed both for large wind turbines and for small wind
turbines. Moreover, Table 7 shows simulation results for a
sample point in the domain. The AEP at each point was cal-
culated by the conventional method. The total AEP of the
wind farm with an installed capacity of 12.5MW of the
NORDEX N100-2.5MW wind turbine of the twelve loca-
tions of the commune of Evodoula calculated from the
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FIGURE 12: Horizontal interpolation of the wind speed at 100 m (AGL) in 2D in the EEZ of Evodoula over the study period 1980-2019.

conventional method is 2573.010008 GWh. Or using the
modified energy pattern factor method (MEPEM). Thus,
the annual Weibull parameters of the twelve selected loca-
tions were estimated as indicated in Tables 2-5. The AEP
at each point was calculated by the uncertainty method.
The total AEP of the wind farm with an installed capacity
of 12.5MW of the NORDEX N100-2.5MW wind turbine
of the twelve locations of the municipality of Evodoula cal-
culated from the uncertainty method is 6507.18781 GWh.
Based on the capacity factor, it can be concluded that the
NORDEX N100-2.5MW turbine is cost-effective for Ayos
and Okok locations and could be highly recommended for
installation. Figure 12 shows the horizontal interpolation
of the wind speed at 100m above ground level (AGL). To
show the combined effect of vertical extrapolation and hor-
izontal interpolation of wind speeds, the mean wind speed
atlas was plotted at 100 m using the corrected model of Jus-
tus and Mikhaiel [17] given to Eq. (6) and an inverse dis-
tance weighting (IDW) interpolation method proposed by
the present study illustrated in Eq. (12). If the average
annual wind speeds are known for certain places, we can
develop a 2D wind resource map in the EEZ of Evodoula
estimated at 100m from the ground represented in
Figure 12 which shows the average wind speed at these
localities. The observation of this figure shows that favor-
able aggregated surfaces are available for important wind

energy development zones (ZDEE) of Evodoula EEZ. The
determination of all these parameters allows us to identify
the windiest areas and therefore the most suitable for the
optimal installation of wind farms and to make the best
choice for the types of wind turbine to be installed (large
or small power), where the cost per kilowatt-hour produced
is the least expensive. It can be seen that the best candidate
locations for the production of wind energy are Evodoula,
Ekol, Okok, Nkolkougda, and Ayos, all of which have an
average speed exceeding 3 m/s. We conclude that the wind-
iest and most optimal area is the place called Okok. Areas
with a high wind resource are colored in red, located
towards the extreme latitudes (452000 and 460500) for a
range of variation of the average annual speed ranging from
3.018m/s at 3.032m/s, while the areas with low-wind
resources are colored green, located towards the extreme
latitudes (455000 and 460500) at the locations Nloudou
and Nkolmeyos II when the wind speeds are reasonably
low following a range of variation of the average wind speed
ranging from 2.892m/s to 2.908 m/s.

Figure 13 presents the average Gross and Net AEP
resulting from the conventional method and the uncertainty
on the Evodoula EEZ where the amount of AEP in the
south-east zone of the EEZ was greater than in the other
zones of the map resource. The AEP calculated from the
uncertainty method followed a similar trend to the
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TaBLE 8: Specific cost of acquisition of wind turbines ($/MW).

Minimum-maximum Mean specific

Py (MW) specific cost ($/MW) cost ($/MW)
<0.02 2.794-3.810 3.302
0.02-0.2 1.587-2.921 2.254
>0.2 0.889-2.032 1.4605

conventional method where the highest AEP values were
found in the south-east zone of the EEZ; however, as noted
earlier in Table 5, the uncertainty method resulted in suffi-
ciently larger Gross and Net AEPs than the conventional
method. The analysis showed that for the conventional
method and the uncertainty method, in the north-west zone
of the EEZ, the AEP level is low. On the north-east area, most
of the time, the average Net AEP varies from 233.930 to
241.705GWh by the conventional analysis, while by the
uncertainty analysis, it almost reaches 613.476 to
640.875 GWh. Another important parameter for specifying
the location of the appropriate place name is the stability of
the AEP in the area. In addition, the results showed that,
using the conventional method, gross AEP varies within a
range of 114.482 to 119.665 GWHh, in the case of sites Nlou-
dou and Nkolmeyos II, where the amount of gross energy is
low, compared to a range of 155.953 to 161.136 GWh in
the case of sites Evodoula, Ekol, Nkolkougda, Okok, and
Ayos, where the amount of energy is high. As a result, for
the values resulting from the uncertainty method, gross
AEP varies within a range of 262.851 to 281.118 GWh, in
the case of the Nloudou and Nkolmeyos II localities, where
the quantity of gross energy is low, versus a range of
408.984 to 427.250 GWh, in the case of the Evodoula, Ekol,
Nkolkougda, Okok, and Ayos localities, where the quantity
of gross energy is high. The interest of these figures leads to
the conclusion that the most optimal area is the place called
Okok.

4.3. Annual Estimate of the Cost Production Unitary (CPU)
of Wind Electricity Produced per Kilowatt-Hour and the
Present Value Cost (PVC). In order to obtain a technoeco-
nomic analysis of the energy produced, the costs per
kilowatt-hour (kWh) produced by the five wind turbines
installed on the selected locations are evaluated using Egs.
(32)-(38), taking into account the estimated annual energy
production produced and the annual capacity factor previ-
ously assessed with the wind resources available in the
twelve localities studied in the study area. This calculation
is performed for the mean, minimum, and maximum values
of the specific cost of wind turbines (see Table 8). In this
table, we can see that the cost per megawatt decreases with
the increase in the size of the wind turbine. For the above
machine size of 0.2 MW, the mean cost of a wind turbine
is around 1.4605 $/MW, where the minimum cost is in the
order of 0.889 $/MW and the maximum cost is in the order
of 2.032 $/MW.

Figure 14 shows the estimate of the annual variation of
the mean, minimum, and maximum cost production unitary
of wind electricity produced per kilowatt-hour (CPU),
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respectively, of the five wind turbines VESTAS V162-
5.6MW, VESTAS V150-5.6MW, VESTAS V82-1.65MW,
NORDEX N90-2.5MW, and NORDEX N100-2.5MW at
selected locations. The analysis of the results obtained repre-
sented in this figure shows that the lowest value of the unit
production cost of wind electricity produced per kilowatt-
hour varies from 1.45E-04 $/kWh to 3.32E-04 $/kWh. This
value is obtained for the NORDEX N100-2.5MW wind tur-
bine with the wind resources of the place called Okok. The
highest unit production cost of generated wind power ranges
from 1.58E-03 $/kWh to 3.61E-03 $/kWh. This last value is
obtained for the NORDEX N90-2 wind turbine, 5 MW with
the wind resources of the place called Nloudou. Or compar-
atively, these results show that the lowest value of discounted
annual PVC costs ($ million) ranges from 0.035161181 ($
million) to 0.080314208 ($ million). This value is obtained
for the NORDEX N100-2.5MW wind turbine with the wind
resources of the place called Okok. The costs of the highest
present values range from 0.257608306 ($ million) at
0.588937316 ($ million) and 0.172638508 ($ million) at
0.394336161 ($ million). These last values are obtained for
the VESTAS V150-5.6MW and NORDEX N90-2.5MW
wind turbines, respectively, with the wind resources of the
location Nloudou.

In this study, the following estimates were made. The
initial investment cost is equal to the sum of the component
costs. The total investment cost is given by Eq. (33). The ini-
tial project investment is C;, and the operation and mainte-
nance cost is M, which is 15% of the initial investment. The
estimated lifetime of the wind turbine is # to 20 years and a
real interest rate is I of 12%. Table 9 represents the invest-
ment cost structure for a wind farm.

The PVC-levelized costs of the five wind turbines are
estimated using Eq. (36). This calculation is performed for
the minimum, mean, and maximum values of the costs of
the wind farm, initiated using Eqs. (33) and (34) as indicated
in Table 10.

Figure 15 presents the CPU of wind power generated per
resulting kilowatt-hour calculated using conventional and
uncertainty methods on the Evodoula EEZ where the
amount of CPU in the south-east zone of the EEZ was
lower than in the other zones of the resource map. The
CPU calculated from the uncertainty method followed a
similar trend to the conventional method where the lowest
CPU values were found in the south-east zone of the EEZ;
however, for the central zone of the EEZ, an opposite
trend followed according to the two methods; however,
as stated earlier since the average AEP calculated using
the uncertainty method was higher than the conventional
method, the most profitable locations are larger for the
uncertainty method. The results showed that the total
CPU of the twelve locations in the EEZ of the commune of
Evodoula calculated from the conventional method was
0.004471219 CAD$/kWh or 2.14 XAF/kWh, while that of
the total CPU of the twelve locations in the EEZ of the
municipality of Evodoula calculated from the uncertainty
method was 0.000738888 CAD$/kWh or 0.35 XAF/kWh.
In addition, it can be seen that the lowest and highest values
during the period studied (1980-2019) of the average annual
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Evodoula

'VESTAS V162-5,6 MW 'VESTAS V150-5,6 MW 'VESTAS V82-1,65 MW NORDEX N90-2,5 MW NORDEX N100-2,5 MW 'VESTAS V162-5,6 MW 'VESTAS V150-5,6 MW 'VESTAS V82-1,65 MW NORDEX N90-2,5 MW  NORDEX N100-2,5 MW
 CPU mean ($/kWh)  CPU mean ($/kWh)
 CPU max ($/kWh) B CPU max ($/kWh)
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FiGure 14: Continued.
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Nkolkougda
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FiGure 14: Continued.
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Evodoula
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¥ PVC mean ($ million) ¥ PVC mean ($ million)
B PVC max ($ million) B PVC max ($ million)
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(m) (n)
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¥ PVC max ($ million) ® PVC max ($ million)
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= PVC mean ($ million) ¥ PVC mean ($ million)
¥ PVC max ($ million) = PVC max ($ million)
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Nkolkougda
e Ayos

VESTAS V162-56 MW VESTAS V150-56 MW VESTAS V82-1,65 MW~ NORDEX N90-2,5 MW ~ NORDEX N100-2,5 MW VESTAS V162-56 MW VESTAS VI50-56 MW VESTAS V82-1,65 MW ~ NORDEXN90-2,5MW  NORDEX N100-2,5 MW
H PVC mean ($ million) ® PVC mean ($ million)
¥ PVC max ($ million) ¥ PVC max ($ million)
S PVC min ($ million) M PVC min ($ million)

FiGure 14: Continued.
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F1GUrE 14: Comparison of annual estimates of cost production unitary per kilowatt-hour (CPU) and present value of costs (PVC) of the five
wind turbines: V162-5.6MW, V150-5.6MW, VESTAS V82-1.65MW, NORDEX N90-2.5MW, and NORDEX N100-2.5MW: (a) CPU of
Evodoula, (b) CPU of Ekol, (c) CPU of Ntouda, (d) CPU of Okok, (e¢) CPU of Ngobo, (f) CPU of Nkotabel, (g) CPU of Nkolkougda, (h)
CPU of Ayos, (i) CPU of Etok, (j) CPU of Nloudou, (k) CPU of Nkolabang, (1) CPU of Nkolmeyos II, (m) PVC of Evodoula, (n) PVC
of Ekol, (o) PVC of Ntouda, (p) PVC of Okok, (q) PVC of Ngobo, (r) PVC of Nkotabel, (s) PVC of Nkolkougda, (t) PVC of Ayos, (u)
PVC of Etok, (v) PVC of Nloudou, (w) PVC of Nkolabang, and (x) PVC of Nkolmeyos II.

TABLE 9: Wind farm cost structure.

Wind turbines 75%
Transport/lifting 2%
Electrical connection 7%
Miscellaneous (telephone, terrain, markup) 1%
Preliminary studies and procedures 2%
Engineering 5%
Civil engineering 8%

cost of electricity according to the conventional method are
obtained at a location as 0.000238615 CAD$/kWh, i.e., 0.11
XAF/kWh and 0.001159034 CAD$/kWh, ie., 0.55 XAF/
kWh using NORDEX N100-2.5MW and VESTAS V150-
5.6MW, respectively; based on the capacity factor, one can
conclude that the NORDEX N100-2.5MW turbine is cost-
effective for Okok and Ayos locations and could be highly
recommended for installation. Assuming an interest rate of
12%, for the conventional and uncertainty methods, in the
north-west zone of the EEZ, the CPU level is high. In the
north-east zone, most of the time, for the two conventional
and uncertainty methods, the average CPU varied from
0.000238615 to 0.000285878 CAD$/kWh, ie., 0.1 to 0.14

XAF/kWh, and from 0.000033941 to 0.000044165 CAD$/
kWh, i.e., 0.016 to 0.021 XAF/kWHh, respectively. A small part
of the south and north-west and a small part of the north
shore have a fare mostly from 0.000380406 to 0.000427669
CAD$/kWh, i.e., 0.18 to 0.20 XAF/kWh, obtained by the
method conventional, while a small part of the south and
south-east and a small part of the north shore have a tariff
most of the time of 0.000054389 to 0.000064612 CADS$/
kWh or 0.026 to 0.031 XAF/kWh, obtained by the uncer-
tainty method; however, compared to world electricity rates,
the realization of an optimal onshore wind farm consisting of
five 25MW wind turbines with an installed capacity of
12.5MW is reasonable with an interest rate of 12%. The
interest of these figures shows the lowest average CPU higher
wind resource in the north-east zone obtained by the uncer-
tainty method (see Figure 15(b)). Thus, it is decided once
again that the most suitable area for the installation is the
place called Okok.

Table 11 shows the statistics for each wind turbine in the
wind farm. The location of the 5 wind turbines on the loca-
tion chosen with a higher wind resource that we deploy by
synchronizing with Google Earth combined with a GIS to
visualize the location of the wind farm according to the lay-
out of the wind turbines on the maps of evolution of the wind
speed, the gross and net annual energy production, and the
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FiGure 15: Comparison of the cost production unitary (CPU) of electricity produced per kilowatt-hour in 2D in the EEZ of Evodoula
assuming a 12% interest over 40 years (1980-2019) for (a) the conventional method and (b) the uncertainty method.
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0.000033941 ($/kWh) 0.000125954

FIGURE 16: Maps of potential wind resources obtained by synchronizing the location of wind power sites with Google Earth, indicating the
optimal onshore wind farm (5xNORDEX N100-2.5MW) away from 1 x 10D to 4 x 10D, superimposed on the location Okok at 100 m for
(a) projection of the wind turbines (5XN100-2.5MW) on the surfaces of the 2D wind speed map, (b) projection of wind turbines (5xN100-
2.5MW) on the surfaces of the AEP Gross map in 2D, (c) projection of the wind turbines (5xN100-2.5MW) on the surfaces of the AEP Net
2D map, and (d) projection of the wind turbines (5xN100-2.5MW) on the surfaces of the CPU board in 2D.

unit production cost of the NORDEX N100-2.5MW wind
turbine and the topography of the land is shown in
Figure 16) while respecting the layout of the wind turbines
(1 x 10D to 4 x 10D). We thus notice that at the entrance of
the 5 wind turbines, the average annual speed varies from
3.030992 to 3.031862 m/s, and as for the gross annual energy
production, it varies from 425.833923 to 427.250000 GWh/
year. The loss rate due to the wake effect shows that the max-
imum was suffered by the wind turbine (WT4) with
33.334063%, while the lowest loss is around 33.333263%.
Thus, it is noted that the net energy production, without
losses due to the wake effect, varies from 638.755676 to
640.875061 GWh/year. Furthermore, the superimposition
in Table 11 indicates that the total annual energy production
of the optimal wind farm composed of five 2.5 MW turbines
gives a total loss rate because the wake effect is 33.333566%,
thus inducing a gross total annual energy production of
2134.175292 GWh/year to a total net annual energy produc-
tion of 3201.274125 GWh/year. According to statistics from
Our World in Data, annual (CO,) emissions from Camer-
oon’s average national electricity generation mix amounted
to 180.0825 g/kWh [67]. The production of such wind farms
could thus make it possible to reduce gross total annual CO,
emissions by 384327.62202159tCO,/year and reduce total
net annual CO, emissions by 576493.44761531tCO2/year.
In Table 12, the results are obtained after having simulated
the gross and net annual energy production of the wind farm
with a rated power of 12.5 MW on the heights of the munic-
ipality studied at the proven optimal place, and we establish
the economic study of this project which relates to the calcu-
lation of the cost per kilowatt-hour generated from the
onshore wind farm. This economic study was carried out
using the PVC (present value cost) method, the NPV (net
present value) method, and the CPU (cost production uni-
tary) method described in the Section 3.3.13, for estimating
the financial return of our work. Thus, the results of the eco-
nomic study obtained by the uncertainty method are summa-

rized on Table 12, which gives a cost of 0.0034 CAD$/kWh
for the kilowatt-hour produced, relating to a project which
would have cost a total of nearly 11 million CAD$ and a total
net discounted cost of nearly 218 million CAD$ with an over
a period of 20 years. Furthermore, the eventual installation of
the present onshore wind farm with a capacity of 12.5 MW
would have produced nearly 64.0254825 TWh during this
period of 20 years. The annual profit generated (PVB) from
the wind farm would have produced more than CAD$6 bil-
lion. Now that we know how much the onshore wind farm
(of 5 wind turbines) brings in 20 years, we have estimated a
return on investment (ROI) of 2880.882%. This seemed like
a very large number for a return on investment. This means
that for every million dollars spent on the project, an average
annual cash flow (net profit) valued at almost CAD$30 mil-
lion has been achieved. Thanks to this very high ROI, we
can start to establish a budget for a more substantial expendi-
ture over the next 20 years. The expansion of the onshore
wind farm will continue to boost energy over time, thus
ensuring an even higher ROI in the future. In another impor-
tant number, the return time has been determined for a 20-
year life, and the product will have to work for more than 7
years before being paid. Based on the two methods proposed
(the conventional method and the uncertainty method) and
the emphasis placed on the cost production unitary per
kilowatt-hour of electricity by parsimony. These results show
that the construction of a 12.5 MW onshore wind farm at a
place called Okok can be considered economically viable
and parsimonious, especially if we consider the uncertainty
method whose cost is the lowest. In comparison with the
current sale price of electricity from public service compa-
nies in Cameroon, according to the Electricity Sector Reg-
ulatory Agency (ARSEL), the price per kilowatt-hour of
electricity of conventional origin for domestic or residen-
tial sold to individuals (households) varies from 50 to 99
XAF/kWh, i.e., 0.10475 to 0.2079 CAD$/kWh (at low volt-
age level) [70].
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FIGURE 18: Variations of the different levels of probability of exceedance: Py, of 11.60 GWh and uncertainty of 10%, 15%, and 30%.

To optimize the implementation of the onshore wind
farm, stochastic or modulating systems are essential to adapt
and adjust the wind speed data linked to the use of an adap-
tive power curve, obtained by a semiempirical approach of
the parametrized powers (physical and modified) of a wind
power generation system based on the determination of a
modulation factor “a” before they are put into operation in
order to optimize the use of the bandwidth and minimize
the disturbances. In this regard, observed parameters that
are important for wind resource assessment are fitted to
establish probability models. These models can help in the
analysis of the uncertainty of the annual energy productions
(AEP Gross and AEP Net) and of the cost production unitary
(CPU). With regard to wind speed uncertainty, it is com-
monly taken into account in various studies, such as the
determination of wind energy potentials for specific locations
[34, 71, 72], assessment of structural reliability levels [73-75],
or economic and financial estimates [76-78]. The results

obtained were conducted to find the optimal locations for
wind power installations. The reviewed literature shows in
this study how the interest of the combinations of horizontal
and vertical interpolation techniques for wind resource map-
ping using software tools (GIS), with detailed multicriteria
decision-making (MCDM) methodologies (Section 3.2),
shown in Figure 4, successfully solved the problem of identi-
tying optimal locations. In addition, the results obtained
from the uncertainty method were compared with those
from the conventional method. The resulting differences
from conventional analysis and uncertainty can be used for
more accurate decision-making in renewable energy projects.
The small difference between conventional analysis and
uncertainty analysis will result in a large difference in the
generated (adjusted) power. In order to show the accuracy
of the results obtained, the applications and importance of
GIS for wind resource assessment have been explored in sev-
eral case studies. Cheng et al. [79] used a GIS system to
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perform a wind resource assessment in Bolivia, while the
wind characterization and uncertainty analysis is performed
by Amirinia et al. [34] for Persian Gulf. Similarly, the evalu-
ation of the wind resource to determine the opportunity to
deploy wind farms is studied by Tercan et al. [80], Liu et al.
[81], Gil-Garcia et al. [82], and Pakere et al. [83] for Turkey,
China, the USA, and Latvia, respectively. Indeed, geographic
information systems (GIS) are used to assess possible sites for
the installation of offshore wind farms based on wind poten-
tial and LCOE assessment [34, 84-86]. GIS implementations
are used to study the economic feasibility of exploiting off-
shore wind resources in the UK, India, the Persian Gulf,
and Africa. From this point of view, the results obtained on
this paper present a potential interest, a technical, economic,
and environmental value. It focuses mainly on the missing
areas covered by this study and considers twelve specific
cases that show the applicability of the work relying on a geo-
graphic information system (GIS) tool to identify possible
sites for the installation of onshore wind farms based on the
annual energy production (AEP); the evaluation of the cost
production unitary (CPU); the economic aspects having been
analyzed using financial parameters, namely, PVB, AACF,
PVC, NPV, ROI, and PBP; and the environmental aspects
resulting from the qualitative analysis of the reduction of
greenhouse gas emissions. This geographic information sys-
tem (GIS) tool was used to present the results and discuss
the feasibility, sustainability, raising the energy deficit,
strengthening of the energy mix, and reduction of the drop
in the energy bill of renewable energies in the municipality
under study. That said, mastering this software allows us to
effectively analyze and interpret complex data sets, leading
to meaningful insights and impactful solutions.

To finance a wind project, the bank requires the investor
to submit the uncertainties related to the estimate of the
AEP wind farm, in order to limit errors and make the project
more reliable. Proper assessment of uncertainties is essential
in determining the feasibility and risks of developing a wind
energy project. This step is important for a correct analysis
of the economic viability of the project. Figure 17 shows
the variation of the energy production probability indicating
a value close to 11.60 GWh/year with a probability of 22.4%.
The calculated net AEP is the value of energy production
called P5,, which corresponds to the production estimation
center energy in normal Gaussian distribution. This repre-
sents an energy value with a 50% chance of being exceeded.
Figure 18 shows different levels of exceedance probability
depending on the net annual energy production (Net
AEP). This figure shows the same amount of energy in Py,
but with different values for the total uncertainty as indi-
cated in Table 13. This painting shows a project with an
energy P, equal to 11.60 GWh/year and total uncertainty
of 10%, 15%, and 30%. Energy values within P,; and Py,
(75% and 90% probability of overshoot) are used to show
the impact caused by global uncertainty. It is recommended
that the total project uncertainty be around 15%. The energy
values in P, and Py, are respectively 10.08% and 19.22%
lower than the energy value in P, with an absolute standard
deviation of energy production estimate 02 equal to 1.16. It
can be seen that the higher the value of the total uncertainty,
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the greater the difference between P, and the other levels of
probability of exceedance.

5. Conclusions and Perspectives

In this study, the technoeconomic analysis of the wind
potential and evaluation of the cost of production of electric-
ity of wind origin, the case of the twelve locations of the
commune of Evodoula in Cameroon was investigated, by
estimating the shape and scale parameters of the Weibull
distribution function using the energy pattern factor method
(EPFM) and by comparing two methods, the conventional
method and the method of uncertainty, taking into account
a spatiotemporal comparative approach combined with geo-
graphic information system (GIS) tools proposed in this
work. It appears that the research theme of this work related
to a double problem devoted firstly to the development of
maps of potential wind resources and secondly to the appro-
priate optimal design of an onshore wind farm for the
selected locations in this locality in Cameroon. This work
is a tool for decision support, development, and populariza-
tion of research, enabling the technoeconomic analysis of
wind energy potential and the evaluation of electricity pro-
duction costs. The wind energy potential in the Evodoula
EEZ is of interest for the parsimonious production of energy
and the cost of producing wind-generated electricity on the
aggregated surfaces of the wind energy development zones
(ZDEE) in the EEZ. Thus, the use of a (GIS) to make wind
energy viable and parsimonious is the only environment that
allows an aggregate annual energy production (AEP) and an
aggregate electricity cost production unitary (CPU) per the
spatial interpolation procedure using the inverse distance
weighting (IDW) method. Since then, the principal objective
was approached in the content of this study, based on wind
speed data from forty years (1980-2019) of monthly mea-
surements, taken 10 m above the ground in the twelve loca-
tions of the EEZ of Evodoula in Cameroon having been used
efficiently to perform detailed statistical analysis of wind
speed data. The frequency distributions of the wind speed,
the average wind speed, and the two parameters of the Wei-
bull distribution function at a defined latitude and longitude
were calculated at different time scales: four-decadal,
decadal, interannual, annual, and monthly. The modified
power law method is used to extrapolate wind speed at a
defined latitude and longitude to heights greater than 10 m
above ground level (AGL). After estimating the wind map
which was established by numerical wind simulation and
GIS exclusion analysis, annual energy production maps
(AEP Gross and AEP Net) were drawn, but also the maps
of cost production unitary (CPU) of electricity have been
developed. The different models of wind turbines for the
production of electricity at these locations are proposed for
the possibility of installing wind farms on these locations.
Using current wind turbine technologies, the discounted
minimum cost production unitary is estimated, and the
financial return of the onshore wind farm is assessed for
the proven optimal location. The analysis of the results
obtained gave the conclusions and prescribed the following
recommendations:
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(@)

(ii)

(iii)

(iv)

(v)

(vi)

(vii)

Monthly temporal variations in wind speed over
the 40-year period of the twelve locations in the
Evodoula EEZ reveal that the windy months pres-
ent a maximum of the average monthly wind
speed during the periods from July to August,
August being the windiest month. As for the min-
imum, it occurs during the period of the month of
November

The horizontal wind profiles of the twelve loca-
tions correspond closely to the Weibull distribu-
tion function

At 100m height, the wind rose showed a preva-
lence of the wind direction with the average speed
varying between 2.7 and 3.3m/s most significant
from north (N) to north-east (NE)

The location Okok has the most optimal average
annual wind potential of 847.333 W/m? compared
to other locations with an average annual wind
speed of 2.971 m/s and a wind speed greater than
or equal at 3m/s for about 33.92% of time. The
place called Ayos is the second in terms of annual
average wind potential of 846.854 W/m® with an
average annual wind speed of 2.974 m/s and a wind
speed greater than 3 m/s for about 34.23% of the
time. It should also be noted that the highest
monthly average wind potential of 2067.827 W/
m? is reached in August with an average monthly
wind speed of 4.440 m/s, although the place called
Nkolmeyos II has the lowest average annual wind
potential of 75.663 W/m?, with an average annual
wind speed of 1.108 m/s, and the wind blows at
more than 2.844 m/s for 34.87% of the time

The wind potential of the ZIDEE wind energy
development interest areas (Evodoula, Ekol, Ayos,
Okok, and Nkolkougda) in the EEZ is stable and
corresponds to the exceptional class with a wind
speed class of seven during the annual cycle of
period studied

Based on its superior performance compared to
the other four, the NORDEX N100-2.5MW wind
turbine, motivated by its scalable adaptability per-
formance factor “a,” is adaptive preferred for large
community power generation local, because it has
the highest capacity factor and the lowest cost pro-
duction unitary per kilowatt-hour

The annual comparison results from simulations
of the performance of the two models indicated a
modulating factor a of between 1.67 and 1.73 over
the twelve locations (see Figure 11). It can be seen
that for locations Evodoula, Ekol, Okok, Nkolk-
ougda, and Ayos, an identical modulating factor
a=1.73 (very windy locations) was indicated,
and for locations Etok, Ngobo, Ntouda, and Nko-
tabel, an identical modulating factor a=1.7 (less
windy locations) was shown. However, location
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Nkolabang showed a different modulating factor
a=1.69 (little windy location), and as for locations
Nloudou and Nkolmeyos II, an identical modulat-
ing factor a=1.67 (slightly windy locations) was
shown

(viii) The highest capacity factor of 18.4% was almost

identical in the locations Okok and Ayos with
NORDEX N100-2.5MW. This can be attributed
to the rated speed of 12 m/s and the generation time
of 19336.41849h and 19320.10361 h, obtained by
the conventional method, or from 51270.00451h
and 51197.81828h obtained by the uncertainty
method, respectively, for the two aforementioned
locations. However, the VESTAS V150-5.6MW
wind turbine model produced the lowest annual
energy compared to other models and resulted in
the lowest capacity factor of 6.8%. This can be
attributed to the higher rated speed and generation
time of 7133.228008h obtained by the conven-
tional method

(ix) The total AEP of the wind farm with an installed

(x

—

capacity of 125MW of the NORDEX N100-
2.5MW wind turbine of the twelve locations calcu-
lated from the conventional method was
2573.010008 GWh. However, the total AEP of the
farm at each point calculated by the uncertainty
method was 6507.18781 GWh

Based on the comparison of the annual energy
production and the cost production minimum dis-
counted unitary by the two methods (the conven-
tional method and the uncertainty method), the
study of the 12.5 MW onshore wind farm at Okok
shows the possibility of producing electricity at a
parsimonious updated cost per kilowatt-hour for
the entire duration of the installations of 0.0034
CAD$/kWh or 1.62 XAF/kWh. In comparison
with the current sale price of the public service
agency (ARSEL) in Cameroon (at the low voltage
level), this research concludes that the energy cost
of the proposed onshore wind farm in Okok is
much cheaper by more than 98% than the utility
price

(xi) The onshore wind farm built will have the effect of

avoiding the emission of CO, by more than 11 mil-
lion tons equivalent per year (MtCO,,,/Yr) since
the energy produced comes from the atmosphere.
The farm will have to achieve an average annual
cash flow valued at nearly CAD$30 million after
20 years of operation. These savings would allow
the installation of CO, capture systems in conven-
tional power plants

(xii) The proposed onshore wind farm would have cost

a total of almost CAD$11 million and a total net
present cost of almost CAD$218 million over a
20-year period
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(xiii) The onshore wind farm with a capacity of 12.5 MW
would have produced nearly 64.0254825 TWh dur-
ing this relative 20-year period. The annual profit
generated (PVB) from the wind farm would have
produced more than CAD$6 billion. The return
on investment (ROI) or the break-even point of
the project was estimated at 2880.882%

(xiv) Payback time has been estimated at over 7 years
before being paid for over a 20-year lifespan

(xv) Uncertainties and risks have been identified and
quantified to estimate the confidence levels of the
results related to the development of the project.
We recommend that the total project uncertainty
be around 15%. The energy values in P,; and Py,
are respectively 10.08% and 19.22% lower than
the energy value in Ps, equal to 11.60 GWh/year

Recommendations to designers are the following:

(i) When analyzing and comparing the offers submit-
ted by the manufacturers, we recommend updating
the production calculations if necessary to take into
account the latest technical information characteris-
tics of wind turbines. It deserves to be taken into
account to assess performance available on the
power curves in the selected location

(ii) The configuration of the onshore wind farm must
be controlled at the level of the interdistances
between wind turbines. These must be sufficiently
spaced from each other to prevent the turbulence
induced by the wind farm from exceeding the load
limits used during the design of the wind turbine.
If exceeded, it may be necessary to implement a sec-
tor management system to protect the wind turbine
when turbulence levels are critical

(iii) The location and numbering of the wind turbines
are indicated on the map of Figure 16(a). This
deserves to be taken into account when configuring
the wind farm while respecting the minimum sepa-
ration distance between wind turbine and orienta-
tion of 10 times the diameter of the rotor placed
horizontally on a row of 5 wind turbines at the axis
of the dominant winds

(iv) For normative reasons, in order to avoid the influ-
ence of the rated speed on the capacity factor, the
installation height must be 100 m above the ground.
It will be worth it during the process of implemen-
tations to ensure better recovery of stable and opti-
mal energy production successfully and at a lower
cost production unitary per kilowatt-hour

This work constitutes in this regard a decision support
tool, development, and popularization of research making
it possible to demonstrate the technoeconomic analysis of
wind potential and evaluation of the cost of electricity pro-
duction; the wind origin in the Evodoula EEZ is interesting
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for parsimonious energy production and cost of wind elec-
tricity production on the aggregated surfaces of the wind
energy development zones (ZDEE) in the EEZ. The analysis
approach developed is highly interesting for ideal sites
where the technoeconomic studies and evaluation of the
cost of wind electricity production are not known. Indeed,
the spatial distribution of the wind energy potential and
the cost of wind electricity production at 100m above the
ground of the twelve locations considered, in the surround-
ing areas but also in certain places allows us to have a global
view of all the extent of the EEZ considered, in order to
guide policy makers and national and international inves-
tors on the wind energy development interest areas
(ZIDEE) in the EEZ to plan and operationalize an Onshore
wind farm project in Evodoula. On the other hand, this
work is relevant, because it concerns the production of elec-
tricity by wind energy conversion technologies. This pro-
duction system is able of supplying electricity on demand.
Our deep interest in the development of a mathematical
model makes it possible to find a realistic capacity factor
which sequentially gives a better result in the evaluation of
the wind resource and thus indicates the choice of the per-
formance criteria of the wind turbines.

This is why to deal with the evaluation of wind resources
and the development of a wind atlas in the EEZ of Evodoula,
the laws of probability according to a spatiotemporal analy-
sis combined with a geographic information system (GIS)
were proposed in this work, due to the absence of a reliable
and precise wind atlas in Cameroon in general and in partic-
ular in this area of Evodoula. Thus, the use of a GIS to make
renewable energy viable, including wind energy, constitutes
the only environment-allowing aggregate production by
the spatial interpolation procedure. This powerful technique
allows the generation of a continuous surface or regular grid
at a controlled resolution and is a better solution for identi-
tying, visualizing, assisting, deciding, quantifying, modeling,
storing, monitoring, mitigating, and analyzing spatial refer-
ence data when developing renewable energy atlases on
existing and promising renewable energy possibilities in
any municipality or area of Evodoula.

It is concluded that the location Okok has the potential to
install utility wind turbines to produce energy at the lowest
electricity production cost per kilowatt-hour at a recom-
mended height of 100 m. Wind-generated electricity produc-
tion would be profitable and suitable for electrical and
mechanical applications not connected to the public distribu-
tion network. Indeed, in rural areas where the electricity net-
work is not available, the use of autonomous wind systems
with battery and storage and water pumping wind turbines
(domestic uses and irrigation of large agricultural farms with
larger scale and battery charging) is more cost-effective than
diesel generators. Obviously, the implementation of the
research results obtained can be verified by comparing them
to the potential of other countries by identifying the windiest
areas and therefore the most favorable for the optimal imple-
mentation of wind farms and to make the best choice for the
types of wind turbines to be installed (large or small power).

The perspectives of this work are aimed for, on the one
hand, a more complete evaluation of the extractable wind
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potential by the use of modified power models and an eval-
uation of the cost production unitary in the Department of
Lekie that would be of great importance to analyze spatial
variations and identify the best eligible and favorable sites
for the installation of wind farms and, on the other hand, a
comparison of the mapping of the wind resource using GIS
software between the municipalities of the Lekie Depart-
ment, in order to show the quality and impact of simulations
using other methods of horizontal interpolation.

Abbreviations

GIS: Geographic information system

Esri: Environmental Systems Research Institute

mm: Millimeter

°C Degree Celsius

UTM: Universal Transverse Mercator

WGS 84:  World Geodetic System 1984

EEZ: Exclusive economic zone

ZIDEE: Wind energy development area of interest

ZDEE: Zones of development of wind energy
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NCDT: National Committee for Development of
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Lists of Symbols
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