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Résumé 

Cette thèse présente un modèle d'aide à la décision technico-économique pour déterminer 

la conception optimale des turbines éoliennes (WTs) futures, et cela, en fonction du 

potentiel éolien du site sélectionné et les caractéristiques électriques du réseau de 

distribution radial (RDN) connecté. Trois paramètres techniques de WT ont été déterminés: 

le diamètre du rotor, la hauteur de la tour et la puissance nominale. Le modèle a été 

développé à l'aide de la modélisation complète de WT et une stratégie d'optimisation 

technico-économique soumise à des contraintes spécifiques. Cette stratégie permet 

d‘optimiser les paramètres de conception de WT pour déterminer la valeur actuelle nette 

maximale des revenus de l'énergie éolienne. Deux scénarios d‘optimisation ont été évalués, 

la conception optimale de WT est déterminée sur la base du potentiel éolien disponible sur 

le site dans le premier scénario; cependant, le deuxième scénario considère le potentiel 

éolien et la capacité du RDN. Un réseau de neurones artificiels a été utilisé dans ce 

deuxième scénario pour prédire efficacement le potentiel du vent du site sélectionné et 

maintenir la stabilité du réseau. Une évaluation du coût de l‘énergie produite a été 

effectuée en parallèle. Le modèle d'aide à la décision proposé fournit des résultats de 

conception significatifs. 

 

Mots-clés : Conception de turbine éolienne, optimisation, valeur actuelle nette (VAN), 

réseau de neurones artificiels (ANN), réseau de distribution radial (RDN). 
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Résumé Détaillé 

Cette thèse présente un modèle d‘aide à la décision technico-économique pour déterminer 

le dimensionnement optimal des turbines éoliennes (WTs) futures en fonction du potentiel 

éolien disponible sur un site sélectionné et les caractéristiques électriques du réseau de 

distribution radiale connecté (RDN). Trois paramètres techniques de WT ont été 

déterminés : le diamètre du rotor, la hauteur de la tour et la puissance nominale. Le modèle 

d‘aide à la décision a été développé en utilisant une modélisation complète de WT et un 

cadre d‘optimisation techno-économique soumis à des contraintes spécifiques. Ce cadre 

consiste en un problème d‘optimisation dont l‘objectif est la maximisation de la valeur 

actualisée nette (VAN) des revenus de l‘énergie éolienne. Deux principaux scénarios 

d‘optimisation ont été évalués pour atteindre l‘objectif de cette étude. L‘optimisation du 

premier scénario est basée uniquement sur le potentiel éolien soumis aux variables de 

conception géométrique de WT, y compris le diamètre du rotor et la hauteur de la tour en 

raison de leurs impacts directs d‘optimisation de dimensionnement sur l‘énergie, le coût de 

production et la VAN. Les contraintes prises en compte étaient la restriction de puissance 

nominale de WT et le rapport maximal autorisé entre le diamètre du rotor et la hauteur du 

moyeu de la tour. Dans le deuxième scénario, l‘optimisation est basée sur le potentiel 

éolien du site étudié et la capacité du réseau RDN soumis aux mêmes variables de 

conception géométrique de WT du premier scénario, aux variables de conception RDN et 

aux contraintes RDN pour maintenir la stabilité du réseau électrique. En outre, comme la 

caractéristique intermittente de l‘énergie éolienne est liée à la variabilité de la vitesse du 

vent, un réseau de neurones artificiels (ANN) a été utilisé dans ce scénario pour prévoir 

efficacement les vitesses horaires du vent d‘un site sélectionné pour une bonne estimation 

de l‘énergie éolienne générée par les WTs. 

Le modèle d‘aide à la décision technico-économique développé a été vérifié et validé à 

l‘aide d‘un modèle existant dans la littérature, démontrant son efficacité et son 

applicabilité. La sélection optimale de la conception de WT tient compte de la puissance 

nominale, du diamètre du rotor et de la hauteur du moyeu de la tour, ce qui conduit à la 

VAN maximale. Une analyse du coût nivelé de la production d‘énergie (LCOE) a été 

effectuée en parallèle. En utilisant trois sites éoliens différents (Dakhla, Casablanca et 

Tanger), le modèle d‘aide à la décision a été testé dans le premier scénario. Les résultats 
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ont montré que la conception optimale des technologies des WTs est donnée par les 

conditions limites citées, conduisant à la VAN maximale avec un faible LCOE et une plus 

grande exploitation du potentiel éolien disponible à Dakhla et Tanger. Cependant, il a été 

constaté que Casablanca n‘était pas un site rentable pour les projets éoliens avec une VAN 

négative. Dans le deuxième scénario, l‘efficacité du modèle proposé dans la détermination 

de la conception optimale de WT pour différents nœuds de bus dans un RDN a été validée 

en utilisant deux systèmes RDN différents, à savoir IEEE 9 et IEEE 33 Bus RDN. Les 

résultats démontrent que la détermination de la conception de WT n‘est pas liée à la 

puissance du potentiel éolien, mais principalement à la capacité du réseau RDN connecté. 

Les emplacements adéquats parmi les nœuds de bus évalués pour l‘installation de WT ont 

été déterminés en fonction de la valeur VAN maximale présentée par chaque conception de 

WT dans chaque nœud de bus. Le modèle d‘aide à la décision technico-économique fournit 

des résultats de conception significatifs, agissant comme un soutien aux décideurs dans le 

secteur de l‘énergie éolienne. 
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Abstract 

This thesis presents a techno-economic decision support model to determine the optimal 

design of future wind turbines (WTs), based on the wind potential available at a selected 

site and the electrical characteristics of the connected Radial Distribution Network (RDN). 

Three technical parameters of the WT were determined: rotor diameter, tower height, and 

nominal power. The decision support model was developed using comprehensive WT 

modeling and a techno-economic optimization strategy subject to specific constraints. This 

strategy optimizes the WT design parameters to determine the maximum net present value 

(NPV) of wind energy revenues. Two main optimization scenarios were assessed: the 

optimal WT design was determined based on the wind potential available on the site in the 

first scenario; however, the second scenario considered the wind potential and capacity of 

the RDN. An Artificial Neural Network (ANN) was used in this second scenario to 

effectively forecast the wind potential of the selected site and maintain the stability of the 

grid. Parallel evaluation of the produced energy cost (LCOE) was performed. The proposed 

decision support model provided significant design results.   

 

Keywords: Wind turbine design, optimization, net present value (NPV), artificial neural 

network (ANN), radial distribution network (RDN). 
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General Introduction 

Population growth and industrial activity have led to high energy demand and consumption. 

This demand is mostly met by fossil fuel combustion. The reserves of these raw materials are 

limited, and they are responsible for greenhouse gas emissions that impact the climate. The 

effects of climate change are increasingly harming the world. The temperature of Earth is 

increasing. Fossil fuel costs rise every day, especially after the Ukrainian-Russian crisis [1]. 

In recent years, the world has been united to address climate and energy issues by making 

more efforts to reduce their energy dependence and decarbonization, thereby accelerating 

their transition to green energies. Renewable energy is the recommended alternative source 

of energy to meet electrical needs as a free and safe source. By the end of 2022, renewables 

accounted for 40% of the global installed power capacity, with an increase of 1.9% 

compared to 2021 [2]. The Africa renewable installed power capacity share is 23.6% where 

Morocco presented 33.6% of its global installed capacity.  The world has added almost 295 

GW of renewables in 2022, where the wind energy record is 75 GW compared to 2021.   

Wind energy is one of the most competitive renewable energy sources and has been studied 

and integrated into power systems [1]. The penetration of this source as a distributed 

generator in the distribution network of a power system poses many challenges related to: the 

generation uncertainty, voltage stability, power losses, and the quality of the distributed 

power [3]. Voltage stability may extend to the transmission system and cause a power cut in 

the entire system [4]. Inappropriate wind turbine (WT) size and placement may increase the 

system loss [5]. Furthermore, inappropriate design of WTs may not profit from the 

maximum available wind energy at the studied site and may lead to high costs. To address 

these issues for optimal operation and maintaining the stability of the power system, it is 

necessary to develop a decision support model to optimally size WTs according to the 

available wind potential and connected radial distribution network (RDN) constraints that 

enhance their economic benefits to increase the competitiveness of this sector [1], [6]. This 

represents the motivation of the present work, and its originality is contained in a no existing 

WT design in the market proposition.  
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This thesis aims to propose a techno-economic decision support model based on a techno-

economic optimization problem that provides adequate technical design parameters for 

future WTs, including the rotor diameter Dg, tower height Hg, and its nominal power. The 

WT design determined corresponds to the available wind potential at the site of interest and 

to electrical characteristics of the distribution network, having as objective function; the Net 

Present Value (NPV) of Wind energy economic revenues maximization. The proposed WT 

designs in this thesis were not selected from the available WT technology datasheets in the 

market, such as the studies performed in this context, where the optimal design proposed 

among the evaluated ones was that which presented the minimum cost of energy, low power 

loss reduction, or maximum NPV. However, in this thesis, these three WT technical 

parameters are determined through a techno-economic optimization problem resolution, 

which constitutes the novelty of this work. In addition, the most profitable sites and the 

adequate placements among all the evaluated RDN bus nodes for the installation of the WT 

technology were determined, as they presented the maximum value of the NPV. 

The proposed techno-economic decision support model acts as a support for decision makers 

to optimally size WTs as a function of the wind potential at their site of interest and the 

connected RDN characteristics, avoiding sizing issues and power system instability 

problems. Furthermore, it constitutes an inspiration for other research projects on WT design 

optimization to come out at the end with an applicable model in the industry. 

This thesis is organized into five chapters:  

In the 1
st
 chapter, a state-of-the-art analysis of WT design optimization from invention to 

mature market design optimization is introduced in several sections, which illustrate the 

original development of WT technology, an overview of the WT grid connection 

challenges, and a literature review of previous WT design optimization studies showing the 

originality of our work. The optimization of WT technology design studies took two main 

paths: either optimization of WT design parameters or its layout in the entire wind farm 

with or without considering the RDN characteristics in the case of wind energy connection, 

which is presented in the last sections of this chapter.  

In the 2
nd

 chapter, the source of wind, a description of its natural movements on the 

Earth‘s surface, and the approaches used for its quantification are presented. Wind is an 



3 
 

essential element used by WT to produce electricity. Thus, a presentation of WT 

technology components and the principal process for wind-electricity transformation is 

described in several sections. 

The 3
rd

 chapter focuses on modeling the proposed techno-economic decision support 

model. The model includes WT technology for generating electricity and economic 

analysis modeling, mainly NPV and LCOE. In addition, the WT design optimization 

strategy is presented. Two different optimization scenarios are presented to study the 

objective of this work, which consists of determining the optimal WT design based on the 

available wind potential of a selected site and the RDN constraints that is economically 

profitable.    

In the 4
th 

chapter, the results obtained from the first optimization scenario of this study 

are provided and discussed. This optimization scenario consisted of using the developed 

decision support model to determine the optimal WT design parameters based only on the 

available wind potential. Furthermore, the details of the techno-economic optimization 

approach are provided. 

In the 5
th

 chapter, the results of the second optimization scenario that assesses the 

decision support model based on wind site characteristics and RDN system constraints are 

presented. Two RDN systems with different power loads and electrical requirements were 

used in this evaluation. In this chapter, specific WT design parameters are proposed for 

each bus node in the evaluated RDN in response to the grid requirements.  

  



4 
 

 

 

 

 

 

 

 

 

Chapter 1 Wind Turbine Design 

Optimization State of Art 
  



5 
 

1.1 Introduction 

The commercialized design of Wind Turbine (WT) technology is a result of the long 

development history summarized in this chapter. In addition, the continuous annual growth 

of wind energy generation and its penetration into power system networks reveal many 

challenges that affect the reliability of the grid, presented in the second section of this 

chapter. The Decision support systems that optimize Wind Farm (WF) design are 

increasingly required to facilitate and strengthen the exploitation of wind sources [6]. 

Therefore, decision support models are needed to effectively design future WTs production 

chains for a mature market. Many studies have been conducted in this context. In general, 

the decision support models provided for WFs design optimization are classified in two 

categories, either the WTs Design Optimization (WTDO) or the Wind Farm Layout 

Optimization (WFLO). The WFLO consists of optimizing the WTs in the entire WF by 

optimizing the layout of the WTs [6]. However, WTDO consists of optimizing a single WT 

parameter. Based on a state-of-the-art analysis of previous studies, the WF design 

optimization under the objective of WTDO or WFLO was performed with and without 

considering the electrical constraints of the connected Radial Distribution Network (RDN), 

as presented and discussed in the last sections of this chapter.  

1.2 Wind Turbine Invention History  

The earliest mentions of the use of wind power come from the East [7]. The WT 

technology design was inspired from the ancient windmills design. Reference to the 

windmill refers to the seventh century, as mentioned by Ali al-Tabari (A.D. 834-927) [7]. 

Furthermore, a Persian technician named Abu Lu'lu'a announced to Caliph Omar his ability 

to construct windmills before A.D. 644 [7]  [8]. This incidence may demonstrate the 

possibility of existence of windmill in the Islamic world in the middle of the seventh 

century. Thus, the invention place was in the early Muslim or even pre-Muslim times [7]. 

However, the first operation of windmills was in Sistan region with vertical-axis in the 

tenth century (see Figure 1. 1). This region was described by al-Mas‘udi (A.D. 896-956) as 

the land of winds and sand [7]. The wind drives mills through the aerodynamic drag forces 

for water pumping and grain grinding. This invention was spread throughout Islam and 

beyond to the Far East. 
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Figure 1. 1 Sistan windmill [7] 

Windmills have been known in Spain since the IX
th

 century before those in Portugal. Ibn 

Mucane referenced the first known windmill in Portugal where he lived around X
th

 century 

[9]. Windmill diffused in the XI century to the entire area of influence of the 

Mediterranean, spread by the Islamic civilization, reaching the southern half of the Iberian 

Peninsula conducting to a distinguishable typology of Mediterranean windmill such those 

built in Andalus (see Figure 1.2) [9].  

 

Figure 1. 2 Andalus windmills [9] 

Mediterranean windmill was spread to Europe from Spain through the Caliphate of 

Córdoba. New windmill generation with horizontal-axis was appeared at the end of the 

twelfth century in Northwest Europe. 

In the 19
th

 century, windmills were replaced by electric pumps because of the increase for 

electricity demand[7]. Therefore, electrical WTs began to appear at the end 19
th

 century, 

where Brush created a WT with a power capacity of 12 kW in Ohio 1888 (see Figure 1. 3) 

[7] [10] [11]. The next important step in the transition from windmills to WT generators 
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was taken by Professor Poul La Cour in Denmark [7]. He installed his first electrical WT 

with a power capacity of 18 kW at Askov in 1891 [11].  

 

Figure 1. 3 Brush electrical wind turbine [11] 

Due to the successive development of WT technology, the onshore commercial WTs in the 

early 2020 were nearly 70 times the size of the commercial turbines installed in the early 

1980, passing from 65 kW to 4500 kW [10], [12]. The rated power capacity of most recent 

installed onshore WTs is in the range of 2 to 3 MW such as those installed in the first phase 

of Taza wind project launched in 2022 in Morocco, in a vision to satisfy 52% of installed 

renewable electricity in the horizon of 2030 [13]. This project has a global power capacity 

of 150 MW, where 87 MW constitutes the first phase installed in Taza using 27 WTs of 3.2 

MW with a rotor diameter of 130 m. Figure 1. 4 shows the design of recent generation of 

installed WTs.  

 

Figure 1. 4 Recent generation of wind turbines design  

installed (Simens Gamesa 3.47 MW, rotor diameter 132 m) 

[14] 
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The invented WTs could be classified based on their rotational axis in two main categories, 

vertical axis (VAWT) and horizontal axis wind turbines (HAWT) (see Figure 1. 5). 

Several VAWT have appeared after the ancient Persian mills such as Darrieus 4.5 kW 

installed in France in 1930 [11], but they are currently less used . Actually, the most 

commonly commercialized and used WTs are HAWTs configuration with three-blade rotor 

upwind of the tower in which the rotor is facing the wind [12]. HAWTs operate under 

more powerful and stable wind speeds compared to VAWT. They have a higher 

aerodynamic efficiency and start autonomously providing several megawatts generating 

capacity.  

 

Figure 1. 5 Schematic of horizontal and vertical axis wind turbine [15] 

In this thesis, only onshore WTs with horizontal axis are treated view their dominance in 

the market and their high application for energy generation, which compete actually the 

fossil fuels. 

1.3 Wind Turbine Grid Connection Challenges 

In the last decade, wind energy has become one of the most competitive renewable sources 

of energy and has been integrated into existing power systems [1] [16]. The global installed 

wind capacity in 2022 was 899 GW, and the onshore wind energy was 836 GW (see 

Figure 1. 6). 65.7 GW of onshore wind energy capacity was added compared to 2021 [2]. 
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In 2022, Africa‘s onshore installed capacity reached 7.69 GW where South Africa, Egypt, 

and Morocco having the highest shares of 3.1, 1.64, and 1.56 GW respectively. 

 

Figure 1. 6 The global installed wind capacity [17] 

Small and large WT groups can be integrated into the distribution network with voltage 

level of 0.4 kV to 33 kV and 66 kV, respectively, in the case of onshore farms. However, 

many offshore WTs are integrated at voltage levels higher than 100 kV (see Figure 1. 7) 

[16]. 

The penetration of this source as a distributed generator in the distribution network of a 

power system poses many challenges that affect the operation and reliability of power 

systems. These challenges are related to the generation uncertainty, voltage stability, power 

losses, and quality of the distributed power [1], [16]. Thus, all Wind energy producers 

should adhere to specific available grid codes that include network technical specifications, 

imposed by electrical transmission companies for efficient operation of the electrical grid 

[16]. Grid codes include frequency and voltage variation requirements, reactive power, and 

power-factor regulation capabilities. In the present study, we focused on overcoming the 

generation uncertainty, frequency, and voltage stability challenges to improve the quality 

of the wind power generated and distributed to the grid. The details of these challenges are 

presented in the following paragraphs. 
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Figure 1. 7 Wind turbine integration into power system [16]  

 Output power prediction 

Before integration, grid operators were interested in understanding the details of the 

generation, as wind energy is an intermittent source related to the stochastic behavior of 

wind speed. Therefore, the prediction of WT output generation helps manage the 

network and reduce the production cost, as the absence of prediction requires the 

presence of large quantities of spinning reserves [16]. Spinning reserves refers to 

available amount of power generation capacity that exceeds power load, used to 

respond to sudden load changes or loss of generator [18]. Integration of energy storage 

systems is a mechanism used to maintain power supply and demand balance, but it has 

a high initial and operational cost. Intelligent prediction approaches, such as artificial 

intelligence, have demonstrated efficiency and accuracy in dealing with nonlinear time 

series owing to their adaptive nature and flexibility. These techniques are based on 
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historical data to forecast future power generation such as wind power. This method 

was used in our study to address the wind energy generation uncertainty challenge. 

 Voltage or Reactive power support  

The WT can maintain the stability of voltage within the point of common coupling 

(PCC) voltage limits in the grid by controlling reactive power production [16]. The WT 

generators used for electricity generation are mostly induction generators. These 

generator types consume reactive power for excitation to begin producing electricity. 

Therefore, they cannot support a grid with reactive power like the synchronous 

machines.  Researchers have focused on improving this function of WTs. WTs can 

provide a network with voltage support through power electronic voltage converters, 

which are part of the control circuit. This converter was allowed to overload during the 

transient fault to avoid an increase in voltage values of the DC link connection above 

the permissible limit [19]. 

There is another way to control the voltage in power systems while integrating WTs, 

which consists of operating these turbines at a fixed power factor, where the reactive 

power is provided according to the active power generated by these WTs.  This second 

approach is used in our study, where no reactive power is expected to be generated 

conducting to power factor equal to 1. Furthermore, the voltage limits at the PCC were 

considered. 

 Frequency stability support 

The stability of the frequency of electrical networks penetrated by wind energy 

involves managing the balance between generation and demand [16]. This challenge 

was addressed in our work by providing a specific amount of wind power according to 

the load demand. 

1.4 Wind Turbine Design Optimization without Radial 

Distribution Network Analysis 

Several studies have been carried out to optimize the design of WFs, focusing on WTs 

Design Optimization (WTDO) and Wind Farm Layout Optimization (WFLO) without 

assessing network connection challenges. As mentioned before, the WFLO consists of 
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optimizing the WTs in the entire WF by optimizing the layout of the WTs [6]. However, 

WTDO consists of optimizing the WT design parameters. 

1.4.1 Wind Farm Layout Optimization 

At WFLO level, a novel optimized WF control strategy with multiple WT tower heights 

selection for a real WFLO was used in [20]. They proved the flexibility of multiple WT 

tower heights installation, reduction of the Cost of Energy (COE) produced, and the 

efficiency of WF was enhanced. Abdulrahman and Wood [21] optimized the layout of WFs 

for onshore and offshore conditions including different commercial turbines using a Matlab 

genetic algorithm. Results showed that the maximization of the capacity factor acted as a 

midpoint between the two design extremes of maximizing power output and minimizing 

the COE. Using a gradient-based algorithm and an adjoin method for the gradient 

calculations, the WFLOs in both flat and complex terrains were presented by Antonini et 

al. [22]. This permitted the use of computational fluid dynamics models to accurately 

simulate wake effects and terrain-induced flow characteristics. By optimal siting turbines 

over complex terrains exploiting turbine and terrain induced flow features, the outputted 

energy was improved. Charhouni et al. [23] performed an offshore WFLO to optimally 

design the WF area that maximizes the extraction of wind power with low cost. That was 

achieved through optimal WTs placement determination in the WF using a genetic 

algorithm and by assessing the impact of commercial WTs on WF objectives. They 

observed that WF design using big WTs presented the best design layout. 

These WFLO studies had the objective of maximizing the efficiency of WFs with low cost 

of energy (COE), evaluating sometimes the commercial WTs effect in objectives 

achievement, but there wasn‘t any improvement in the design of these existing 

technologies according to wind potential on the site of installation and RDN constraints. 

1.4.2 Wind Turbine Design Optimization 

At WTDO level, the WT technical parameters were optimized such as blades, tower height 

(Hg), rotor diameter (Dg), and nominal power (Pn,g). 
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1.4.2.1 Wind Turbine Blade Design Optimization 

WT blade design optimization had constituted the only interest of some researchers to 

maximize the efficiency of WT. WT blade geometry design was optimized by Tahani et al. 

[24] for maximum available power extraction with an influence investigation of 

geometrical parameters including chord and twist distributions and also airfoils on the 

performance of the turbine in 1 % and 8 % turbulence intensities. A design optimization 

study of Small scale WT blades and their aerodynamic parameters performance was 

performed by Balijepalli et al. [25] for a Solar updraft tower, increasing the maximum 

power output extraction from wind. A curved WT blade design was optimized by 

Sessarego et al. [26] using neural networks and an aero-elastic simulator with synthetic 

inflow turbulence conducting to increase the power production by 1 % and slight increase 

of mean thrust on the rotor of 0.02 % compared to the straight one. The flexibility of WTs 

blades was investigated by Cognet et al. [27] through WT material optimization to 

maximize the overall turbine efficiency for any required geometry of classical horizontal 

axis turbines; resulting in 5 % and 20 % lighter than the current rigid blades 

These WT blade design optimization studies focused on maximizing the efficiency of WT 

for maximum wind power extraction. No RDN constraints and economic assessment was 

done at this stage.  

1.4.2.2 Wind Turbine Tower and Blade Design Optimization 

Optimization of WT tower and blade simultaneously is another research objective studied 

to minimize the COE [6] [1]. WTDO at low wind speed areas was performed by Yang et 

al. [28] providing the blade length and tower height ‗Hg’ tradeoff that minimize the COE. 

Results showed that Hg enhancement had more significant effect than rotor diameter ‘Dg’ 

on COE minimization. Ashuri et al. [29] presented also a WT blade and tower design 

optimization study under fatigue, stresses, and deflections constraints that reduced the 

Levelized Cost of Energy ( LCOE) by 2.3 % for a representative Dutch site. A multi-

objective optimization method of WTs design at the system level using a coupled blade-

tower model and sorting genetic algorithm was presented in Zhu et al. [30] to find the best 

tradeoff solutions between the energy output maximization and WT mass minimization. 

Good results were achieved. Wass [31] determined the optimal WT Hg to Dg ratio that 
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minimizes the COE through an optimization study of a simulated WT design using an 

Excel based optimization program. An aspect ratio closer to 0.5 nearing 200 m in diameter 

was estimated for future large scale WTs. In the same objective of COE minimization, 

Song et al. [32] and Mellal and Pecht [33] carried out the design optimization of WTs 

considering the altitude. In addition to rotor radius and tower height evaluation, the WT 

nominal power was limited and maximized with respect to wind potential variation with 

the altitude. Results of the both studies showed an increase in the COE with the increase of 

altitude. The best WT design parameters were found within the design limits in [33]. A 

multidisciplinary design optimization technique was used in [34] to investigate the 

economic attractiveness and technical feasibility of optimized up-scaling WTs with a 

power capacities of 5, 10, and 20 MW. WT tower and rotor were the design variables 

studied to minimize the levelized cost of energy. Results showed that the evaluated WTs 

were technically feasible but their costs were expensive [1]. 

Considering the above mentioned studies, it can be concluded that the main objective in 

WT tower and blade optimizations was the COE reduction. These studies did not evaluate 

also the integration of WTs in the distribution network; while the optimal design 

parameters were provided. 

1.4.2.3 Wind Turbine Tower or Rotor Diameter Optimization 

Optimization of single WT design parameters such as tower or rotor diameter constituted 

the only interest of some researchers [1]. WT tower height was optimized for the 

optimization of WFs in [35] and [36], to maximize the WFs energy output and reduce their 

cost. The optimal design of a steel conical turbine tower for offshore applications was 

studied by [37], considering tower thickness and bolt type as design variables. 

Optimization of WT rotor diameter was performed in [38] using a co-design optimization 

study minimizing the cost of energy. The main objective was novel designs development 

for the future generation of turbines designed for mature markets based on a WT baseline 

design with a power capacity of 5 MW and a rotor diameter of 206 m. Results indicated an 

increase in rotor diameter to 220 m, reducing the cost of energy by 1.3% without affecting 

loads at the tower base. In [39], the rotor diameter was one of design variables studied to 

optimize the aerodynamic geometry design of a small-scale WT (1 kW) blade enhancing 



15 
 

the output power. The resulted new WT design showed more output power at lower wind 

speed value than the tested turbine. 

Enhancing the output power and reducing the COE are the principal optimization 

objectives studied at this stage. Provided WT design data not suggested based on the 

available wind potential at a selected site and there were no evaluation of RDN constraints 

1.4.3 Wind Farm Layout and Wind Turbine Design Optimizations 

- WFLO and WTDO at the same time constituted another research axis studied to improve 

the overall WF design performance [6]. A framework for WFLO and WT technical 

parameters optimization mainly Dg and Hg was involved in [40] to accelerate the design 

analysis and optimization of WF using real WF terrain and conditions. The framework 

provided contained a set of analytical wake models and wake superposition schemes that 

considered the partial influence of one turbine on another, resulting in increased annual 

energy production, reduced cost and land usage. The optimal size and height of WT plus 

the WF layout selection, in addition to the strategic onshore or offshore allocation of WFs 

were studied by [41] to reduce the wind-powered hydrogen supply system cost using a new 

optimization model. Coupled turbine design parameters (Hg, Dg, Pn,g, tower diameter, 

tower shell thickness, and implicit blade chord-and-twist distributions) and layout 

optimization demonstrated better results in WFs optimization than separate optimization 

procedure, and by including two different turbine designs in the same WF, the COE was 

minimized [42]. 

These studies did not evaluate the economic revenues of a project with such optimized 

coupled approach of WTDO and WFLO and its feasibility that attracts the investors. The 

only interest was COE minimization like the previous studies.  

- The economic incomes evaluation of coupled WFLO and WTDO was treated by 

maximizing the NPV in [43] using a proposed environmental decision support system for 

the sustainable design of WFs with complex orography. WFLO was performed based site 

selection over a regional territory and WTDO is conducted by selecting the optimal 

technology design among a set of thirteen evaluated technologies. For maximization of 

welfare of the electricity sector and to guide the agent‘s decision-making, [44] defined also 
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the optimal combination of WFL and WTD to be installed through an optimization 

methodology where one of its objectives studied was the NPV. 

The objective of the design provided in the both mentioned studies is to maximize the WT 

net revenues (NPV) without assessing the grid connection issues of the studied WFs. In this 

thesis, we focused only on WTDO evaluating the grid connection challenge, using a more 

powerful economic analysis of the optimized WTs design (LCOE and NPV). 

1.5 Wind Turbine Design Optimization with Radial 

Distribution Network Analysis 

1.5.1 Power Flow Optimization in Radial Distribution Network 

Optimal power flow in RDN while integrating wind energy presents an important 

challenge to overcome [1]. The optimal dispatches of active and reactive powers in an 

active distribution network were optimized simultaneously using a developed economic 

dispatch model that considers the spatial temporal correlation of wind power output [45]. 

The model provided enhanced the operation efficiency of the system by maintaining the 

stability of system voltage level and loss, reducing the operational cost. Using a 

metaheuristic method called the Aquila Optimizer, a stochastic optimal power flow was 

presented in [46] to obtain the best scheduled power from WFs integrated into the power 

system minimizing the total operational costs. 

In these studies, WTDO was not studied for the treated WTs integrated into the power 

system. They investigate the optimal power flow in RDN while connecting WTs to 

minimize the operational cost. 

1.5.2 Wind Turbine Design and Placement Optimizations in Radial 

Distribution Network  

- WTDO and its optimal location in the RDN, in addition to the optimal power flow in the 

power system constituted another research interest to enhance the efficiency of the power 

system [1]. For the stability of the power system voltage and power loss reduction, the 

optimal location and size of the WT were found using the Grid Search Algorithm and Salp 

Swarm Algorithm in [4] and [5] respectively. Different penetration levels of WT active 
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power and different power factors were evaluated in [4]. For an energy loss reduction of 

66%, three WTs in a 69 bus tested system were integrated [5]. considering the WTs 

reactive power capacity, wind speed, and demand curves and minimizing also the power 

losses in AC distribution network, the optimal placement and sizing of WTs were studied 

in [47] using a developed optimization model and by restricting the maximum number of 

installed WTs in the tested RDN to three. Furthermore, an ANN was used for short-term 

forecasting, to address the uncertainties in wind power generation [47]. 

In these studies, the optimal location and size of WTs in the distribution network were 

corresponded to the bus node that had presented the minimum power loss value. In 

addition, there was no evaluation of the economic benefits of WT installation in the RDN. 

- WT design and location optimization in the RDN with economic evaluation was rarely 

realized by researchers. Minimization of the total energy loss and maximization of NPV 

economic indicator associated with the WT investment over the planning horizon are the 

main objective functions studied in [48] using a multi-objective optimization method to 

determine the optimal number, size, and placement of WTs among different WTs selected 

and candidate buses. [3] proposed a decision framework to optimal plan wind power plants 

in a distribution network with technology selection for various bus locations maximizing 

also the NPV. 

In these studies, the optimal WT size was selected among evaluated technologies from the 

market, and the best bus locations for WTs installation were based on the wind profile. A 

not commercialized WT design is proposed in this thesis and the best bus location is 

selected from an economic analysis of NPV. 
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1.6 Conclusion 

In this chapter, a state of art analysis of WT historical development and previous WTDO 

studies are presented. On one hand, the main objective shared between the optimization 

studies performed without RDN evaluation was the energy generation efficiency 

enhancement to reduce the COE. The optimal WT design determination was selected in 

general among tested commercialized technologies according to the maximum NPV or 

minimum COE generated [6]. There was no study that gives a decision support model to 

optimally size the WT based on the wind potential available on the studied site. In contrast, 

the first research objective of this thesis is to provide a techno-economic decision support 

model that gives the suitable WT design parameters (Dg, Hg, and nominal power) for 

onshore applications based on the wind potential of the selected site, maximizing the NPV 

of wind system revenues assessing in parallel the generated LCOE.  

On the other hand, at WTDO with RDN electrical characteristics evaluation, we conclude 

that the optimal WT size and location in the RDN were given either for power loss 

reduction, NPV maximization, or both. Furthermore, the optimal WT design provided was 

often based on the tested commercialized technologies or on the design corresponded to the 

bus location presenting minimum power loss value [1]. No study had assessed 

simultaneously the available wind profile of the evaluated site and the RDN characteristics 

while determining the optimal WT design evaluating in its objective, the economic benefits 

of the design provided. This constitutes the second research interest of this thesis. The 

techno-economic decision support model developed in the first step of this thesis is 

employed with RDN constraints to determine the same optimal WT design parameters (Dg, 

Hg, and nominal power) and candidate RDN bus locations for the installation of WT.  

The proposed WTs design parameters in this report are not selected from the technologies 

datasheets available in the market like the mentioned studies in this chapter but they are 

proposed in this work. That constitutes the originality and one of the novelties realized in 

this work. 
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2.1 Introduction 

The profitability of a wind turbine (WT) in terms of power generation initially depends on 

a good definition of the wind speed. First, the objective of this chapter is to introduce the 

origin of the wind source and its movements on Earth‘s surface. The efficient methods for 

wind quantification are presented in a second section. This chapter also provides a 

description of the different components of WT technology through which the wind speed 

potential is exploited to produce electrical energy. To this end, a detailed description of the 

operation process of the WT blade airfoil, which is mainly responsible for the rotor 

rotation, is presented. Furthermore, the WT output must be monitored and controlled 

because the wind speed varies randomly. Thus, a power control strategy was presented. 

Different types of generators are used with WTs, which provide different power properties. 

Therefore, WT generators were defined. Brakes are important devices integrated into the 

WT structure to control the rotational speed of the wind rotor. This rotor can be operated 

by following different rotational speeds to capture the maximum possible wind power, as 

described in the last section of this chapter.  

2.2 Wind Origin 

Wind is the mean parameter required by wind turbines to generate electricity. 

Understanding the construction of this natural element and its movements at earth‘s surface 

is necessary to improve the installation of WTs and their operational efficiency. Wind 

results from the circulation of airflow produced by temperature variations. This variation is 

due to the unequal repartition of solar radiation over Earth‘s surface, as described in 

Figure 2. 1[49] [50]. 

 

Figure 2. 1 Solar radiation repartition over the Earth‘s surface [50] 
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1.74 kWh of solar energy is absorbed every day by the earth, and 2% of this energy is 

converted into wind [51]. Temperature differences lead to differences in pressure. Air 

circulates from a region of high pressure to a region of low pressure. The higher the 

pressure gradient, the more powerful the wind speed generated. There are two main types 

of winds: global and local.  

2.2.1 Wind at Global Scale 

2.2.1.1 Definition  

At the global earth surface and because of its sphericity, the sun's rays are perpendicular to 

the equator and parallel to the poles, as shown in Figure 2. 1 [49] [50]. Sun‘s rays spread 

over a more large area at poles conducting to less heat of this surface than at the equator. 

Furthermore, the ice, snow, and cloud cover at poles creates a higher albedo, reflecting 

more solar radiation than they absorb compared to the equator [50]. Therefore, the air is 

warmed at the equator and cold at the poles, resulting in surplus heat energy in tropical 

regions and a deficit in Polar Regions, as shown in Figure 2. 2 [52]  [50]. 

 

Figure 2. 2 The balance between heat gain and heat loss as a 

function of latitude [50]  

This surplus heat energy is transferred toward the poles by natural convection, which 

moderates the climate. Therefore, the tropics and poles are protected from being heated up 

or frozen because of the excess heat or deficit [52] [50]. 



22 
 

The air pressure at the poles is greater than that at the equator. Thus, warm air moves from 

the equator towards the poles to be cooled and reaches buoyant equilibrium with the 

surrounding air [49]. The expansion of air creates a low pressure [51]. Unlike the cold pole, 

where the air descends towards the equator to be warmed and equalizes the pressure [49], 

[51]. These cycles are repeated on the global Earth surface. Wind movements are 

influenced by the rotation of the earth, providing a force called the Coriolis force, which 

deflects the direction of the wind [49]. 

2.2.1.2 Coriolis Force 

This force was named after the French mathematician Gaspard-Gustave de Coriolis (1792–

1843) [51]. Under this force effect, the wind is always diverted to the right in the Northern 

Hemisphere from the point of origin, and to the lift in the Southern Hemisphere, as 

described in Figure 2. 3 [50].  

 

Figure 2. 3 Wind Direction under Coriolis Effect. Objects 

moving from the equator towards the poles (red arrows). 

Movement from high latitudes to low latitudes (green 

arrows) [50] 

As mentioned previously, air moves from the equator to the poles. However, air circulation 

is stopped at 30° latitude north and south before arriving at the poles because the warmed 

equatorial air meets a high-pressure area of cooler air [51] [53].  This involves the 

apparition of three different wind cells classified into three hemispheres describing the 

wind circulation over the Earth‘s surface: Polar, Ferrel, and Hadley cells. In Polar and 
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Hadley cells, the wind blows towards the equator [50]. However, it blows towards the 

poles in the Ferrel cell, as shown in Figure 2.  4. 

 

Figure 2. 4 Atmospheric Convection Cells and Prevailing 

Wind Patterns [50] 

The circulate wind inside these cells deviates under the Coriolis Effect towards the west or 

east, defining the worldwide prevailing wind patterns, namely, Easterlies, Westerlies, and 

Trade winds, as described in Figure 2. 4 [50] . In the polar hemispheres between 60° and 

90°, we found that easterly winds blow from east to west and are often weak and irregular. 

Westerly winds are dominant and blow across the mid- or horse latitudes between 30° and 

60° of the earth and circulate from west to east. Trade winds are found in the tropics 

towards the equator at latitudes of 0° and 30°, and they circulate from the northeast in the 

Northern Hemisphere and from the southeast in the Southern Hemisphere. 

2.2.2 Wind at Local Scale 

Wind movements are influenced by other factors such as local geographical and 

topographical conditions that define the local prevailing winds and their directions, such as 

sea/land and mountain/valley breezes [51]. 
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2.2.2.1 Sea and Land Breezes 

Sea breeze occurs during the daytime, when seawater warms more slowly than on the land 

surface. Therefore, the warmed air beyond the land with less density rises, and the high 

pressure of sea air moves behind it into a lower pressure, resulting in onshore wind [51]. 

The opposite of this path occurs at night, resulting in offshore wind. This process 

characterizes the land breeze. The both processes are shown in Figure 2. 5 [50] 

 

Figure 2. 5 Land and Sea Breezes [50] 

2.2.2.2 Mountain and Valley Breezes  

Mountains have a significant effect on wind direction [51]. During the day, the mountain 

slope air is heated by the sun and ascends the mountain slopes, generating a valley breeze 

[54]. At night, mountain breezes are created where mountain slopes are cooled and cool 

dense air descends into the valley. These breezes occur mostly in calm and clear weather 

conditions. 

2.3 Wind Quantification 

Wind speed variation exhibits stochastic behavior that impacts the energy generated by 

WTs. Therefore, it is necessary to quantify this variation over time [49]. There are many 

efficient statistical methods used to model and describe the variation in wind speed, such as 

Rayleigh and Weibull distributions [49] [16]. These models can be used to estimate the 

annual wind energy generated. The Rayleigh distribution is a special case of a Weibull 

distribution with a shape parameter equal to two [55] [49]. The Weibull method is the most 

commonly used method to provide a good description of wind speed distribution [56] [6]. 

Therefore, this method was adopted in this thesis. 
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2.3.1 Weibull Distribution. 

This distribution is characterized by a probability density function called the Weibull 

probability density function, which represents the probability of observing wind speed v in 

(m/s) [6].  This function is associated with two main parameters, namely scale C
l
(m/s) and 

shape k
l
, which permit the definition of the wind distribution at a specific location l. The 

Weibull function is expressed as follows [3] [1]: 
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The Weibull parameters (C
l
(m/s) and k

l
) can be determined using several methods, such as 

graphical [49], standard deviation, Lysen, and Moroccan methods [57], [58]. 

2.3.1.1 Standard Deviation Method 

The standard deviation formulas for k
l
 and C

l
 determination are as follows [57], [58], [1]: 
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Where, Γ is the gamma function, vaverage is the mean wind speed, σ is the standard deviation 

of wind speed, and 𝑁 is the number of wind speed samples [1]. 

2.3.1.2 Graphical Method  

Based on the double natural logarithm of the cumulative distribution probability        of 

the Weibull probability density function, given by the following function [49]: 
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The cumulative distribution probability requires a frequency table to be manipulated as 

follows:  

             
                                                        ( 2.8) 

             
                                               ( 2.9) 

The Weibull parameters can be determined through linear regression by plotting   

  [             ] versus         , giving a straight line to the actual wind data 

characterized by a linear equation [58]. The slope of the line represents the Weibull shape 

coefficient, k
l
, and the intersection point with y axis represents           , from which 

the Weibull scale factor, C
l
 can be found.  

2.3.1.3 Lysen Method 

The Lysen formulas for Weibull parameters determination are given by [58] 
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2.3.1.4 Moroccan Method 

This method was used to evaluate the Moroccan potential [57]. Using this approach, k
l
 and 

C 
l
 can be determined using the following equations. 
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2.3.1.5 Methods Accuracy Analysis 

The regression coefficient ‗R‘ and Mean Square Error ‗MSE‘ are the error indicators used 

to select the most accurate method for determining the Weibull parameters that correctly fit 

the actual measured wind speed distribution. Good fitting results were obtained, with an R 

value close to one and an MSE near zero. The R and MSE equations are as follows [59] [1]: 
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Where, 𝑁 is the number of samples,        is the measured wind speed,         is the 

predicted wind speed, and (      ̅̅ ̅̅ ̅̅ ̅, and         ̅̅ ̅̅ ̅̅ ̅̅ ) are the actual mean value. 

2.3.1.6 Weibull Parameters Extrapolation 

The Weibull probability density function f 
l
i describing the wind speeds is adjusted 

automatically with the estimated WT tower height Hg given by the present techno-

economic decision support model to f 
l
i,,h, by extrapolating the Weibull parameters k

l
 and C

l
  

calculated using the available wind speed data at an initial height H0 to a new height Hg 

using the modified Mikhail formulas given in [60], [61]. The extrapolation method permits 

the analysis of the impact of the WT tower height Hg variation that occurred during the 

evaluation of the developed decision support model on the wind speed distribution, the 

energy generated by the WT, and the whole WT techno-economic design optimization 

problem presented in the next chapter. The formulas adopted for extrapolation are as 

follows [60], [61] : 
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Where, p is the power law exponent, hr is the reference height equal to 10 m given by [61] , 

α0 is the surface roughness exponent, z0 is the surface roughness length of the site, Hg is the 

estimated height by the present decision support model, H0 is the initial height of the 

measured wind speeds, C
l
Hg and k

l
Hg are the extrapolated Weibull parameters at the new 

height Hg, and, C
l
H0 and k

l
H0 are the Weibull parameters calculated at H0. 
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The extrapolated Weibull distribution function f
l
i,,h is included in our techno-economic 

decision support model presented in the next chapter to address WT design and location 

problems. 

2.3.2 ANN Wind Speed Prediction 

Wind energy is an intermittent source related to the variability of wind speed. The 

integration of this energy into the power system affects its stability. Therefore, as 

mentioned in the first chapter, wind energy prediction is required by grid operators to 

manage their networks and reduce production costs. Furthermore, the wind power captured 

by a WT is dependent on cubic wind speed; thus, a few variations in wind speed have a 

significant influence on the generated wind energy [1]. Therefore, as the effectiveness of 

wind speed prediction increases, the energy generated by WTs becomes more accurate. 

The Artificial Neural Network (ANN) is an artificial intelligence approach used to predict 

future stochastic behaviors, such as wind speed, based on previously observed wind speed 

data [1]. More precisely, ANN is used in deep learning as a subset of machine learning in 

artificial intelligence. Machine learning consists of making a machine learn automatically 

to perform specific actions based on specific data, following one of these techniques: 

supervised or unsupervised techniques [62]. In supervised learning, there are inputs and 

awaited output data. However, there is no specific data structure for unsupervised learning. 

An ANN saves the entered data in its memory in a process similar to that of a human 

neural biological network. ANN tends to reduce the error between the entered and 

predicted data using an optimization algorithm [47]. This method has proven to be 

effective in providing good prediction results  [62]. 

As the integration of wind energy to the grid constitutes the interest of the second 

optimization scenario evaluated in this thesis, the ANN is employed in this case to deal 

with the wind energy generation uncertainty challenge imposed on the grid. A feed-

forward neural network model with a supervised learning technique trained using the 

Levenberg-Marquardt back-propagation optimization algorithm is used to forecast the 

future hourly wind speed at a studied site (Essaouira City) for a time horizon of one year. 

The ANN structure comprises four main components: an input layer linked to the sources 

of information, a hidden layer composed of several neurons, a target that contains the 
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previous data of the desired output parameter, and an output layer containing the 

information sent from the ANN, as shown in Figure 2. 6  [59]. The input data are divided 

into two parts: one part is used to train the ANN, and the remaining data are used during a 

time period called testing. Note that an ANN model can contain several hidden layers, with 

different numbers of neurons in each layer. The hidden layers outputs are hidden for users 

and are used only for the output layers [63]. 

 

Figure 2. 6 Simplified ANN model architecture [1].  

In the feed-forward neural network every input ‗x‘ is combined with a weight ‗w‘ and their 

sum is added to a parameter called bias ‗b‘ to generate a single value ‗z‘ for a nonlinear 

mathematical function ‗a(z)‘ called ‗Sigmoid‘ contained in the bottom of each neuron in the 

hidden layer [1] [59] [47]. This function is used as a nonlinear activation function in the 

hidden layer, and another linear fitting function called ‗fitnet‘ is used in the output layer to fit 

the neural network output. z and a(z) are expressed as follows [64] [59]: 
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30 
 

The main parameters in the ANN model are the weights and bias calculated at the training 

time and change at the testing time through the optimization algorithm (Levenberg-

Marquardt back-propagation) to reduce the error between the predicted and measured wind 

speed data [59]. This prediction approach addresses the uncertainty of the generated wind 

energy and improves the effectiveness of our proposed techno-economic decision support 

model for determining the future design of WTs. The regression coefficient ‗R‘ and Mean 

Square Error ‗MSE‘ are also the error indicators used at this stage to evaluate the 

performance of the ANN involved in forecasting wind speed at the location cited. 

2.4 Wind Turbine Components and Operation Process 

The major horizontal-axis wind turbine components are the rotor, nacelle, and tower, as 

shown in Figure 2.7: 

 

Figure 2. 7 Horizontal axis wind turbine components [65] 

- The rotor is composed of two units: blades and a hub. It‘s the initial component in a 

WT machine that captures the kinetic energy of wind through the airfoil-shaped 

blades integrated into the hub [66]. Blades rotate under the influence of the wind, 
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converting its kinetic energy into rotational mechanical power at the rotor hub 

level, which drives a low speed shaft. 

- The gearbox is connected to the rotor through a low speed shaft, and its principal 

role is to increase the rotational speed of the low speed shaft to drive the generator 

through a high speed shaft placed between the gearbox and generator [66]. 

- The generator is connected to the gearbox through a high speed shaft, which drives 

it to start generating electricity.  

- Nacelle is a box placed on top of the tower and contains a part of the low speed 

shaft, gearbox, generator, and any associated equipment needed to control and 

operate the wind machine [67] [66]. This box protects these electronic components 

[67].  

- The tower supports the rotor and nacelle weight and permits to reach more 

powerful and stable wind speeds according to its height [67]. Single monopoles and 

three- or four-leg lattice towers are the most commonly employed structures.  

There are other components of the wind turbine such a:  

- Orientation devices to keep the rotor facing the wind, such as the tail and drive 

motor. Small wind machines with rotors smaller than 50 square meters use a tail 

device. However, yaw systems, including drive motors and wind direction sensors 

(wind vanes), are used on tower by larger machines [67].  

- Foundation to fix the WT to the ground, providing high resistance against high 

wind speeds. 

- Brakes used to maintain the safety of WT against high wind by stopping blades 

rotation or in the case of system maintenance. 

- Anemometer measures wind speed and informs the control system when the wind 

is blowing sufficiently strong to start producing electricity efficiently. 

- The controller essentially monitors the rotor speed of the wind machine to start and 

stop by releasing the mechanical break at the correct time function of the wind 

speed [67]. This permits the protection of the machine and its effective operation. 

The controller also monitors the output generated by the WT to assess whether the 

voltage, current, and frequency are within the typical operating conditions [67]. 

Otherwise, the turbine is stopped by creating a fault condition.  
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2.5 Wind Turbine Blades Airfoil 

The horizontal-axis wind turbine rotor is composed of airfoil blades with a shape similar to 

airplane wings [67]. These blades have a flat form on one side and a curved form on the 

other side for maximum airflow. The airflow is faster on the curved part than on the flat 

side, causing a high air pressure on this later. This pressure difference on both blade sides 

generates aerodynamic forces that rotate the rotor, namely drag and lift forces. Drag and 

lift are the forces applied to the airfoil (blade) moving through the wind, which are 

determined experimentally according to the attack angle ‗α‘ [67]. This angle is the angle 

between the chord line of the airfoil and the relative wind, as described in the Figure 2. 8.  

 

Figure 2. 8 Applied aerodynamic forces on wind turbine blade [67] 

The relative wind named also the apparent wind, is composed of the vector sum of the 

wind across the ground and the wind owing to the movement of the rotor blade, as 

described in the Figure 2. 9.   

 

Figure 2. 9 Relative wind applied to wind turbine blade [67] 
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The angle of attack controls the quantity of lift that contributes to rotor rotation about the 

horizontal axis, as described in the next section [67]. The horizontal-axis WTs are mostly 

equipped with three blades. This architecture proved its efficiency in maintaining rotor 

blades across clear and stable wind compared to more blade numbers, which conduct only 

to wind turbulence, decreasing the efficiency of the WT technology and increasing its cost. 

Furthermore, the three-blade architecture provides stability for the rotor at all points during 

the rotation, in contrast to the WT with fewer blades, which involves instability rotation 

points causing loads and fatigue on the rotor [67]. Blades can be located upwind or 

downwind of the tower; however, in recent installed WTs they are generally upwind. 

2.6 Wind Turbine Power Control 

The power generated by the WTs according to the registered wind speed generally follows 

the power curve shown in Figure 2. 10 [68]. At a cut-in wind speed generally between 3 

and 4 m/s, the WT starts generating power and increases with the wind speed. It reaches its 

rated power at the rated wind speed value, which can range from 12 m/s to 15 m/s. After a 

specific wind speed value, called the cut-out wind speed, the turbine is not allowed to 

generate more power to prevent its safety. Between the rated and cut-out speeds, the 

machine should be regulated to generate the same rated power specified by its constructor. 

If no regulation is applied, the generated power continues to increase as the wind speed 

increases, as indicated by the dotted line in the Figure 2. 10. This accelerates the rotor 

speed of the WT reaching the runaway state [68]. Therefore, the WT output power must be 

regulated at a constant level at speeds higher than the rated wind speed, controlling the 

rotor rotational speed. Two methods are generally used in wind power regulation: pitch and 

stall controls.  
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Figure 2. 10 Wind turbine power curve with power 

regulation methods [68] 

In pitch control, WT blades are rotated about their longitudinal axis function wind speed 

variation, thereby changing their associated attack angle [68]. This movement is governed 

by the moving components integrated into the blade. The WTs equipped with this 

mechanism adjust the attack angle to an optimum value to operate the WT at its maximum 

efficiency between the cut-in and rated wind speeds. At speeds higher than the rated value, 

this angle is minimized to reduce the efficiency of the WT rotor minimizing the input wind 

power to control the power output, as described in (Figure 2. 11 (b)) [68] [65]. A WT with 

pitch control is expensive because of its high construction sensitivity to wind. Furthermore, 

the WT can be equipped with fixed or variable pitch controllers depending on the attack 

angle if it is fixed or variable [67]. Variable attack angle allows the blades to rotate around 

their longitudinal axes to control the speed of rotor and power output. However, the blades 

cannot rotate around their axes at all wind speeds during operation in fixed-pitch wind 

machines. 
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Figure 2. 11 the rotor input power control by pitching the 

blade towards feather or towards stall [65] 

In the stall control mechanism, the aerodynamic profile of the WT blades is designed 

specifically to increase the attack angle up to the so-called critical aerodynamic angle when 

the wind velocity exceeds the rated limit ( see Figure 2. 11 (c))  [68] [65]. This results in 

turbulent air flow on the upper side of the blade limiting the lift force and leading to blade 

stall in a power regulation process. No pitching mechanism or control system is required 

for the blades to be twisted in this control type, but an almost sophisticated design is 

required to avoid vibration problem. WTs with stall control are not efficient at high wind 

speeds because the output power decreases below its rated value, as described in Figure 2. 

10 [68]. 

Two other types of power regulations are used in modern turbines. The first is the active 

stall control that combines the pitch and stall control options [68]. The second type is furl 

or yaw control, which is employed only for stall turbines. It consists of pushing the rotor 

partly away from the wind direction at higher wind speeds. 
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2.7 Wind Turbine Brakes 

Brakes are important devices for controlling the rotor speed of WTs under high-wind 

conditions, normal start and stop, or maintenance and repair requirements [67]. 

Aerodynamic and mechanical brakes are commonly used in WTs [68]. Furthermore, two 

braking systems are typically employed with WTs to ensure safety. One works as a 

primary brake, and the other as a backup option that operates if the primary brake fails.  

Aerodynamic brakes are employed as the primary system in most WTs [68]. This depends 

on the power control method used with the WTs, that is, either pitch or stall. In both 

controls, the entire blade is turned along its longitudinal axis, limiting the lift force to 

reduce or stop rotor rotation, as discussed in section 2.6 [68]. Stall control cannot 

completely stop the blades; however, it reduces the rotor speed. Mechanical brakes placed 

on the high-speed shafts of systems with gearboxes are employed as backup systems to 

completely stop the rotor in stall-controlled turbines and during turbine maintenance [67] 

[68]. 

2.8 Wind Turbine Generator Types 

Several types of generators have been used in wind turbine technologies. Small scale 

turbines used for battery charging use DC generators of few Watts to kilo Watts with a 

charge current controller; these turbines disappeared in the early 1950 [67] [68]. However, 

large-scale turbines use three-phase AC synchronous or asynchronous generators, because 

they are generally connected to the grid [68].  

2.8.1 Asynchronous Generators 

Asynchronous generators, known as induction generators, are the most dominant type of 

generators in the wind industry [68] [16]. They are inexpensive and require simple controls 

to manage the voltage and frequency of electricity produced to match grid requirements 

[67]. They are also efficient in operating under variable conditions such as wind speed 

variations [68]. The gearbox increases the wind rotor speed up to the operating speed of the 

generator. Therefore, these generator types control the rotor speed to a nearly constant 

rotational speed, and the wind rotor does not operate at its peak efficiency [67]. These 
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generators consume reactive power for excitation to start producing electricity. Therefore, 

they must be connected to the grid at all times to attire the power, associated voltage, and 

frequency from the utility [67]. 

An induction generator is composed of a stator and a rotor (see Figure 2. 12). The rotor 

has a cylindrical laminated core named squirrel-cage rotors that consist of slots for 

conductor bars (aluminum or copper) placement, which are short-circuited by aluminum 

end rings [68]. Wound rotors have also been used in induction generators. The stator 

contains several wound coils connected to the grid. Induction machines can operate in both 

motor and generator modes [67] [68]. 

 At starting induction generator behave as motor: external excitation current is 

required to start work. A rotating magnetic flux at a uniform speed, called 

synchronous speed, is developed at the stator when the stator windings are fed with 

a three-phase grid supply [68]. This flux reaches the stationary rotor and cuts the 

conductors. A strong electromagnetic force is induced in the rotor due to the 

relative speed between the rotating flux and the stationary rotor conductors. This 

induced a very strong current in the short-circuited rotor bars, which tended to 

reduce the relative velocity. To this end, the rotor starts rotating in the same 

direction as the flux; however, it always has a slightly lower rotational speed than 

the synchronous speed. Therefore, the rotor speeds of these generators is not 

synchronized [67]. The synchronous speed of an induction motor depends on the 

number of poles. It decreases when number of poles increase [68] 

 

Figure 2. 12 Induction generator [68] 
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 In the generator operation mode, the rotation of the WT causes the generator rotor 

to rotate at speed higher than synchronous speed, and current flows this time from 

the system to the grid. The generator is disconnected from the grid during calm 

periods when no wind is available or when wind speeds are lower than the cut-in 

speed of the WT [68]. At the cut-in speed, the system is gradually connected by 

thyristors to the grid to receive excitation and then function as a generator. 

2.8.2 Synchronous Generators 

The synchronous generator has a similar configuration to an induction generator, composed 

of a rotor and a coils-wound stator. Both components have identical poles number [68]. In 

contrast to an asynchronous generator, the rotor and magnetic field rotate at the same speed 

in a synchronous generator [68]. The rotors of these generators types can be equipped with 

permanent magnets or electromagnets. Electromagnets are the most commonly used with 

WTs synchronous generators, which require exciters or a direct current to be fed to the 

rotor windings for magnetization. This current can be extracted from the grid. The internal 

field developed by the rotor is captured by the stator windings, which induce a sinusoidal 

voltage in the coils that varies with time due to WT rotation. A balanced three-phase 

supply is generated, treated, and injected into the grid. 

The permanent magnet synchronous generator was developed to be coupled directly to the 

rotor hub of large-scale horizontal axis WTs without using the gearbox unit (see Figure 2. 

13) [69]. This structure of WTs is called a direct-drive WTs. The rotational speed of the 

rotor of the WT is equal to the rotor generator speed. A converter is used with this 

generator structure to convert the varying mechanical speed to a consistent frequency of 

the power grid [6]. 
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Figure 2. 13 Direct drive wind turbine with permanent 

magnet synchronous generator 

2.9 Fixed and Variable Speed Wind Turbines 

Wind turbine can be designed to operate at fixed or variable speed. The rotor of the fixed-

speed turbine turns at a constant speed N1 (rpm) and cannot generate maximum power 

from the available wind speed potential. In contrast, the variable speed option operates the 

WT at its optimum level at different wind speeds for maximum power generation, rotating 

the rotor at different speeds, such as N1 and N2, as shown in Figure 2.14 [68].  

A fixed-speed WT derived at a constant speed is attached to an induction generator [68]. 

As mentioned previously, this generator is first electrically excited through the stator 

winding connected to the grid and provides the network with power at the required 

frequency 50 Hz or 60 Hz. Capacitors are used specially with weak networks to avoid 

voltage variations due to the extracted excitation power. 

However, variable-speed WT is attached either to synchronous generators or a doubly fed 

induction generators [68]. Synchronous generators provide variable voltage and frequency 

outputs according to changes in wind speed. Hence, an electronic converter is used to 

convert the AC generated by the synchronous generator into DC and then invert it back to 

AC at standard grid frequencies (50 Hz or 60 Hz) before feeding it to the grid. In case of 

doubly fed induction generator, the stator winding of the WT is directly connected to the 

grid. However, the rotor winding is fed through a converter that can vary the electrical 
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frequency as desired by the grid. Thus, the electrical frequency is differentiated from the 

mechanical frequency, which makes variable speed operation possible. 

 

Figure 2. 14 Wind turbine power function rotor speed at two 

different wind [68] 

Variable-speed turbines are complex in construction, expensive compared to fixed one, and 

cannot respond to grid code requirements without power treatment [68] [16]. However, 

they can smooth 75% of the voltage fluctuations produced by the fixed-speed turbines. As 

mentioned in the previous chapter, the WTs designs determined by our proposed techno-

economic decision support model in this thesis do not support the grid with a reactive 

power capacity. They operate at a unit power factor in the process of voltage stability. 

Therefore, these WTs are assumed to operate at a constant speed attached to the induction 

generator type with a pitch power control mechanism. 
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2.10  Conclusion 

In a conclusion, this chapter provides an introduction to the understanding of wind energy 

from wind sources to electrical energy generation. The origin of wind, its movements on 

the Earth‘s surface, ANN wind prediction, and the methods used for its modeling are 

presented in details in sections 2 and 3. In section 4, wind turbine components that exploit 

the wind to produce electrical energy are defined. The remaining sections are focused on 

providing an overview of the blade airfoil and its rotation process that drives the WT rotor 

shaft, a description of the different generator types used in WTs presenting the 

characteristics of each type, the mechanisms used to regulate the power output within the 

desired limits, brake devices used to prevent the operation of wind machines, and finally, 

the methods used to operate the WT at its peak efficiency. Based on these knowledge‘s, 

our proposed techno-economic decision support model is modeled to determine the optimal 

WT design, as presented in the next chapter.  
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3.1 Introduction 

In this chapter, the developed techno-economic decision support model for the optimal 

design of future wind turbines (WTs) is presented in detail. A decision support system is 

generally based on optimization problem resolution to determine the optimal solution for a 

given issue. WT investment projects are challenged by the cost of wind technology. 

Therefore, the optimization of WT design is a key to reduce its associated cost of energy. 

The design optimization of the technology with its economic attractiveness constitutes a 

solution for the development of the wind energy sector and its applications [1]. However, 

economic attraction is not limited to the low cost of energy (COE) but mostly to the Net 

Present Value (NPV) of the economic benefits associated with the WT designs involved. 

This constitutes the interest of our proposed decision support model, which consists of 

maximizing the NPV revenues of optimized WT designs with an analysis of the LCOE 

produced. The development of the techno-economic decision support model starts with WT 

technology and its economic analysis modeling to the optimization problem construction; 

to determine the optimal WT design parameters, mainly the rotor diameter (Dg), tower 

height (Hg), and WT nominal power (    ). The proposed decision support model does not 

consider the characteristics of the plant, such as the possibility to react better to 

fluctuations of the wind due to the system inertia and the availability of strategies to start 

and to stop according to the wind pattern [6]. The computation of the WT rotor power 

coefficient by aerodynamic methods requires a large amount of data, involving the 

geometry of the blade. In this study, an analytical relation that was fitted to experimental 

data was used. The Weibull distribution used to model the wind was assumed to change 

only with the hub height Hg of the WT in this thesis [1], [6]. To this end, Weibull 

parameters were extrapolated to follow the height Hg variation during the evaluation of the 

decision support model. 

3.2 Wind Turbine Technology Generation Modeling 

In this thesis, the wind turbine (WT) technology model is assumed to be composed of three 

main components: rotor, gearbox, and generator. The Annual Energy Produced       
  by a 

WT technology ‗g‘ in a selected location ‗l‘ (l=1…M) is given by the following formula 

[1], [3], [6], [56]: 
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             ( 3.1) 

Where, ρ (kg/m3) is the air density,   (m
2
) is the surface swept by the rotor of WT 

technology ‗g‘, 𝑁  is the number of wind speed samples,    is the wind speeds of the ith 

class,     
 

 is the discretized Weibull function with WT tower height for the selected site ‗l‘, 

and        is the total efficiency of the WT.  

      , depends on the efficiency of the mentioned WT components given as follows: 

                                         (‎3.2) 

Where,         is the rotor power coefficient,            is the gearbox efficiency, and 

         is the generator efficiency. The details of these parameters are given in the 

following subsections. 

3.2.1  Rotor Power Coefficient 

Wind contains power   , which depends on its kinetic energy     . Wind power    is a 

derivative of the wind kinetic energy     . The rotor of wind turbine technology ‗g‘ can 

capture the available wind power in a location ‗l‘ converting it to mechanical energy form. 

However, the rotor of a wind turbine cannot exploit all the available wind potential. 

Therefore,    is a theoretical power limited by the rotor power coefficient       . The WT 

rotor power coefficient and its captured power        are given by the following equations 

[3], [6]:  
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     (‎3.5) 

                                                             
 

 
              

     ( 3.6) 

   
    

 

 
     ( 3.7) 

                      * 
               

       
+   (‎3.8) 



45 
 

      
    

   [       ]
     (‎3.9) 

Where,  ̇ is the mass flow of air (kg/s), Dg is the rotor diameter (m),            is the rotor 

maximum power coefficient,       is the optimal wind speed, χ is the operating range 

parameter of the wind speed, and      is the nominal wind speed of wind turbine 

technology. 

The maximum rotor power coefficient           is derived using Betz‘s law. This law 

determines that a WT will never be able to convert more than 59.3 % of the kinetic energy 

contained in the wind into mechanical energy [70] [6]. Thus,            is given by the 

following expression [1], [6]:  

                [
                

      (             )                      
 

          
     

             
  

  

  
] (‎3.10) 

       
     

      
     (‎3.11) 

   
        

  
     ( 3.12) 

Where, 𝑁   is the number of WT blades,        maximum speed rate,    is the rotor 

angular rotation speed, 𝑁      is the rotor rotation speed (rpm), and cd/cl is the ratio 

between drag and lift coefficients related to their aerodynamic forces assumed to be a 

constant value in this study. 

3.2.2 Gearbox Efficiency 

As mentioned previously, gearbox is an essential unit in the WT used to increase the 

rotational speed of the rotor shaft and drive the generator to produce electrical energy. At 

this stage, the gearbox efficiency           is modeled for annual energy estimation as 

follows [1], [6]:  

             [(         ) (
    

       
 

 

 
)]   (‎3.13) 
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                              ( 3.15) 
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                 (‎3.16)  

Where,      is the WT nominal power,         is the efficiency factor of the gearbox, and 

      is the optimal power corresponding to           for the optimal wind speed      . 

3.2.3  Generator Efficiency 

The WT generator efficiency is computed as follows [1], [6]: 

            [(        ) (   
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)]  ( 3.17) 

                          
           ( 3.18) 

                                                    (‎3.19) 

                               (‎3.20) 

Where,        is the generator efficiency factor,          nominal power of the generator 

[56],           generated power by the gearbox, and      is the factor of service of the 

gearbox named also working coefficient takes values depending on the WT regulation 

type: stall-constant-speed (SCS); pitch-constant-speed (PCS) or pitch-variable-speed (PVS) 

[56]. 

   {

           
           
        

     (‎3.21) 

Discounting the losses ‗α‘ that occur during energy generation, the real annual energy 

generated by the WT becomes [1]: 

           
        

          
     (‎3.22) 

3.3 Wind Turbine Economic Analysis Modeling 

3.3.1 Net Present Value Model  

Net Present Value (NPV) is a sophisticated economic indicator used to evaluate the 

profitability of an investment associated with a given project over its lifetime, considering 
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all future cash flows in and out of the project at a given discount rate [6]. An NPV greater 

than or equal to one indicates that the project is profitable, and vice versa, which supports 

investors‘ decision making to invest in the wind energy field. We provide a NPV equation 

developed from [3] and [71], expressed as follows [1], [6]: 

𝑁   
  ∑

          
     

      
 
          

     (‎3.23) 

          
                

       
      

      
    (‎3.24) 

Where,      
  is the WT investment made in year t ($),          

 is the total economic 

benefits,      
  is the WT operation and maintenance cost in year t ($),     

  is the annual 

depreciation expense ($),     
 , is Tax levy ($), n is the WT lifetime, r is the Discount rate, 

and            
     

  are the total net wind energy generation benefices ($) removing all the 

expenses related to tax payment, the costs of operation and maintenance of WT, and the 

recovered investment (    
 ). 

3.3.1.1 Investment Model  

The investment cost model     
  of an optimized WT design technology ‗g‘ at a location ‗l‘ 

adopted in this thesis was a modified model of the National Renewable Energy Laboratory 

study [72], where the WT cost model (     
 ) was the result of our study, which is 

discussed and presented in the next chapter.     
 includes the following costs [1], [6]: 

    
      

       
       

       
        

      
       

  (‎3.25) 

Where,     
  is the WT Transportation cost,      

 is the WT Assembly and Installation cost, 

     
  is the Electrical Interface cost,      

 
 is the Engineering and Permits cost,       

  is 

the Roads and Civil Work cost,     
  is the Foundation cost, and      

 is the WT cost. 

- The WT Transportation cost is expressed as follows: 

    
              

      (‎3.26) 

     
                           

                    (‎3.27) 

Where,      
 is the Transportation cost factor. 
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- The WT Assembly and Installation cost is expressed as follows: 

     
                

          (‎3.28) 

- The WT Electrical Interface cost is expressed as follows: 

     
               

       (‎3.29) 

      
                         

                    (‎3.30) 

Where,       
 is the Electrical Interface cost factor. 

- The WT Engineering and Permits cost is expressed as follows: 

     
               

       (‎3.31) 

      
                                (‎3.32) 

Where,       
 is the engineering and permits cost factor. 

- The WT Roads and Civil Work cost is expressed as follows: 

      
                

      (‎3.33) 

       
                         

                    (‎3.34) 

Where,        
 is the roads and civil work cost factor. 

- The WT Fondation cost is expressed as follows: 

    
                 

          (‎3.35) 

- The WT cost model is expressed as follows: 

Note that the adopted WT cost model      
 is the result of our study performed in [6], 

given by: 

     
           

          (‎3.36) 

          
                     

          (‎3.37) 

Where,       
 is the WT cost factor. 
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3.3.1.2 Total Wind Energy Generation Economic Benefits Model 

The total wind energy generation benefits           
 per year t are measured using two 

different income parameters [1], [3], [6]:         
       

 and          
       

, which are the income from 

electrical energy sales and  incentives for green energy production, respectively. Defined as 

follows:  

          
              

       
           

       
     (‎3.38) 

        
       

                   
       (‎3.39) 

         
       

                     
      (‎3.40) 

Where,           is the purchase tariff of electricity, and            are sales cost due 

to incentives for green energy production. 

3.3.1.3 Wind Turbine Operation and Maintenance Cost Model 

The operation-maintenance cost      
  is an important factor that require automated fault 

detection systems in WTs [73]. The      
  of the WT made in year t is estimated as a 

percentage of the investment cost and the benefits from annual energy production sales 

        
       

 following this expression [3] [1], [6]:  

     
           

            
       

     (‎3.41) 

Where,    and    are the investment and sales income factors, respectively. 

3.3.1.4 Depreciation Model 

Depreciation is a method used to estimate the real value of the investment     
  at the end of 

wind turbine lifetime ‗n‘ [71]. In this thesis, the real value was cited at zero to completely 

recover the     
 over WT lifetime. The depreciation model is as follows [1], [6]: 

    
          

      
 

 
     (‎3.42) 
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3.3.1.5 Tax Model 

The economic benefits registered from wind electricity sales are associated with tax 

payment [71]. In this study, the tax system applied in the country of the evaluated sites is 

the Value-Added-Tax [6]. It is applicable when a service is performed, goods are delivered, 

or in case of the imports. The applicable tax rate was cited as 14% and was applied to 

electrical energy [74]. The taxes can be estimated using the following expression: 

    
                    

       
       (‎3.43) 

3.3.2 Levelized Cost of Energy Model  

The Levelized Cost of Energy (LCOE) can be defined as the present value of the price of 

the produced electrical energy, considering the economic life of the plant, typically 20 

years for wind generators, and the costs incurred in the construction, and operation-

maintenance [71]. After an in-depth study of the LCOE, we obtained the following 

equation [71] [75]: 

     
         

∑
     

       
           

      
   

      
 
   

∑            
  

   
   (‎3.44) 

Where,     
  present the Investment made in year t ($),      

  is Operation and Maintenance 

costs in year t ($),      is the Production Tax Credit ($),     
 is the annual depreciation 

expense ($),     
 

, is Tax levy ($),            
 is the Real Electrical generation in year t 

(kWh), n is the WT lifetime and r is the Discount rate.   

Wind energy production gradually decreases over its lifetime, perhaps because of falling 

availability, aerodynamic performance, or conversion efficiency. WTs were found to lose 

1.6  0.2 % of their output per year, increasing the levelized cost of electricity by 9 % [76]. 

PTCt is a tax incentive adopted by several countries to support wind investment [77]. PTCt 

provides wind investor with annual tax credit based on the amount of electricity produced 

(kWh) [77]. Based on this and adapting the previous formula to the economic procedure 

applied in the country of the evaluated sites, the PTCt was not available, so the LCOE 

equation becomes [74]:  
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   (‎3.45) 

3.4 Wind Turbine Design Techno-economic Optimization 

Problem 

Optimization problems are important, particularly in engineering design and decision‐

making, which consists of determining a feasible solution that corresponds to the extreme 

value of an objective function [78], [6]. A techno-economic optimization problem was 

developed and presented in this thesis. The objective of this optimization problem is to 

maximize the economic benefits of WT-generated energy, using the 𝑁   
  indicator to 

determine the optimal technical design parameters of future WT technologies based on the 

available wind potential at a selected site and the radial distribution network 

characteristics. To this end, two different optimization scenarios were assessed. Three 

essential WT technical design parameters were determined through the resolution of the 

optimization problem: rotor diameter Dg, tower height Hg, and rated power Pn,g of the 

machinery. Our optimization study used Weibull distribution parameters that describe wind 

speeds updated with the resulting tower height, Hg. Optimization problems are generally 

based on three components: design variables, constraints, and an objective function, which 

are described in detail in the following subsections. 

3.4.1 Objective Function 

The objective function is an optimized element that is either maximized or minimized [21]. 

As mentioned previously, the optimized function in this thesis is the 𝑁   
  maximization 

of all economic incomes from WT energy output. The  𝑁   
  model presented previously 

is used.  

    (𝑁   
 )     {∑

          
     

      
 
          

 }   ( 3.46) 

The technical parameters of the WT were determined based on the wind potential in the 

first optimization scenario, and then in the second optimization scenario, the WT 

parameters were determined based on the wind potential and connected grid characteristics. 
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The studied objective function was maximized using different design variables and 

constraints in both scenarios. 

3.4.2 Scenario 1 Design Variables and Constraints 

In this scenario, the design variables and constraints used in the optimization are as follows 

[6]: 

3.4.2.1 Design Variables 

Present the variable input parameters of the optimization problem, adjusted sometimes 

within lower and upper limits in order to achieve the optimum solution [23] [21]. In this 

scenario, the selected design variables were: tower height Hg and rotor diameter Dg, 

because of their direct influence on the energy production, the studied objective function 

𝑁   
 , and on the energy cost      

  [6]. The developed optimization model requires other 

input parameters, such as the operating range of the wind speed (χ), nominal wind speed of 

the wind technology (      ), and rotor rotational speed (Nrpm,g). To this end, an analysis of 

the technical characteristics of 23 existing technologies in the market was carried out [14]. 

Based on this analysis, an average value was adopted for these parameters mainly, 

Nrpm,g=18.15 rpm and   =13.2 m/s. However, χ was selected based on a previous study 

[79]. 

3.4.2.2 Constraints 

Constraints are all restrictions to which the optimization should be subject [23], [21]. 

During the optimization of the WT design in this thesis, all the developed decision support 

model equations presented before including the WT generation models were considered as 

constraints. Two other constraints are defined in this scenario [80]. 

- One geometrical constraint, represented in the ground clearance between the blade 

tip and ground, where a safety clearance of 15 m should be respected (equation 

3.47). This is performed through WT scale parameters, mainly Dg and Hg, which 

have a powerful influence on techno-economic optimization of WTs.  

  

 
           ( 3.47) 



53 
 

- The second constraint was the restriction of maximum output power for a WT 

technology ‗g‘; view its direct impact on the WT cost [6]. 

            ( 3.48) 

Where, M is the maximum power value allowed for the WT technology. 

- In addition, the lower- and upper-bound limits of the design variables constitute a 

simple form of constraint [21]. From the analysis previously mentioned in the 

design variables subsection of this scenario [14], the most commonly installed 

power capacity was in the range of 2 MW. Therefore, in the next calculations for 

this optimization scenario, the M power value and rotor diameter limits are as 

follows: 

                  ( 3.49) 

                                            ( 3.50) 

3.4.3 Scenario 2 Design Variables and Constraints 

Radial distribution network design variables and constraints were considered in this second 

optimization scenario, while defining the optimal wind turbine design parameters at a 

specific site with a specific wind potential [1]. 

3.4.3.1 Design Variables 

Similar to the previous optimization scenario, the WT geometrical parameters, mainly 

  and   , were cited as design variables in this second scenario. In addition to one design 

variable of the connected RDN, principally the voltage magnitude    at different bus nodes 

j=1,..,J [1]. Moreover, there are other RDN input parameters required in the optimization 

problem, such as the real and imaginary parts of the admittance matrix     and     of the 

jth row and lth column, and the voltage angle    at different bus nodes j.     and     are 

related to the resistance and reactance of grid electrical lines, respectively. 

3.4.3.2 Constraints 

Two types of constraints were employed in this scenario [1]. 
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- The first constraint type was similar to the previous optimization scenario related to 

the geometrical design variables of the WT (  and   ). In this second scenario, the 

WT-rated power      is not restricted, as in scenario 1, to find the best WT design 

parameters according to the existing potential and RDN constraints. Therefore, we 

performed another study on the available onshore WT technologies in the market 

regarding their power capacities and their corresponding diameters to define new 

WT geometrical parameters-bound limits. This study gathered more large-scale 

power, where the WTs power capacity studied was between 50 kW and 6000 kW 

[14]. Results of this study are illustrated in the last chapter of this thesis. The  new 

rotor diameter    variation limits determined, and the possible associated tower 

height,   , are estimated as follows [1]: 

                   ( 3.51) 

  

 
            ( 3.52) 

- The second constraint type is related to the RDN electrical characteristics modeled 

through the power flow equation (3.53), used in our techno-economic decision-

support model to optimally design WTs connected to the RDN. According to this 

expression, the active power flow generated by the WT was controlled while 

feeding the load [48], [81]. 

     
       

       
         ( 3.53) 

Where:       
             (‎3.54) 

     
    ∑   [      (     )        (     )]

 
      ( 3.55) 

Where,      
  is the WT generated active power,      

  is the load active power, 

     
  is the power flow or lost from bus node l of the RDN [81],    and   are the 

voltage magnitudes at buses l and j, respectively,     and     are the real and 

imaginary parts of the admittance matrix of the jth row and lth column, 

respectively,    and    are the voltage angles at buses l and j, respectively, and J is 

the number of buses.  



55 
 

- In addition, the voltage magnitude in the RDN is cited to vary within 5% of the 

initial value in all the RDN bus nodes, presenting another form of RDN electrical 

constraint. 

                       ( 3.56) 

Therefore, our techno-economic decision support model maintains the stability of 

the power system voltage by controlling the voltage variation at the point of 

common connection while searching for the best design for the WT technology at 

this connection point or bus node of the RDN. Thus, one of the most important 

wind energy grid connection challenges was addressed in this thesis. 
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3.5 Conclusion 

The techno-economic decision support model proposed for the optimal design of future 

wind turbines is presented in this chapter. This model was based on a techno-economic 

optimization problem resolution to provide adequate technical parameters for the WTs; 

based on the available wind potential through the Weibull distribution and the electrical 

characteristics of the radial distribution network that can make such a project economically 

profitable. To this end, the optimized objective function in the optimization problem 

evaluated was the net present value (NPV) of the generated wind energy benefit 

maximization. The levelized cost of energy (LCOE) is another important parameter in the 

economic assessment of wind projects. Thus, it was analyzed in parallel with our decision 

support model for the determined WT designs. To ensure the effectiveness of the proposed 

techno-economic decision support model in providing good WT designs, the model is 

validated and verified in the next chapter.  
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4.1 Introduction  

In this chapter, the results of the proposed techno-economic decision support model 

applied to the first optimization scenario case study mentioned in the previous chapter are 

presented and analyzed. In this scenario, the decision support model determines the optimal 

design parameters of wind turbine (WT) technology based on the available wind potential 

at a selected site. Optimization in this scenario was subject to the Net Present Value 

(𝑁   
 ) maximization of the net incomes from wind energy generation, under the 

constraints on WT nominal power restriction and the maximum ratio permitted between the 

rotor diameter and tower height [6]. The effectiveness of the proposed techno-economic 

decision support model in determining future optimal WT design parameters based on the 

available wind potential for a specific site was first validated through comparison with a 

previously existing model. It was then verified by selecting three different Moroccan wind 

sites: Dakhla, Casablanca, and Tanger. The optimal WT design selection considers: the 

nominal power     , rotor diameter Dg, and tower hub height Hg, which led to the 

maximum 𝑁   
  in each site. In addition, a parallel analysis of the Levelized Cost of 

Energy production (     
 ) was performed. 

4.2 Techno-economic Decision Support Model Validation 

In this section, the performance of the proposed techno-economic decision support model 

for the optimal design determination of future WTs is validated in two steps [6]: 

- The adopted decision support model is described in general through the 𝑁   
  and 

     
  models. These economic models include all of the WT models cited previously 

because they are based mainly on the investment cost     
  and the real energy produced 

           
 . Wind energy generally follows the mathematical model given in this study. 

However, the investment model     
  has been defined differently in the literature. This 

allowed us to verify the performance of the proposed     
  model in this thesis.     

  model 

was validated using a previous model in the literature [3], which were tested for different 

values of rotor diameter. The validation test showed compatibility between the both 

models, conducting nearly to the same progression of the     
 ,      

  and the 𝑁   
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function rotor diameter. The results are shown in Figures 4. 1, 4. 2, and 4. 3 [6]. Therefore, 

we conclude that the developed techno-economic decision-support model is effective and 

works correctly.  

 

Figure 4. 1 Investment cost model validation [6] 

 

Figure 4. 2 NPV model validation [6] 
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Figure 4. 3 LCOE model validation [6] 

- In the second step, the constrained optimization problem presented in the previous 

chapter was resolved and validated using three widely used optimization algorithms 

in the optimization of WT design, to ensure the efficiency of the design results 

obtained in this thesis [6]. The algorithms employed were the Genetic algorithm 

(GA), Fmincon, and Particle Swarm Optimization (PSO). All the tested algorithms 

yielded the same WT design with nearly identical results for the optimized 

objective function (𝑁   
 ), as shown in Figure 4. 4. Therefore, the presented 

techno-economic optimization problem can be resolved using one of these 

algorithms.   

 

Figure 4. 4 Optimization problem validation [6] 
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In this study, a genetic algorithm was selected to resolve the techno-economic optimization 

problem described in the previous chapter. 

4.3 Wind Turbine Investment Evaluation 

As presented in the previous section, the investment cost model     
  is validated, 

demonstrating its effectiveness and applicability in our study. This cost model is defined 

based on a developed WT cost model      
  and other cost parameters given in chapter 

three. In this section, the details of the resulting WT cost model      
  and an evaluation of 

the investment cost of wind projects are presented and discussed in the following 

subsections. 

4.3.1 Wind Turbine Cost Assessment 

The most expensive component of investment in wind projects is the cost of WT 

technology [6]. Thus, we performed a bibliographic study of this cost variation with power 

according to available data in the literature and the market. In this study, 48 WTs with 

different capacities were assembled from [71], [72], and [68], [82], [83], [84], [85], [86], 

[87], [88], [89], [90], [91]. Then, we fitted a curve by power regression combined with a 

model that estimates the cost of WT technology for any rated power in ($/kW) with an 

accepted determination coefficient R
2
 = 0.59, as presented in Figure 4. 5.  

 

Figure 4. 5 Wind Turbine cost function nominal power [6] 
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We can observe that the greater the power capacity of the WT technology, the higher its 

cost becomes shipper [6]. From 2 MW to 3.5 MW of WT power with nearly a step of 250 

kW intervals, a few decreases were observed in its associated cost. The resulting WT cost 

model is presented in the previous chapter as        
  in the investment model subsection, 

using the following expression: 

      
                     

         (‎4.1) 

This generated model is required for investment cost evaluation and verification of the 

overall developed decision support model.  

4.3.2 Investment Cost Study 

Investment is the first cost determined before starting any kind of project and is an 

important sign in decision making [6]. As presented in the previous chapter, the investment 

cost     
  of wind projects depends on several costs, such as transportation and WT costs. 

These cost parameters were modeled function WT design parameters researched by the 

decision support model of this thesis, specifically: rotor diameter (Dg), tower height (Hg), 

and WT nominal power (    ). This permits the evaluation of their impact on the 

investment cost     
 , which has a direct influence on the optimized objective function 

𝑁   
 .  

First, the developed WT cost model       
 was validated through an evaluation of the 

investment cost model     
  using the design parameters of an optimized WT technology of 

2 MW provided by the presented techno-economic decision support model [6]. The results 

prove that the WT technology cost has a large share in the total cost of investment, at 82% 

as shown in Figure 4. 6. However, the costs of transportation, assembly installation, 

electrical interface, engineering and permits, roads and civil work, and foundation are only 

18%. 

Second, this section provides the evaluation results of different investment cost parameters 

in response to variations in the WT design parameters, as presented in Figures 4. 7 and 4. 8 

[6]. The assembly and installation cost (     
 ) and foundation cost (    

 ) are described as 

functions of rotor diameter and tower height. Considering that these two WT design 
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parameters are dependent, we studied the variation in the rotor diameter for the 

aforementioned costs. Linear and exponential trend lines were observed for the evolution 

of     
 

 and      
 , respectively (Figure 4. 7). At 100 m of diameter, the      

 cost exceeds 

the     
 

  cost, which can be explained by the fact that as the rotor diameter increases, the 

blade length increases, and the gearbox and generator units required are larger. Therefore, 

for a WT rotor diameter of 100 m, collecting and installing all these components is much 

more expensive than foundation construction.   

 

Figure 4. 6 Optimized wind turbine technology investment 

cost disk [6] 

Figure 4. 8 shows the variation curve of the rest of the investment cost parameters that 

depend mainly on WT nominal power     : Roads and Civil Work (      
 ), 

Transportation (    
 ), Engineering, and Permits (     

 ), and Electrical Interface (     
 ) [6]. 

The material needed for electrical energy connection such as transformer and an important 

wiring, in addition to terrain and road preparation conducted to expensive cost components 

(     
 and       

 ) per kW installed, followed by transport cost (    
 ) and the cost involved 

during engineering and obtaining the permission and certifications for installation (     
 ) 

costs [6]. From 2 MW of nearly WT power,     
  passes above       

 cost, which can also 

be explained, as mentioned in the previous paragraph, by the largest transported material. 
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More precisely due to the long blades transported in this power range of the WT bringing 

on, high cost of transportation.    

 

Figure 4. 7 Assembly-Installation costs and Foundations 

cost function rotor diameter variation [6] 

 

Figure 4. 8 Costs curve of Roads and Civil Work, 

Transportation, Engineering and Permits, and Electrical 

Interface function wind turbine nominal power variation [6] 

4.4 Techno-economic Decision support Model Evaluation 

As presented in the previous chapter, the developed techno-economic decision support 

model depends on the resolution of the optimization problem. This later consists of 

maximizing an objective function mainly; the net present value of wind energy economic 
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benefits     (𝑁   
 ) to determine the optimal design parameters of the WT based on 

available wind potential and mentioned constraints in the first optimization scenario. The 

wind potential was described using the Weibull distribution function. This section presents 

the Weibull parameters of the tested sites, input parameters and constraints used in the 

evaluation of the techno-economic optimization problem, optimization algorithm details, 

and obtained WT design parameters. 

4.4.1 Weibull parameters definition 

As mentioned previously, the Weibull distribution function was selected for the description 

of wind speed distribution in this thesis. Thus, the associated Weibull parameters, mainly 

the shape k
l
 and scale C

l
 parameters, were calculated for the selected sites using the 

standard deviation, graphical, Lysen, and Moroccan methods defined in chapter 2. For the 

Dakhla site, annual wind distribution data measured at 10 m of height was used for this 

evaluation [92]. Table 4. 1 lists the obtained Weibull parameters.  

Table 4. 1 Dakhla Weibull parameters with Graphical, 

Standard Deviation, Moroccan, and Lysen methods 

 
k

l
 C

l
 (m/s) R RMSE 

Graphical 1.97 10.02 1 0.015 

Standard 

Deviation 
2.38 10.58 1 0.011 

Moroccan 2.91 10.51 1 0.013 

Lysen 2.38 10.58 1 0.011 

 

Standard Deviation and Lysen methods results were identical presenting the minimum 

error value for the root means square ‘RMSE‘ of 0.011 and the maximum determination 

coefficient ‗R‘ equal to 1. The wind data observed in Dakhla were correctly fitted using 

these methods, as shown in Figure 4. 9. 
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Figure 4. 9 Weibull distribution at Dakhla site measured at 

10m of height 

Moreover, the Standard Deviation method was demonstrated to be the best method for 

fitting wind speed potential in Tanger and Casablanca [56]. Therefore, the Weibull 

parameters obtained using this method were adopted for the subsequent numerical 

applications of this study.  

Table 4. 2 Weibull Parameters and Average Wind Speed of 

The Sites Selected at 10 m [6] 

Site l k
l
 C

l
 (m/s) 

         

(m/s) 

Casablanca 1.42 3.8 3.45 

Tanger 1.62 6.012 5.38 

Dakhla 2.38 10.58 9.38 

 

In this thesis, the wind density was assumed to change only with the hub height of the WT 

tower Hg [6]. Therefore, this change was computed by extrapolating the Weibull 

parameters presented in Table 4. 2, measured at 10 m at the new tower heights calculated 

by the presented decision support model. This extrapolation was performed using the 

mathematical expressions presented in chapter 2. According to the average wind speed 
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(vaverage), Casablanca, Tanger, and Dakhla are characterized by low, medium, and high 

wind speed potentials, respectively.  

4.4.2 Optimization Problem Input Parameters 

In one hand, the techno-economic decision support model had considered for the 

evaluation of WT generated energy, the obtained Weibull parameters (k
l
 and C

l
) in Dakhla, 

Casablanca, and Tanger, and all the inputs cited before principally: blades number 

𝑁    , the operating range of the wind speed χ=1.7, WT nominal wind speed      

        , rotor rotational speed Nrpm,g=18.15 rpm, drag and left ratio Cd/Cl=1/120, air 

density  =1.225 kg/m3, and WT energy generation losses percentage α=5% [6].  

On the other hand, the decision support model had considered the following inputs for the 

evaluation of the presented economic parameters (𝑁   
  and      

 ) [6]: investment η 

=2% and sales income ξ =1% factors adopted for the operation and maintenance cost, 

Discount rate r=8%, WT life time n=20 years, annual depreciation expense of the 

investment D
l
t,g=5%,  tax payment applied to wind energy economic benefits T

l
t,g=14%, the 

purchase tariff of electricity in Morocco Cs=0.094 $/kWh [93], and Sales cost due to 

incentives for green energy production CIn=0.053 $/kWh. CIn was estimated in accordance 

with the Law 13-09 of renewable energies, where the renewable energy operators can sell 

the electricity produced to The National Electricity Office (NEO) with a sale price named 

feed-in tariff negotiated within the framework of a sales contract between the operator and 

NEO. The feed-in tariff is expected to be approximately 60% of the NEO 's Moyne 

Voltage (MV) electricity sales tariff [74]. For peak hours, MV = 0.088 $/kWh [13]. With, 

Dirham-Dollard-Euro change on 17/07/2020 (1 $ = 0.88 € = 9.58 MAD).  

4.4.3 Optimization Problem Constraints 

At this stage, the constraints presented in the first optimization scenario of this thesis (see 

chapter 3) are employed mainly, geometrical, and rated power constraints [6]: 

                         
  

 
           ( 4.2) 

                                                                        ( 4.3) 
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                  ( 4.4) 

4.4.4 Optimization Algorithm 

As the techno-economic optimization problem of the developed decision support model 

was proved to be resolved using any of the previous mentioned optimization algorithms, 

the genetic algorithm was used in this study to solve the presented optimization problem 

and determining the optimal WT design parameters output that maximizes the optimized 

objective function 𝑁   
 . As a first step, the characteristics of the wind sites described by 

the Weibull distribution parameters (k
l
 and C

l
), in addition to all other inputs presented in 

the previous subsection (4.4.2) and the WT design variables (Dg and Hg) were specified for 

the optimized objective function model. This function was then evaluated under the 

constraints declared by the genetic algorithm, as shown in Figure 4. 10 [1]. 

 

Figure 4. 10 Optimization process flowchart [1] 

The genetic algorithm evaluates the NPV function using the following steps [1]: 

- The algorithm begins by creating a random initial population containing several 

individuals.  
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- The objective function is evaluated for each individual of the population created. 

-  Create a new population based on the individual selection of the current population 

with the maximum objective function value (NPV). The selected individuals are 

called parents and are used by crossover or mutation operators of the genetic 

algorithm to produce children. Mutation involves making random changes to a 

single parent. However, the crossover operator combines the vector entries of a pair 

of parents. A new population was formed through the creation of children. 

- WT design parameters is generated from the new population created 

These steps are repeated to generate the best new population that provides the most feasible 

WT design solution with the maximum NPV value until one stopping criterion of the 

algorithm is reached, such as the maximum number of iterations or time limit [1]. The 

optimization process is illustrated in Figure 4. 10. 

4.4.5 Optimal Wind Turbine Design Parameters Results 

In this section, the results of the techno-economic optimization problem of the developed 

decision support model are presented, showing the optimal WT technology design 

parameters (Hg, Dg, and Pn,g) found at the studied sites [6]. According to the defined 

constraints in the first optimization scenario, and by limiting the upper limit of the rated 

power permitted at 1.5, 2, and 2.5 MW successively, three different WT technologies were 

identified as optimal solutions in Dakhla and Tanger. Linear propagation between the 

nominal power      and the 𝑁   
  was observed when the selected site had a medium and 

powerful wind profile. Therefore, the optimal WT design was found at the power 

constraint limits cited in Dakhla and Tanger, as presented in Table 4. 3 [6].  

The optimized WT design results in Dakhla and Tanger were acceptable presenting good 

𝑁   
  [6]. However, only one optimized WT design was provided in Casablanca despite 

the increase in the permitted power constraint, showing a negative value for the 𝑁   
 . 

This can be explained by the low wind potential available in Casablanca, leading to its 

classification as a non-profitable site for a wind project. 
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Table 4. 3 Optimized Wind Turbine Technologies Design 

Parameters for the Selected Sites [6] 

Site constraints 

Optimized WT technical 

parameters 
 

Coresponding 

    
  (M$) Pn,g 

(MW) 

Dg 

(m) 

Hg 

(m) 

Dakhla 

Pn,g≤1.5MW 1.5 97 63 6.80 

Pn,g≤ 2MW 2 112 71 9.30 

Pn,g≤2.5MW 2.5 125 78 11.82 

Casablanca 

Pn,g≤1.5MW 0.256 40 35 -0.23 

Pn,g ≤2MW 0.256 40 35 -0.23 

Pn,g ≤2.5MW 0.256 40 35 -0.23 

Tanger 

Pn,g ≤1.5MW 1.5 99 64 1.61 

Pn,g ≤2MW 2 116 73 2.33 

Pn,g ≤2.5MW 2.5 130 80 3.04 

The maximization of the objective function 𝑁   
  was found to be much affected by the 

enhancement of WT rotor diameter increasing respectively: the energy output (           
 ), 

Tax payment (    
 ), associated investment cost (    

 ), depreciation amount (    
 ), and 

operation and maintenance cost      
  [6]. The increase in the investment cost of optimized 

WT technologies in Dakhla and Tanger does not affect much the 𝑁   
  results, because of 

the important yearly economic incomes (          
 ) estimated to be generated over the WT 

lifetime as presented in Table 4. 4 [6]. That explains the obtained 𝑁   
  results in these 

locations.  

In addition, Table 4. 4 demonstrates well, why the 𝑁   
 calculated was negative in 

Casablanca site, which can be related to the low yearly generated energy and economic 

incomes           
   registered in that site [6]. Furthermore, a few changes were observed in 

the investment cost of the proposed WT technologies with the same power capacity when 

changing the location between Dakhla and Tanger. As different investment cost     
  

parameters presented before depend either on the WT rotor diameter (Dg) and tower height 

(Hg) or on the WT nominal power (    ), the cost parameters depending on power were the 

same in these locations because the power of the optimized WTs was closed, leading to 

near     
 . However, the cost parameters of the     

  that vary with the diameter Dg and Hg  

mainly, foundation cost     
 

 and assembly and installation cost      
  show more the effect 

of location on the     
  generated. Figures 4. 11 and 4. 12 present the results obtained, and it 
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is clear that every location has its own     
 and      

 costs. For a 2.5 MW WTs power, 

which corresponds nearly to a rotor diameter of 110 m,      
  exceeds     

 , confirming our 

previous observation in the investment assessment section related to the size of the material 

used in this power range.  

Table 4. 4 Economic Indicators Analysis of Optimized Wind 

Turbines [6] 

Site 

     

(MW

) 

           
 

 

(GWh/y) 

      
  

(M$) 

     
  

(M$/y

) 

        
       

 

(M$/y) 

         
       

 

(M$/y) 

          
  

(M$/y) 

    
  

(M$/y

) 

    
  

(M$/y

) 

Dakhla 

1.5 7.564 
2.28

7 
0.053 0.711 0.399 1.110 0.148 0.114 

2 10.211 
2.91

0 
0.068 0.960 0.539 1.499 0.200 0.145 

2.5 12.887 
3.53

7 
0.083 1.211 0.680 1.892 0.253 0.177 

Casablanc

a 
0.256 0.123 

0.54

2 
0.011 0.012 0.006 0.018 0.001 0.027 

Tanger 

1.5 2.869 
2.29

1 
0.049 0.270 0.151 0.421 0.052 0.115 

2 3.909 
2.91

8 
0.062 0.367 0.206 0.574 0.072 0.146 

2.5 4.917 
3.51

7 
0.075 0.462 0.260 0.722 0.091 0.176 

 

Figure 4. 11 Fondation cost ($) for the optimized wind 

turbiness in Dakhla, Casablanca and Tanger [6] 

The levelized cost of the generated energy (     
 ) of each optimized WT at different sites 

is presented in Table 4. 5 [6]. k
l
Hg and C

l
Hg are the extrapolated Weibull parameters in 
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accordance with the tower height (Hg) provided by the decision support model for the 

optimized WTs at each site [6]. More the design of WT technology is big, more the      
  

of the energy produced decreases. In this study, rotor maximum power coefficient 

           and the      
  were found approximately constant because there is no widely 

difference between the power ranges provided for these optimized WT technologies in 

each site. This reinforces our study, presented in the WT cost assessment section, where 

the WT cost per kW installed was observed to be approximately constant in this power 

range.  

 

Figure 4. 12 Assembly and Installation cost ($) for the 

optimized wind turbiness in Dakhla, Casablanca and Tanger 

[6] 

Table 4. 5 Rotor Maximum Power Coefficient, Generated 

Energy, and LCOE  for the Optimized Technologies [6] 

Site 
     

(MW) 
k

l
Hg 

C
l
Hg  

(m/s) 

           
 

 

(GWh/y) 
           

     
  

($/kWh) 

Dakhla 

1.5 2.534 11.832 7.564 0.512 0.023 

2 2.543 11.912 10.211 0.512 0.022 

2.5 2.552 11.978 12.887 0.510 0.022 

Casablanca 0.256 1.481 4.276 0.123 0.511 0.185 

Tanger 

1.5 1.726 6.967 2.869 0.490 0.042 

2 1.733 7.034 3.909 0.479 0.040 

2.5 1.739 7.087 4.917 0.468 0.039 
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The cost of energy in Tanger was greather than Dakhla, because of the low energy 

generated and the design parameters required to respond to the same WT power was bigger 

leading to high foundation cost     
 

, assembly and installation cost      
 , and more 

investment cost value     
 in Tanger as presented previously in Figures 4. 11 and 4. 12. 

That can be referred to the available wind potential in Tanger which is lower than Dakhla 

site, requiring more large scale WT design.  

In the end, it appears that the design parameters of the third provided WT technology by 

the present techno-economic decision support model is the most suitable for the studied 

sites, mainly Dakhla and Tanger providing the best trade-off between 𝑁   
 ,      

  and 

the generated energy            
  [6]. However, Casablanca was classified as non-profitable 

site for wind projects. 
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4.5 Conclusion 

The developed techno-economic decision support model was validated and verified using 

the provided techno-economic optimization procedure of the first scenario, presented in the 

previous chapter and by selecting three different wind sites principally: Dakhla, Tanger, 

and Casablanca. Significant results were achieved, demonstrating the effectiveness of the 

proposed decision support model [6]. This model gives the adequate WT design parameters 

function the available wind potential in the selected site showing the profitability of a 

project with such design. Results showed that the optimal design of the WT is given by the 

limit power constraints cited, conducting to a maximum net present value 𝑁   
 , more 

exploitation of available wind potential in Dakhla and Tanger, and presenting low cost  of 

energy      
 . However, Casablanca was found as no profitable site for wind projects 

presenting a negative 𝑁   
 , because of the low wind potential available in that site. 

Moreover, the developed decision support model interact well with the variation of 

location, where a change was observed in the investment cost   . It shows that every 

location can have its own investment cost for the same installed power capacity, which can 

be related to different factors. These factors depend on the different investment cost 

parameters such as foundation     
 

 and assembly and installation costs      
 , which were 

found to vary with the location.  

The provided decision support model acts as an aid for strength decision making in the 

wind sector, where the most suitable WT design information is provided for the site of 

interest presenting its economic profitability. In this chapter, the integration constraint of 

wind energy into the grid was not treated when determining the optimal design parameters 

of the WT, which constitutes the second objective of this thesis, presented in a second 

optimization scenario. Results are given in the next chapter.   
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Chapter 5   Optimal Wind Turbine Design 

Based Wind Potential and Radial 

Distribution Network Characteristics 
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5.1 Introduction 

The electrical energy produced by wind turbines (WTs) is mostly destined to high 

electrical usages. Thus, WT operator has to transfer this energy to grid operators under 

regulations and conditions specified, because they are the main responsible for electrical 

energy production, transmission, and its management. In this chapter, our proposed techno-

economic decision support model is evaluated using the second optimization scenario 

specifications presented in chapter three, which consider the grid capability in case of 

integration of the WT. Optimization in this scenario was also subject to the Net Present 

Value (𝑁   
 ) maximization of the net incomes from wind energy generation. Unlike the 

study performed in the previous chapter, in this study, the techno-economic decision 

support model determines the optimal design parameters of future WT technologies not 

only based on available wind potential on a selected site but also it takes into account the 

electrical constraints of the connected radial distribution network (RDN) [1]. Furthermore, 

to deal with wind energy generation uncertainty challenge that impact grid stability, an 

Artificial Neural Network (ANN) was used in this study to effectively forecast the wind 

speed distribution for good estimation of the generated wind energy.  The decision support 

model was evaluated using the wind potential of Essaouira Moroccan site and the electrical 

characteristics of two different RDNs mainly, IEEE 9 and IEEE 33 Bus nodes. Each RDN 

system is composed of several bus nodes with different power load and electrical 

requirements. Thus, our developed decision support model proposes a specific WT design 

for each evaluated bus node. Then, the optimal WT design selection considers: the nominal 

power     , rotor diameter Dg, and tower height Hg, which led to the maximum 𝑁   
  in 

each bus node. That leads also to identify the best bus candidates for a WT project 

installation.   

5.2 Weibull parameters determination 

As the wind potential was described using the Weibull distribution function in the studies 

of this thesis [6], [1], the standard deviation method was also found in this case as best 

method to determine the Weibull parameters in Essaouira site [1]. It gives the best Weibull 

parameters (kl=2.56 and Cl=8.63 m/s) with an R and RMSE equal to 1 and 0.01 

respectively, that correctly describe the available measured wind speed on this site as 
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shown in Figure 5. 1. The wind distribution measured in 2015 at an initial height of H0 = 

50 m was used in this evaluation [92]. 

 

Figure 5. 1 Weibull Probability distribution at Essaouira 

The standard deviation method is also used in the next section to determine the new 

Weibull parameters for the achieved ANN predicted wind speed data [1]. The Weibull 

parameters calculated using the measured and predicted data are having the same height of 

measurement H0 = 50 m. Standard deviation formulas for k
l
 and C

l
 determination were 

given in chapter two.  

5.3 Artificial Neural Network Wind Speed Forecasting 

As presented previously in chapter two, the wind energy generation uncertainty challenge 

related to the variability of wind speed is addressed in this study to maintain the grid 

stability using the ANN artificial intelligence approach. The ANN can effectively predict 

future stochastic variables such as wind speed, based on previously entered data. This 

previous data is considered as target to reach by the ANN. ANN tends to reduce the error 

between the entered and predicted data [47]. In this study, Essaouira is the evaluated site 

for WTs installation and grid integration. Therefore, the hourly wind speed distribution in 

this site is forecasted by the ANN method for a time horizon of one year based on the 

previous wind speed data measured at an initial height of H0 = 50 m [92]. As mentioned 

before, an ANN is composed of three layers: an input layer, hidden layer, and an output 

layer. Calendar data were the inputs used in this study including, season, month, week, day, 
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and hour and the anticipated output was the wind speed as illustrated in Figure 5. 2. The 

global entered data consisted of 8760 values [1]. Part of this data is used for training the 

ANN, and the rest is used to test the efficiency of the results involved before the ANN 

model performs the prediction [1].   

 

Figure 5. 2 Simplified ANN architecture [1] 

The best prediction results were obtained with an ANN structure composed of three hidden 

layers and 22 neurons in each hidden layer, as shown in Figure 5. 3 [1].  

 

Figure 5. 3 Resulted ANN structure [1] 
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In addition to a resulted data partition in the learning phase of 80% in the training and 20% 

in the testing where the minimum errors were reached, with an R and MSE values of 0.97 

and 0.57, respectively, as shown in Figure 5. 4, and Figure 5. 5.   

 

Figure 5. 4 MSE error results of the ANN model [1] 

 

Figure 5. 5 Regression coefficient R error results of the 

ANN model [1] 
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The hourly wind speed data measured and predicted by the ANN model for the actual and 

future year, respectively, in Essaouira site is composed of 8760 wind speed values, as 

presented in Figure 5. 6 [1].  

 

Figure 5. 6 Essaouira observed and predicted wind speeds [1] 

These ANN forecasted wind speed values were used to find the new Weibull function 

parameters k
l
 and C

l
, using the standard deviation method equations. As presented 

previously, this Weibull function is required for the WT energy generation estimation 

having a direct impact on the optimized objective function (𝑁   
 ) [1]. Achieved results 

conduct nearly to the same values of measured Weibull parameters as presented in Table 

5. 1. This demonstrates the stability of the future wind potential at Essaouira site, leading 

to a real estimation of the generated wind energy. This supports the validity of WT designs 

proposed by our decision support model in the future.  

Table 5. 1 Essaouira Weibull Parameters at H0=50 m [1] 

 k
l
 C

l
 (m/s) vaverage(m/s) 

With measured wind speeds data 2.56 8.63 7.17 

With ANN Predicted wind speeds 2.62 8.63 7.17 

Using these predicted and measured Weibull parameters, and by classifying the associated 

wind speed data into different classes varying between 1 m/s and 29 m/s, the Weibull 
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probability density function presenting the wind speed frequency was calculated and fitted 

to the measured and predicted Weibull parameters [1]. The results are shown in Figure 5. 

7. 

 

Figure 5. 7 Observed and predicted Weibull data in 

Essaouira city [1]  

Figure 5. 7 shows the observed frequency of wind speeds and demonstrates more the 

stability of wind potential in Essaouira site, where the observed and predicted Weibull 

function data results are nearly the same. Small differences at 5 m/s and 10 m/s are 

observed, but generally the average wind speed is identical (vaverage = 7.17 m/s) [1]. As 

discussed and presented previously, wind energy is a function of the cubic wind speed, so, 

a few wind speed difference has an important impact on the generated wind energy. Hence, 

the Weibull parameters obtained using the ANN predicted wind speed data are used in the 

rest of the calculation in this study. These parameters are extrapolated automatically with 

tower height Hg values obtained by the present techno-economic decision-support model, 

using the extrapolation method presented in chapter 2 to overcome its influence on the 

wind speed profile.   
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5.4 Techno-economic Decision Support Model Evaluation Wind 

Turbine Grid Integration Case Study 

As the developed techno-economic decision support model was verified validating its work 

performance in the previous chapter, it is adopted in this study to achieve the second 

objective of this thesis. Principally, at this stage, the developed techno-economic decision 

support model is evaluated in determining the optimal design parameters of the WT based 

on: available wind potential of the studied site (Essaouira), the connected radial 

distribution network (RDN) constraints, and all the constraints mentioned in the second 

optimization scenario presented in chapter 3. The objective function studied by the 

optimization problem was also the maximization of the net present value of the wind 

energy economic benefits     (𝑁   
 ). Two different RDN test systems, data: IEEE 9 

and IEEE 33 composing of 9 and 33 bus nodes respectively, were used in this evaluation 

[4], [94],[1]. Each bus node has its own electrical characteristics and its own load demand. 

The tested RDN systems were assumed to have the same wind characteristics as the studied 

site (Essaouira) and all buses are candidates for WT installation from the wind potential 

viewpoint [1]. Thus, specific WT technical parameters, including rotor diameter Dg, tower 

height Hg, and nominal power (Pn,g) are proposed for each evaluated bus node of the tested 

RDN systems. In this section, the input parameters and constraints used in the evaluation 

of the techno-economic optimization problem, the optimization algorithm details, and the 

optimal WT design parameters obtained at the evaluated RDN systems are presented.  

5.4.1 Optimization Problem Input Parameters 

Except the Weibull distribution parameters which correspond to the new evaluated wind 

site ―Essaouira‖ obtained through the ANN forecasted wind speed data (k
l
 = 2.62 and C

l
 = 

8.63 m/s), all the input parameters employed in our previous optimization study performed 

in [6] presented in the previous chapter are used also in the evaluation of the present 

optimization problem. These inputs are as follows [1]: the blades number 𝑁    , the 

WT nominal wind speed vn,g = 13.2 m/s, wind speed operating range χ = 1.7, rotor 

rotational speed Nrpm,g = 18.15 rpm, drag and left ratio Cd/Cl = 1/120, air density ρ = 1.225 

kg/m3, WT energy generation losses percentage α = 5%, tax payment T
l
t,g = 14%,, WT life 

time n=20 years, Discount rate r=8%, annual depreciation expense D
l
t,g = 5% of the 
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investment, percentages adopted for the operation and maintenance cost η = 2% and ξ = 

1%, the purchase tariff of electricity Cs = 0.094 $/kWh, and Sales cost due to incentives for 

green energy production CIn = 0.053 $/kWh. 

5.4.2 Optimization Problem Constraints 

The constraints of the second optimization scenario presented in chapter 3 are considered 

in this optimization problem. Three main constraints were employed [1].  

1) The first one is related to the WT geometrical design variables, where we presented 

the resulted rotor diameter   variation limits. The    bound limits were found 

through power capacity assessment of the available onshore WT technologies in the 

market, with a larger scale power capacity (6 MW) than the study provided in 

chapter 3 (see section 3.4.2). The resulted WT power variation function rotor 

diameter is shown in Figure 5. 8 [14].    

 

Figure 5. 8 Wind turbine power variation function rotor 

diameter [1] 

Based on Figure 5. 8, the    bound limits were specified as follows: 

                   ( 5.1) 

   
  

 
        ( 5.2) 
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We notice that in this study, in contrast to the first optimization scenario, the WT nominal 

power is not limited but determined by the optimization problem according to the 

evaluated site and RDN characteristics. 

2) The second constraint used, controls the active generated power      
  by the WT 

to respond to power load      
  and grid requirements, using the mentioned power 

flow expression (see chapter 3, section 3.4.3) given as follows: 

     
       

       
       ( 5.3) 

Where: 

     
            ( 5.4) 

     
    ∑   [      (     )        (     )]

 
     ( 5.5) 

3) The third constraint employed, controls the voltage at different bus nodes of the 

tested RDN systems mainly, IEEE 9 and IEEE 33. Therefore, the voltage stability 

challenge in the grid due to the integration of WTs is addressed by our decision 

support model  allowing a maximum and minimum variation of 5% over it initial 

value as follows [1].  

                     ( 5.6) 

Furthermore, the grid voltage stability was also controlled in this thesis by 

providing the WT active power at constant power factor where no reactive power is 

expected to be generated. 

5.4.3 Optimization Algorithm 

Like the previous chapter, the genetic algorithm was also the optimization algorithm used 

in this study to solve the presented optimization problem and determine the optimal WT 

design parameters output that maximizes the optimized objective function 𝑁   
 . This 

function is evaluated at this stage under the previous cited constraints considering: the 

studied design variable in the tested RDN system (Vl/ Vj), the WT design variables (rotor 

diameter Dg and Tower Height Hg), the Weibull parameters of Essaouira site (k
l
 and C

l
), in 
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addition to all other inputs presented in subsection 5.4.1.  The updated optimization 

process flowchart is described in Figure 5. 9 [1].  

Following the same optimization process described in the chapter 4, the best optimal WT 

design parameters are provided by the optimization algorithm [1]. 

 

 

Figure 5. 9 Optimization process flowchart [1] 

5.4.4 Optimal Wind Turbine Design Parameters Results 

The optimal WT design parameters (Hg, Dg, and      
 ) determined for the tested RDN 

systems by the presented techno-economic decision support model, through the 

optimization procedure described previously are presented in Table 5. 2 and Table 5. 3 

[1].  

 



86 
 

Table 5. 2 Optimal Wind Turbine Designs Parameters for 

the IEEE 9 Bus Radial Distribution System [1] 

 

Buses 
     

  (kW)    (m)     (m) 

1 5128.75 200 115 

2 5128.75 200 115 

3 2654.17 135.39 82.70 

4 2613.72 134.23 82.11 

5 2140.58 120.08 75.04 

6 1494.87 98.79 64.39 

7 1575.97 101.63 65.82 

8 1230.57 89.06 59.53 

9 1804.29 109.35 69.68 

 

Table 5. 3 Optimal Wind Turbine Designs Parameters for 

the IEEE 33 Bus Radial Distribution System [1] 

 

The presented optimal WT design results corresponded to the ANN predicted Weibull 

parameters, which showed the stability of the wind potential in Essaouira compared to the 

observed one [1]. Specific WT design was proposed for each bus node evaluated. The most 

suitable bus locations for wind energy generation were identified based on the maximum 
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net present value economic benefits 𝑁   
  registered. The suitable bus locations identified 

in the tested RDNs IEEE 9 and IEEE 33 are illustrated in their associated schemes [4], [95] 

given in Figure 5. 10 and Figure 5. 11 [1].  

 

Figure 5. 10 IEEE 9 Bus radial distribution network system 

scheme with adequate wind turbine locations [1] 

 

Figure 5. 11 IEEE 33 Bus radial distribution network system 

scheme with adequate wind turbine locations [1] 

Results of the tested IEEE 9 bus system presented good economic benefits with a 

minimum and maximum 𝑁   
  of 3.87 M$ and 18.62 M$ respectively, demonstrating the 

eligibility of all IEEE 9 buses for Wind energy generation, as describes in Figure 5. 12 [1].  
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Figure 5. 12 NPV results of the IEEE 9 Bus radial 

distribution network system [1] 

However, the obtained 𝑁   
  for the proposed WT design parameters for the IEEE 33 

tested system demonstrates that there are only seven most candidate buses in this system 

for WT installation [1]. The numbers of these buses are: 2, 7, 11, 19, 24, 26, and 32 with an 

𝑁   
  of 5.95, 3.22, 2.29, 3.32, 1.85, 2.18, and 1.98 M$ respectively, as described in 

Figure 5. 13 [1]. 

 

Figure 5. 13 NPV results of the IEEE 33 Bus radial 

distribution network  [1] 

From the achieved WT design parameters results in the IEEE 33 bus system; we can 

observe that the maximum WT power capacity determined for this RDN was 

approximately 1 MW [1]. However, a larger scale WT power capacity of 5 MW was 
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determined for the tested IEEE 9 bus system. Therefore, we can conclude that we have a 

good wind profile at the evaluated site (Essaouira), which offered the opportunity for the 

installation of more powerful WT technologies with large power capacity in IEEE 9 than 

IEEE 33 bus system [1]. This difference can be explained by the grid limitations evaluated; 

because each tested RDN has its own electrical wire characteristics with different values. 

The IEEE 9 bus system is more powerful than the IEEE 33 bus system with an important 

active power load demand. This explains the results obtained in this study. Thus, the 

proposed WTs design by the present techno-economic decision support model follows the 

available wind potential and grid constraints, demonstrating that the optimal design for a 

WT technology is not limited to available wind potential in a site but mostly to the grid 

capability.  

 

Figure 5. 14 Achieved NPV results with and without ANN 

prediction of the IEEE 33 Bus radial distribution network 

system system in the profitable bus locations [1] 

A comparison with an optimization study using the initial measured Weibull parameters 

was realized. The decision support model provided the same WT design parameters for the 

both evaluated RDNs systems with nearly the same 𝑁   
  economic benefits value, using 

the wind speed potential with and without prediction, as presented in Figure 5. 14 and 

Figure 5. 15  [1]. 
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Figure 5. 15 Achieved NPV results with and without ANN 

prediction of the IEEE 9 Bus radial distribution network 

system [1] 

We can also observe that the use of ANN wind speed prediction results increase slightly 

the economic benefits of the proposed WTs design owing to the accuracy of forecast wind 

potential, enhancing the generated energy, and automatically the value of NPV is enhanced 

in parallel. We note that these designs are not available or commercialized in the market, as 

suggested by this study [1].  

5.4.5 Evaluation of Wind Variation Impact on the Techno-economic 

Decision Support Model 

The previous results demonstrated that the optimal WT design is not determined according 

to the available wind potential, but mostly according to the grid capability at the Essaouira 

site. Furthermore, the accuracy of the wind potential predicted by the ANN improved the 

NPV economic benefits of the proposed WT designs, demonstrating the effect of wind 

potential on our proposed decision support model. Thus, a supplementary optimization 

study was performed to show more the effect of wind potential variation on the proposed 

decision support model with RDN constraints evaluation. To this end, the eligible sites for 

wind energy projects determined according to the first optimization scenario of this thesis 

were selected, mainly Dakhla and Tanger. Compared with the Essaouira site, Tanger and 
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Dakhla have low and high wind potentials, respectively. This study follows the same 

details as the second optimization scenario presented previously, using the Weibull 

parameters of the newly evaluated sites measured at H0= 10 m for the Dakhla and Tanger 

sites and at H0= 50 m for Essaouira, as presented in Table 5. 4.  

 Table 5. 4 Dakhla, Tanger, and Essaouira Weibull Parameters  

Site l k
l
 

C
l 

 (m/s) 

          

(m/s) 

Tanger 1.62 6.012 5.38 

Essaouira 2.56 8.63 7.17 

Dakhla 2.38 10.58 9.38 

The decision support model provided the same WT design parameters for all evaluated 

RDN systems in Dakhla and Tanger, similar to the Essaouira site as presented in Tables 5. 

5 and 5. 6. This proves our previous remark, which demonstrated that the WT design is 

determined according to the grid capability rather than the available wind potential. 

Furthermore, for the same WT design, the generated NPV was lower in Tanger and higher 

in Dakhla because of the difference in the wind potential at each site. Therefore, the most 

candidate buses for WT installation selected previously based on the registered NPV in 

Essaouira were found to be more profitable in Dakhla and less profitable in Tanger. Thus, 

the economic profitability (NPV) is affected more by the wind potential in this case. 

Table 5. 5 Optimal Wind Turbine design parameters for 

IEEE 9 Bus System in Dakhla, Tanger, and Essaouira 

Bus node      
  (kW) Dg (m) Hg  (m) 

    
  

(M$) 

    
  

Dakhla 

(M$) 

    
  

Essaouira 

(M$) 

    
  

Tanger 

(M$) 

1 5128.75 200.00 115.00 7.78 24.689 18.217 6.687 

2 5128.75 200.00 115.00 7.78 24.689 18.217 6.687 

3 2654.17 135.39 82.70 3.75 12.533 9.044 3.317 

4 2613.72 134.23 82.11 3.7 12.329 8.891 3.256 

5 2140.58 120.08 75.04 3.09 9.951 7.108 2.549 

6 1494.87 98.79 64.39 2.28 6.741 4.726 1.609 

7 1575.97 101.63 65.82 2.39 7.141 5.021 1.724 

8 1230.57 89.06 59.53 1.95 5.450 3.780 1.243 

9 1804.29 109.35 69.68 2.67 8.272 5.858 2.053 
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Table 5. 6 Optimal Wind Turbine design parameters for 

IEEE 33 Bus System in Dakhla, Tanger, and Essaouira 

Bus 

node 

     
  

(kW) 

Dg 

(m) 

Hg 

(m) 

    
  

(M$) 

    
  

Dakhla 

(M$) 

    
  

Essaouira 

(M$) 

    
  

Tanger 

(M$) 

2 1794.33 109.02 69.51 2.66 8.222 5.821 2.039 

7 1049.09 81.88 55.94 1.71 4.575 3.145 1.001 

11 783.62 70.36 50.18 1.35 3.319 2.242 0.666 

19 1077.01 83.02 56.51 1.75 4.709 3.242 1.038 

24 652.90 64.06 47.03 1.16 2.713 1.812 0.512 

26 749.76 68.77 49.39 1.3 3.161 2.129 0.626 

32 693.16 66.05 48.03 1.22 2.898 1.943 0.559 

In contrast to the results of our first optimization scenario where the investment cost 

    
 was affected by the change in site because of the different rotor diameter and tower 

height parameters proposed for each evaluated site, the proposed decision support model 

did not scale up or scale down these WT design parameters in Dakhla and Tanger, 

respectively, as a function of wind potential in the case of RDN constraints evaluation. 

Therefore, whatever the wind potential available, a unique WT design parameters is 

permitted by each bus node of the connected RDN. Therefore, as the proposed investment 

cost model     
  depends on the studied WT design parameters, the resulting cost of      

 was 

closed in each bus of the RDN systems for all evaluated sites (see Tables 5. 5 and 5. 6). 

So, the effect of site variation is only observed in the level of generated energy            
 , 

which in turn affects the estimated NPV, as shown in Figures 5. 16 and 5. 17.  
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Figure 5. 16 Analysis of generated wind energy 

           
 and LCOE in IEEE 33 Bus system 

 

Figure 5. 17 Analysis of generated wind energy 

           
 and LCOE in IEEE 9 Bus system 

An analysis of the LCOE for the proposed WT designs in all the evaluated sites and most 

candidate buses of the tested RDN systems for WT installation was performed, and the 

results are presented in Figures 5. 16 and 5. 17. We can observe that the more the design 

of the WT and the available wind potential are important, the more the generated electrical 

energy increases and its associated cost decreases. Thus, the cost of energy generated in 

Tanger was greater than that in Essaouira and Dakhla. Dakhla presented the cheapest 

energy cost, as it has the most powerful wind potential.  
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5.5 Conclusion 

The proposed techno-economic decision support model for optimal WT design based on 

the wind potential of the site of interest and RDN constraints is evaluated in this chapter, 

providing significant results. The presented decision support model consists of a 

constrained optimization problem resolution, having as objective the maximization of the 

NPV economic benefit. The optimal WT technical parameters, including the rotor diameter 

Dg, tower height Hg, and WT nominal power, were determined for all studied RDNs bus 

nodes [1]. Wind speed variation has a significant effect on WT-generated energy. 

Therefore, an ANN model was used to validate the wind profile at the studied site 

(Essaouira). Based on previously measured wind data, the ANN effectively forecasted 

future wind speed potential at the Essaouira site, demonstrating its stability. Using the 

electrical characteristics of two different RDN bus systems, namely IEEE 9 and IEEE 33 

buses, the proposed techno-economic decision support model was validated and tested. 

Based on the maximum value of the resulting NPV, the most candidate bus nodes for WT 

installation in the tested RDN systems were selected. The results showed that all nine buses 

of the IEEE 9 system were candidates for WT installation; however, only seven candidate 

buses in the IEEE 33 system presented good NPV economic benefits. Different WTs power 

capacities were proposed using the decision support model for the evaluated RDN systems, 

demonstrating that the WT design depends more on the capability of the connected RDN 

than on the available wind potential. To this end, the decision support model was evaluated 

for different wind sites, confirming this observation. The variation in wind generally 

affected the generated energy and economic benefits value. Moreover, the ANN model 

proved not only the stability of the future wind potential in Essaouira but also supported 

the validity of the obtained WT designs in the future. The provided WTs design parameters 

are not available in the market but are suggested in this study. 
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General conclusion 

Green energy sources, such as wind and solar energy, constitute the best solution for 

energy, water, and climate change issues. Therefore, the development of their associated 

technologies, mainly solar panels and wind turbines (WTs), plays a significant role in 

improving their competitiveness and encouraging and facilitating their deployment. This 

constituted the objective of this thesis, which focused on the development of WT 

technology design by providing a decision support model based on a techno-economic 

optimization approach. This model provides the optimal design parameters for future WTs 

based on the available wind potential and connected radial distribution network (RDN) 

characteristics, following two optimization case studies performed through two different 

scenarios. The objective of the techno-economic optimization approach is to maximize the 

Net Present Value (NPV) of wind energy economic revenues when determining the optimal 

design parameters for the WT. Three principal WT technical design parameters were 

determined using the proposed decision support model: rotor diameter Dg, tower height Hg, 

and its nominal power. 

As a first step, this thesis provided a state-of-the-art of WT development starting from 

windmill apparition to WTs inspiration and improvement. Furthermore, the challenges 

related to the integration of WTs into power system networks are presented. In addition, a 

bibliographic study of different studies conducted on the optimization of WTs design was 

presented, showing the originality of our work. No study was found that treated the same 

objectives of this thesis, providing an optimal design for the WT technology based on the 

available wind potential at the site of interest and the connected RDN characteristics, 

giving an idea about the economic revenues associated with the proposed design. 

Second, this thesis presents an overview of the origin of wind, its quantification methods, 

and its exploitation process for electricity production, giving a presentation of different WT 

components. Moreover, an artificial neural network (ANN) that permits the prediction of 

the future stochastic behavior of wind speed at the selected site was presented. The use of 

the ANN helped to address the wind energy generation uncertainty challenge for the grid 

operator. 
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As a third step, the modeling of the proposed techno-economic decision support model is 

presented in detail, starting from a deep WT energy production model to the construction 

of the optimization problem. This is the main element used in the development of the WT 

technology design that provides the optimal design parameters for the studied issue.  

As a fourth step, the proposed decision support model was verified and validated in 

comparison with a previous existing model, demonstrating its performance. Then, it was 

applied to the first case study presented as the first optimization scenario. This scenario 

consisted of evaluating the decision support model to provide the best optimal WT design 

parameters based on the available wind potential at the three tested sites. Dakhla, Tanger, 

and Casablanca were selected as sites characterized by high, medium, and low wind 

potential, respectively. This selection allows visualization of the wind effect on the final 

results, that is, the objective function evaluated (NPV). The results showed that Tanger and 

Dakhla were the most profitable sites for wind project investment, providing the best 

design parameters for those sites with maximum NPV. However, Casablanca was found to 

be a not profitable site for wind projects because of its low wind potential. Furthermore, 

this study demonstrated that every location can have its own WT investment cost for the 

same installed power capacity, which can be related to different factors such as the costs of 

transportation, foundation, and assembly and installation of the WT, which vary by 

changing the location. Therefore, the variation in investment cost has an important impact 

on the registered NPV, which also affects the wind project decision-making in this case.   

The final step of this thesis is to consider the RDN constraints in the proposed techno-

economic decision support model as a second case study presented in a second 

optimization scenario. Thus, the novel proposed WT design parameters were based not 

only on the wind characteristics, but also on the connected RDN grid capability. The 

Essaouira wind site and the data of two different RDN systems, IEEE 33 and IEEE 9 RDN 

bus systems, were used in the evaluation of this study. The tested RDN systems were 

assumed to have the same wind potential, and all RDN bus nodes were candidates for WT 

installation. Furthermore, to address the wind energy generation uncertainty challenge that 

affects the stability of the grid, an ANN was used to effectively forecast the future wind 

potential at the selected site. The results demonstrated that the optimal WT design 

parameters were limited to the RDN grid capability and not the strength of the available 
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wind. This was also confirmed by testing different wind sites, particulary, Dakhla and 

Tanger. Based on the analysis of the achieved NPV, the most suitable and profitable RDN 

bus nodes for the installation of WT technology were selected. Finally, an assessment of 

the LCOE was carried out, which showed a decrease when the WT design and available 

wind potential were important. 

In conclusion, the optimal WT design parameters can be determined using the proposed 

techno-economic decision support model based on the available wind potential and 

connected RDN constraints. Furthermore, the optimal site and RDN bus node for wind 

energy exploitation can also be determined. The WTs design parameters proposed in this 

thesis are not available in the market, as suggested by this study. The presented techno-

economic decision support model supports decision makers in determining the optimal WT 

design parameters (rotor diameter Dg, tower height Hg, and nominal power), eligible sites, 

and suitable RDN bus node locations for WT installation at the site of interest. In this 

thesis, aerodynamic effects, material optimization, and grid power loss reduction were not 

considered in the evaluated optimization problem and could constitute a recommendation 

for future work.  
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Appendix 

The distribution network can be represented as the equivalent of two bus system as shown 

in the following figure [4]: 

 

1) IEEE 33 Radial Distribution Network data is as follows [94]:  

Branch 

Number 

Send 

node 

Receiv 

node 

Pload 

reciev 

node(kW) 

Qload  

reciev 

node(kVAr) 

Resistance 

(ohm) 

Reactance 

(ohm) 

1 1 2 100 60 0.0922 0.047 

2 2 3 90 40 0.493 0.2511 

3 3 4 120 80 0.366 0.1864 

4 4 5 60 30 0.3811 0.1941 

5 5 6 60 20 0.819 0.707 

6 6 7 200 100 0.1872 0.6188 

7 7 8 200 100 1.7114 1.2351 

8 8 9 60 20 1.03 0.74 

9 9 10 60 20 1.04 0.74 

10 10 11 45 30 0.1966 0.065 

11 11 12 60 35 0.3744 0.1238 

12 12 13 60 35 1.468 1.155 

13 13 14 120 80 0.5416 0.7129 

14 14 15 60 10 0.591 0.526 

15 15 16 60 20 0.7463 0.545 

16 16 17 60 20 1.289 1.721 

17 17 18 90 40 0.732 0.574 

18 2 19 90 40 0.164 0.1565 

19 19 20 90 40 1.5042 1.3554 

20 20 21 90 40 0.4095 0.4784 

21 21 22 90 40 0.7089 0.9373 
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22 3 23 90 50 0.4512 0.3083 

23 23 24 420 200 0.898 0.7091 

24 24 25 420 200 0.896 0.7011 

25 6 26 60 25 0.203 0.1034 

26 26 27 60 25 0.2842 0.1447 

27 27 28 60 20 1.059 0.9337 

28 28 29 120 70 0.8042 0.7006 

29 29 30 200 600 0.5075 0.2585 

30 30 31 150 70 0.9744 0.963 

31 31 32 210 100 0.3105 0.3619 

32 32 33 60 40 0.341 0.5302 

 

Bus node V(p.u) δ(deg) 

1 1 0 

2 0.99703 0.01369 

3 0.98289 0.09637 

4 0.97538 0.16301 

5 0.96796 0.23056 

6 0.94948 0.13820 

7 0.94595 -0.09626 

8 0.9323 -0.26357 

9 0.92597 -0.34550 

10 0.92009 -0.41597 

11 0.91922 -0.41024 

12 0.91771 -0.40050 

13 0.91153 -0.50192 

14 0.90924 -0.58500 

15 0.90782 -0.62568 

16 0.90643 -0.65146 

17 0.90439 -0.73397 

18 0.90377 -0.74486 

19 0.9965 0.00286 

20 0.99292 -0.06475 

21 0.99221 -0.08423 

22 0.99158 -0.10485 

23 0.97931 0.06515 

24 0.97264 -0.24065 

25 0.96931 -0.06818 
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26 0.94755 0.17934 

27 0.94499 0.23790 

28 0.93354 0.33198 

29 0.92532 0.41815 

30 0.92177 0.52707 

31 0.9176 0.44657 

32 0.91669 0.42440 

33 0.9164 0.41689 

Base voltage= 12.66 kV 

2) IEEE 9 Radial Distribution Network data is as follows [4]:  

Branche 

Number 

Send 

node 

Receiv 

node 

Pload 

reciev 

node(kW) 

Qload  

reciev 

node(kVAr) 

Resistance 

(ohm) 

Reactance 

(ohm) 

1 0 1 1840 460 0.1233 0.4127 

2 1 2 980 340 0.014 0.6057 

3 2 3 1790 446 0.7463 1.205 

4 3 4 1598 1840 0.6984 0.6084 

5 4 5 1610 600 1.9831 1.7276 

6 5 6 780 110 0.9053 0.7886 

7 6 7 1150 60 2.0552 1.164 

8 7 8 980 130 4.7953 2.716 

9 8 9 1640 200 5.3434 3.0264 

 

Bus node V(p.u) δ(deg) 

0 1 0 

1 0.9929014 -0.522 

2 0.9873783 -1.268 

3 0.9634085 -2.331 

4 0.9480165 -2.652 

5 0.917171 -3.721 

6 0.9071685 -4.137 

7 0.8890 -4.618 

8 0.8586946 -5.404 

9 0.8375037 -5.99 

 

Base voltage= 23 kV 
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