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ABSTRACT 

 
Taller wind turbines with big wheel area have been proposed for low wind speed sites, 

where conventional 80m tower cannot produce enough electricity. Hub height of 140m gives the 

potential to all 50 states to produce power from wind. However, it is not clear which tower (steel, 

concrete or hybrid) is economically attractive beyond 80m, or which design parameter is most 

critical in enabling tall yet economic tower. The aim of this paper is to come up with optimum 

designs for steel, concrete and hybrid towers while minimizing wind turbine cost and 

maximizing power production and then study the influence of changing one design variable on 

optimum designs. Also, it was of interest to study the effect of defining rotor dimeter of turbine 

as an independent design variable or as function of height. Multiple optimal solutions were 

obtained, which are called Pareto-optimal solutions. The design variables were chosen to be 

diameter, thickness, height of tower and blade radius. Design constraints were buckling, 

yielding, shear stresses for steel tower and ultimate and service limit states for the concrete 

tower. Those constraints have been used to control the stability of the tower. Different linear 

constraints have been applied for each tower, e.g. radius of the rotor should be less than the 

height of the tower. The design problem is conceptual design so detailed design is beyond scope 

of this research, such as the flange for the steel tower, connection between the concrete parts, and 

connection between the steel and concrete for the hybrid tower. Nonetheless, the cost of these 

parts was added to the design problem. Due to the highly constrained, non-convex and non-linear 

nature of the design problem, Genetic algorithm has been chosen as a solver for the problem. The 

towers were analyzed for operational and nonoperational aerodynamic conditions according to 

IEC 61400-1. A comparison of steel, concrete and hybrid towers was analyzed for heights 

ranging (80m-150m). Results showed that up to 95m, the cost difference was negligible between 

all towers options. Beyond 95m hybrid towers were dominating the solutions. For 150m hub 

height, concrete tower saved 12% when it is compared to its steel counterpart. Concrete base 

diameter decreases to less than 10m, industry preferred, when average concrete wall thickness 

was equal or greater than 0.4m or compressive strength of concrete increases. Increasing 

compressive strength of concrete by 10% also resulted in cost reduction of 2.18% for 150m hub 

height. Results showed that defining rotor diameter as a design variable was better than defining 

it as a function of height because the optimization problem had fewer constraints. 

Key words:  Optimization, wind turbine tower, Genetic algorithm, power
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CHAPTER 1  
 

INTRODUCTION 

 

 

1.1 Introduction 

 
Wind turbine towers have gone through many developments. Two decades ago, 

conventional steel towers were dominating the industry. In order to harvest more power from the 

wind, the industry started to increase the height of the tower which will make wind energy a 

better resource among other resources. As height of the tower increases, diameter at the base 

should increase too to make the tower able to resist wind loading and be stable. Due to 

transportation constraints, diameter of the steel tower cannot be greater than 4.5m (Nicholson, 

2011). Moreover, taller wind turbine with larger diameter need special consideration during 

high-winds (Amirinia & Jung, 2016, 2017a; Amirinia, Jung, & Alduse, 2015). In order to 

overcome this constraint, manufacturers came up with precast prestressed concrete towers. They 

can be divided into vertical rings and longitudinal segments, and transported and erected at the 

construction site. To go even higher, wind turbine industry started manufacturing hybrid towers 

which are a combination of steel and concrete towers. The obstacle of steel tower diameter 

constraint does not exist with concrete and hybrid towers. Hybrid towers can reach as high as 

159m, which make them catch higher wind speed (Enercon, 2016b). As a result, the cost of 

energy will go down if the taller tower generates more revenue than cost increase.   

The main goal of the industry is to minimize the cost of energy in order to compete with 

other sources, such as fossil fuel and solar. Historically, people used wind power to sail a long 

time ago. However, using the wind as a source to generate electricity started in the late 

nineteenth century where power from steam engine was widely spread due to its low cost 

(Lindenberg, 2009). Wind energy industry is fairly new when compared to other sources of 

energy. The onshore wind energy capacity is estimated to be 7877 GW where the installed 

capacity is only 310 GW (Amirinia, Kamranzad, & Mafi, 2017). The kinetic energy of the air 

flow is transformed into mechanical energy. Nowadays, wind becomes a competitive source of 

energy option among others. Danish industries were the first in building wind towers in a modern 

era. Capacities of those wind turbines were very small (10 kW to 30 kW) compared to the 

current ones such as, 5000 kW.  
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 During the last 25 years, wind energy is recorded as the fastest growing source of 

energy. An extreme effort has been made in the past 20 years from industries to make wind 

energy a competitive source of energy. At least 20% of the energy in the United States is 

expected to be generated from onshore and offshore wind farms by 2030 (Lindenberg, 2009). 

Also by 2030, a cost reductions of energy of 20%-30% from wind turbines are expected by many 

studies (Lantz, Wiser, & Hand, 2012). An abundant land area in the United States has annual 

average wind speed of 5.8m/s at 10m height. Those sites are targeted by the U.S. Department of 

Energy to produce energy from wind by installing taller wind turbine towers with big rotor 

diameter. 

 
1.2 Different types of supporting structures 

 

There are many existing masts to support wind turbine; each type has advantages and 

disadvantages. Starting with steel lattice towers, they consist of large number of different 

components. The disadvantages of this supporting structures are: mounting large number of 

compounds require time, connections are exposed to corrosion, durability concerns and 

diagonals are weak to wind excitation. To accelerate the erection time, cylindrical steel towers 

started to be used as the assembling of the tower consists of mounting 2 or 3 prefabricated tube 

segments with flanges and bolts. Then the steel towers faced a transportation and manufacturer 

constraint which limited base diameter to 4.5m. Solution of constructing concrete towers 

appeared. Concrete towers have been used in the construction of chimney and cooling tower 

industry for long time. Concrete towers can be constructed in two types: cast in place and 

precast. To meet the tensile force caused by wind, pre-stressing is necessary for the wind turbine 

towers. Stiffer concrete structure requires large dimensions. Finally hybrid tower are introduced 

to industry. The advantage of hybrid tower is the economics of off-site fabrication and on-site 

erection for the steel tower and the additional height which comes from concrete tower. Also, 

smaller foundation is necessary because of decreased dead load as compared to concrete.   

 
1.3 Towers contribution in wind energy production  

 
Support tower is one of the largest components of wind turbine. Development of new and 

taller towers have been a main concern in wind technology. Industry have focused also on 

deceasing turbine’s top mass as it affects the design of the tower. Wind energy industry sought 
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taller tower because power production is a function of cube of the velocity. Thus, turbine 

generates more power in higher wind speeds and steadier wind conditions; and becomes more 

efficient.  Also, there is effect from atmospheric boundary layer: wind velocity increases with 

height based on power-low distribution. Taller tower means higher velocity and operating time 

of turbine might increase from higher wind velocity. One more advantage of taller towers is the 

cost effectiveness. For the same area of land, fewer taller turbines produce more energy than 

many shorter turbines. Also, increasing rotor diameter can lead to a reduction in number of 

towers while producing the same amount of energy. Keeping in mind this increase in power 

production does not increase the connection cost to power grid.  Nonetheless, it saves some cost 

through reduction in maintenance costs. Also, a significant reduction in transportation cost is 

another advantage as less turbines and blades are needed (Lewin, 2010).  

The current standard hub height of wind turbine tower is 80m; with this hub height wind 

power is limited to those states in the middle of the United States, as shown in figure 1 (where 

the capacity factor is greater than 30%). To expand this band, taller tower is needed. Figure 2 

shows potential of generating power at 110m hub height around the United States. The land area 

band is expanded with 110m hub height and more scattered areas are included around the States. 

Dark blue color will be increased, and more area will be included in the southeast, when the 

tower hub height reaches 140m and higher off the ground. Low wind speed sites are abundant in 

the United States. Hub height of 140m gives the potential to all 50 states to produce power from 

wind as said by U.S. Secretary of Energy, figure 3. 

  
1.4 Optimization and design of wind turbine 

 
Capacity, hub height and rotor diameter have been developed over the past 30 years, as 

shown in figure 4. The growth of wind turbines was associated with noteworthy decreasing in 

levelized cost of energy (LCOE) (Lantz et al., 2012). Also, parallel to the growth of wind 

turbines, researchers were applying different methodology for the design and optimization of 

wind turbines. Wind turbine design is an optimization problem where designers should try to 

find an optimal solution under a set of design constraint and a specific objective. During the last 

25 years, wind turbines have been improved and expanded worldwide. Figure 5 shows the 

number of research  
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Figure 1 Wind capacity at 80m hub height (Jose et al., 2015) 
 
 

 
 
 

Figure 2 Wind capacity at 110m hub height (Jose et al., 2015) 
 
 

 
 
 

Figure 3 Wind capacity at 140m hub height (Jose et al., 2015) 
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publication on wind turbine design and optimization publications. Authors have made progress 

in the past in comparing optimization results using different optimization algorithms. Many 

optimization research have been applied to wind turbine rotor. Others have investigated power 

coefficient and energy output of wind turbine. As more people and agencies trust and rely on 

wind turbine tower, more installation of turbines have taken places.  

 
 

 
 
 

Figure 4 Development of wind turbine towers (Lantz et al., 2012) 
 
 

Multi-objective algorithm was used in about less than 25% of the wind turbine 

optimization papers (Chehouri, Younes, Ilinca, & Perron, 2016).  The best common uses of 

multi-objective optimization is by combining conflicting objective functions. For example, 

minimizing cost of energy and maximizing annual energy production.  Pareto front uses to show 

the tradeoff curve between two objectives. Innovative techniques and algorithms are required to 

solve a multi-objective problem. Multi-objective genetic algorithm was used in this research to 

minimize the cost of the tower and maximize the power production for different types of towers. 

Researchers have used multi-objective optimization for wind engineering problem or wind 

turbine blade optimization (Patil, Jung, Lee, & Kwon, 2011; Sessarego, Dixon, Rival, & Wood, 

2015; Wang, Wang, & Luo, 2011). However, it was not yet used for optimization of wind 

turbine tower.   
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1.5 Objective and scope of the research  

 

The objective of this research is to find an optimum design under conflicting objectives, 

minimizing wind turbine cost and maximizing power production, for three alternative towers. 

The three options were steel, concrete and hybrid towers. Design variables were chosen to be 

diameter, thickness at top and bottom of tower and height of tower for steel tower. For the 

concrete tower, just the number of strands was the additional design variable. Hybrid tower 

combined both design variables from steel and concrete tower. Also, in one case rotor diameter 

was defined as a design variable. Design constraints were buckling, yielding, shear stresses for 

steel tower and ultimate and service limit states for concrete tower. Those constraints have been 

used to control the stability of the tower. Design problems were conceptual design, so design of 

the flange for steel tower, connection between concrete parts and between steel and concrete 

towers for the hybrid tower were not considered in the optimization process. Nonetheless, cost of 

these parts were taken from previous studies and added as a cost to the design problem. Genetic 

algorithm was chosen as a solver for the optimization problem. Multiple optimal solutions were 

obtained which are called Pareto-optimal solutions. 

 
 

 
 

 
Figure 5 Design and optimization papers of wind turbine (Chehouri et al., 2016) 

 
 

1.6 Thesis content 

 

Chapter one: This chapter gives a general instruction about advantages of using taller 

tower, and it also presents the problem statement and research objective of this thesis.  
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Chapter two: This chapter presents the state of art of steel, concrete and hybrid wind 

turbine towers. 

Chapter three: This chapter discusses design requirements and limit states of steel and 

concrete towers. It also shows a detailed design procedures of steel and concrete towers.  

Chapter four: This chapter presents mass and cost of turbine components and also 

illustrates cost breakdown of steel, concrete and hybrid towers.  

Chapter five: This chapter includes the design optimization problem for steel, concrete 

and hybrid tower. It also shows methodology of multi-objective optimization. 

Chapter six: This chapter presents summary of results of multi-objective optimization 

problem for certain design cases. 

Chapter seven: This chapter presents conclusion obtained for this study and 

recommendation for future improvements.  
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CHAPTER 2  
 

LITERATURE REVIEW 

 
 

2.1 Introduction 

 

Steel wind turbine towers have been used dominantly in the market due to its fast 

construction time and relatively light weight. Nowadays, global wind industries tend toward 

higher tower and bigger wind turbine to produce energy in additional regions. Steel tower has 

limitation in the diameter of the tower due to transportation difficulties. As a result, it cannot be 

constructed for higher hub height and also carry big wind turbine. Thus, turbine manufactures in 

the last decade have been seeking new feasible and cost-effective wind turbine towers. Concrete 

towers seem to be the best solution as there is no limitation for the transportation part. Also, 

concrete has been chosen to build tower structures similar in the lay out to the wind turbine 

tower such as: chimneys, poles and bridge piers (Lotfy, 2012). To take most advantages out of 

those materials, steel and concrete, industries have built hybrid towers to reach higher wind 

speed. The lower part is constructed from prestressed concrete, and tower is erected in the field. 

The upper part is fabricated from steel, where this part is light in weight. Apart from selection of 

construction material, crane cost is strongly influenced by tower type. Steel towers are light in 

weight compared to concrete towers. One of the advantages of hybrid tower is economic crane 

cost of steel tower. For cost reduction of wind farm, contractors are always trying to increase idle 

time of crane (Charles S. Hanskat et al., 2016). 

 
2.2 Steel tower 

 

Many optimization models were examined for the design of wind turbine tower structure 

such as light weight design, high stiffness, high stiffness to mass ratio, reduction of vibration and 

maximization of natural frequency (Negm & Maalawi, 2000). Among those five optimization 

strategies, minimization of the tower natural frequency gave the best result. Genetic algorithm 

was used to optimize steel wind turbine tower (Yoshida, 2006). Main single objective was to 

minimize mass of the tower under different constraints and load conditions. Uys et al. (2007) 

presented a design procedure to minimize cost of steel tower. Design variables were average 

thickness of shell, and height, thickness and number of ring stiffeners. The steel tower was 
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slightly conical. Cost function included material and manufacturing costs. Shell buckling and 

local buckling of flat ring stiffeners were used as design constraints. Results showed that 

objective function was controlled by the minimum number of ring stiffeners (Uys, Farkas, 

Jarmai, & Van Tonder, 2007). Karpat (2013) used a particle swarm optimization algorithm to 

minimize cost of steel wind turbine towers. Design variables were wall thickness, diameter, and 

dimensions of the flat ring stiffeners. Design constraints were natural frequency, shell buckling 

and local buckling of flat ring stiffeners (Karpat, 2013). Perelmuter and Yurchenko (2013) used 

an improved gradient method to minimize weight, not cost, of steel tower. Design variable were 

height, diameter, shell thickness and wheel diameter (Perelmuter & Yurchenko, 2013).  

Enercon has provided a new method to assemble longitudinal sections of tubular steel 

tower using grout joint (Enercon, 2016a). Diameter of tubular steel segment must not exceed 

4.5m due to road transportation limitation. The new Enercon design divides the tubular steel 

towers into longitudinal sections. Those sections are smaller and lighter, which make them easy 

to transport. Before the erection on the construction site, they are assembled together into 

complete tubular sections. Figure 6 shows construction procedure of the joint. There is a unique 

procedure for this method.  Also, there is an alternative method for cold places, low temperature, 

where concrete cannot be used. 

 
 

 
 
 

Figure 6 Section with grout joint (Enercon, 2016a) 
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2.3 Concrete tower 

 
Concrete is a versatile material which has been used structurally in many different ways. 

Structural concrete can be used as reinforced, prestressed or normal (mass). Reinforced concrete 

has been used in industry for at least 100 years and prestressed concrete for over 70 years. Yet, 

mass concrete has been used in construction for a very long history (Tricklebank, Magee, & 

Halberstadt, 2007). 

Based on Grünberg & Göhlmann (2013), the Enercon E-126/6 MW is the most powerful 

wind turbine in the world. The hub height is 135m and rotor diameter is 126m. Tower is divided 

vertically and horizontally. The height of each concrete ring is 3.85m and base diameter of the 

tower is 14.5m. The first eight rings were divided into three segments for transportation 

limitation. However, the next 22 rings were split into two elements and the top five rings were 

assembled as a complete rings. The nacelle is mounted on a steel segement. For easily 

transportation to the site, each blade was made in two pieces (Grünberg & Göhlmann, 2013). 

Enercon and Acciona wind power industries have made a greater improvement in the design of 

precast concrete tower. Enercon produces precast concrete towers with different hub heights. 

Cylindrical segments fit together to form the tower, diameter of the segment decreases with 

height. An epoxy resin, grout, is used to link the concrete segments. Recently in 2016, Enercon 

training center has started offering two weeks training session. This session covers the 

installation, assembling and disassembling of concrete tower.  

Ma & Meng (2014) designed a prestressed concrete tower with a regular octagon cross-

section, figure 7 (left). The tower was tapered and had interior ribs on each side. The objective 

function was minimum cost of concrete tower and tendon. The constraints were stress, 

displacements and natural frequency of the tower. Finite element method, ABAQUS software, 

and optimization, genetic algorithm, were incorporating in the procedure to get the best design.  

Lotfy (2012) designed a new type of tower that has a triangular cross section and there 

was a column at each corner of the triangle, figure 7 (right). Precast panels were oriented 

between the columns. Lofty designed 75m and 100m towers for his new proposed design and 

steel. The concrete and steel towers’ performance were compared; results showed that the 

proposed design had a lower initial cost than regular steel tower. 

Serna (2010) provided outcomes of the Spanish company, Inneo Torres, for concrete 

towers. 80m, 100m and 120m concrete towers were the products of the company. The rated 
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power was ranging from 1.5 MW to 4.5 MW. The tower is divided into several segments and 

assembled at the construction site. A rate of 2.5 towers in a week can be achieved by using fewer 

and longer segments with simple and rapid systems for the use of the joints.  

 
 

 
 
 

Figure 7 Towers' cross section (Lotfy, 2012; Ma & Meng, 2014) 
 
 

Sritharan (2015) designed a tower using hexagonal with posttensioning and rectangular 

(tapered) panels as bracing elements. Figure 8 shows a schematic view of tower. The advantages 

of designing tower with hexagonal columns and panels are easy transportation and fabrication 

and they do not require specialized framework. It is possible to use High-performance concrete, 

High-strength concrete or ultra-high-performance concrete to increase mechanical performance 

of columns and panels.  

 
 

 
 
 

Figure 8 Hexcrete tower section (Sritharan, 215) 
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Tricklebank et al. (2007) has published a concrete wind tower with different hub heights. 

The first tower has a hub height of 70m and 7.5m base diameter, diameter changes uniformly 

with height. The tower supports a 2MW rated power generator, which has 40m blade length. The 

other tower has a hub height of 100m and 12m base diameter, the diameter changes bi-linear 

with height. The tower supports a 4.5MW rated power generator, which has 60m blade length. 

Four vertical ring segments, which have a maximum height of 12m, are delivered to the 

construction site. Assembled on the ground and then posttensioned with minimum prestress force 

to maintain its stability during lifting. For tower stability, the segments are posttensioned from 

the bottom of the tower. As the entire tower is constructed, the final prestress force is applied to 

the whole height of the tower. Figure 9 shows construction steps of concrete tower .The study 

has two conclusions: the first one is cost, concrete tower can save more than 30% compare to 

steel counterpart. The second one is service life of the tower, concrete service ranges from 40-60 

years. However, steel one is 20 years.  

 
 

 
 
 

Figure 9 Construction sequence of concrete tower (Tricklebank et al., 2007) 
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The following points are mainly to show how precast concrete is a competitive option 

(Serna, 2010; Tricklebank et al., 2007).    

1. Structural behavior and dynamic performance- prestressed concrete has higher structural 

damping and fatigue resistance which helps in resisting dynamic loads. A ductile 

behavior of the concrete tower makes it a favorable choice especially for seismic sites.  

2. Maintenance and durability- precast concrete is a very durable material which has the 

ability to resist harsh weather conditions. Painting the steel tower is a requirement for 

protection against corrosion while concrete tower does not have to be painted, if so it is 

just for an aesthetic option.  

3. Mix design flexibility- key parameters, strength, stiffness and density, in the concrete 

mixture can be changed to meet the project’s requirements, especially when dealing with 

harsh condition or marine application.   

4. Design and construction flexibility- concrete’s versatility allows all designs with no 

restriction on height or cross section. Construction designs can be prepared either as 

precast or in-situ which provide a wide range of construction flexibility to outfit site 

conditions. 

5. Logistic and transportation- in case of big wind farms, precast concrete segments can be 

formed on site to reduce the cost of transportation. The crane size to erect the tower is 

controlled by the nacelle’s weight so even the concrete tower is heavier than its steel 

counterpart for the same hub height, no additional or special crane is required.  

6. Economy- even though steel towers are not practical for tall tower, concrete tower’s 

design life is longer, 40 to 60 years. Also, wind speed increases with height that means 

taller towers generate more power which in turn reducers cost of energy and decreases 

the payback time. 

 
2.4 Hybrid tower 

 
Hybrid tower is a tower consists of concrete tower in the lower part and steel tower in the 

upper part of tower. Hybrid tower is the latest tower which has been practiced in the wind energy 

industry. The advantage of hybrid tower is the economics of off-site fabrication and on-site 

erection for the steel tower and the additional height which is come from concrete tower.  A 

hybrid tower has a hub height of 133m and machine rating of 2.3MW was erected by the Dutch 
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company (Mecal) (Grünberg & Göhlmann, 2013). Concrete tower has five rings, each ring was 

divided into four quarter-circle elements; and four straight elements that fitted between the 

quarters for ease transportation as shown in figure 10Figure 10. Vertically, each segments has a 

height of 15m. Conventional tubular steel tower is the upper part. The diameter of the steel tower 

is in the practical range. A square-shaped adaptor is integrated in the upper part of the concrete. 

The steel tubular section is secured in the concrete adaptor with the assistant of long studs 

passing through the concrete and fastened from inside. Each concrete layer is partially assembled 

on the ground and then the other two parts are added. The concrete is post-tensioned after 

placing all concrete segments. One of the advantages of the hybrid tower is steel part would be 

replaced after 20 years as the design life for the concrete tower is 40 years.  

 
 

 
 
 

Figure 10 Erection of hybrid tower (Grünberg & Göhlmann, 2013) 
 
 

Enercon proposed a new new generation of hybrid tower (Enercon, 2016b). This new 

proposed design improves the efficiency of production, logistic accelerates assembly times on 
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construction site. There are a total of seven hybrid towers constructed with this new proposed 

method. All of those seven towers have 92m hub height and 3MW generators. The newest hybrid 

tower has hub height of 159 m. The hybrid tower has a combination of conical and cylindrical 

segments as shown in figure 11. Early 2017, the first new generation hybrid tower was 

constructed. Also, those tower versions can be designed for a range of hub heights as mentioned 

before. Depending on the height, numbers of conical and cylindrical segments to be chosen. The 

maximum bottom diameter of the tower was limited to 10m. The diameter, at the base, divided 

into halves for ease transportation. The top steel segments were cylindrical and those segments 

were fitted together with special union fitted and then filled with quick-setting grout. A bolt style 

is an alternative to the gout one for cold places where concrete is not favorable. At the top of the 

concrete tower, a circular beam with a steel adaptor is used to connect the tubular steel bottom 

segment with concrete section.  To the best of author’s knowledge, literature is very limited for 

design or optimization of the hybrid tower.  

 
 

 
 
 

Figure 11 New new generation tower from Enercon (Enercon, 2016b) 
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Another type of hybrid tower is presented in figure 12 where top steel section is relatively 

longer than bottom concrete section. Cone shaped with a circular tube is the concrete bottom 

section. Its height ranges anywhere from 30m to 60m. Concrete tower section can be easily 

transported to field and erected using conventional crane. A hub height as high as 130m can be 

reached with this type of towers.  

 

 
 
 

Figure 12 Atlas hybrid tower ("Atlas Concrete Tower Base | Hybrid Wind Tower | Large Wind 
Turbines,") 
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CHAPTER 3  
 

METHODOLOGY 

 
 

3.1 Wind turbine tower design 

 
Wind turbine towers must be designed to satisfy both strength and serviceability limit 

states. Wind turbine towers are subjected to many combination of loads. Figure 13 shows some 

of the loads that act on wind turbine tower. These loads can be classified into two groups: turbine 

loads and tower loads.  

1. Turbine loads are loads caused from the operation of the turbine, and are applied to the 

tower at hub height, thrust.  

2. Tower loads are loads from the self-weight of the tower, dead-weight of the wind turbine, 

direct wind force on the tower and earthquake force if exist. The direct wind force can be 

simplified to a static equivalent force.  

 
 

 
 
 

Figure 13 Source of loading on wind turbine tower 
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It is important to know the amplitude of the loading and excitation frequency as not all 

loading conditions are static by nature. Most of the manufacturers do not distribute their wind 

turbine load data, because they consider it as proprietary information. This is mainly why load 

here in this research has been used in its simplest form. Wind turbine tower dimensions were 

design variables and they were changing for every iteration so it was hard to input the loads for 

every single case.   

It is out of scope of this research to link the optimization program with an aero-dynamic 

program to calculate operation and non-operation loadings of the turbine. It is computationally 

expensive for running optimization and aero-dynamic programs. Most turbine producer 

companies do not release their turbine loadings. It’s either using turbine load from field’s data or 

aero-dynamic programs or simulated turbine using computational fluid dynamic (CFD). 

 
3.2 Limit states   

 
All necessary limit states must be identified in order to design a wind turbine tower. A 

limit state failure means that structure reaches its limit of usefulness. Some of the limit states are 

calculated at service load levels and others at factored load levels. Thus, it is not restricted to a 

collapse of the tower. Some of the limit states are discussed here. 

 
 Strength limit state  3.2.1

 
There are two definition for the strength limit state. The first definition is calculating the 

service level stresses and limiting them to “relatively small fraction of the characteristic strength 

of the component materials”(Naaman, 1982). The second approach is comparing ultimate 

capacity of member to factored-level loads. The former approach is commonly used for the 

prestressed concrete design.  Prestressing is performed to prevent the development of tension or 

limit cracking in the concrete. 

Ultimate strength of a structure is checked by applying factored level loads. This is done 

after assuring that the structure satisfies the strength limit state for service level condition. As it 

is known, service level loads typically govern design however factored level loads are usually 

left for checking. Strength limit states of prestressed concrete tower are related to the following 

as has been clarified by LaNier (2005). 

1. “Resistance to the design earthquake” 
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2. “No failure during construction for temporary wind loads” 

3. “Zero-tension stress in the concrete under the service wind loads” 

For steel, Allowable Stress Design (ASD) is limiting the section to its elastic capacity and 

sections are designed for service level loads. Buckling and yielding are defined as a failure 

modes in this limit state. Load and Resistance Factor Design (LRFD) includes excessive 

yielding, fracture and buckling, and sections are designed for factored level loads. In case of steel 

tower, buckling represents both global and local. 

 
 Serviceability limit state  3.2.2

 
For wind turbine towers, limiting deflection refers to serviceability limit state. However, 

there is no standardized deflection limits for wind turbine tower yet. ACI ITG-9R-16 doesn’t 

provide any deflection limits for concrete wind tower (Charles S. Hanskat et al., 2016). Industrial 

chimneys have similar design consideration as concrete wind turbine towers. ACI 307-98 

specification includes recommendation on deflection limits and has been used in designing 

concrete chimneys. Deflection is mainly used to calculate the secondary bending moment. Also, 

technicians, who service turbine, would feel discomfort for high deflection, therefore some 

deflection control would be needed for this purpose.  

 
3.3 Load cases  

 
The load cases for design can be driven from ASCE 7-10. However, LaNier (2005) had 

many modifications about the load factors. Load factor of 1.35 was used for the wind turbine 

loads. The operation of the rotor can be used to control the wind turbine load, which is the main 

reason for reduction in load factor. Also, it matches to the International Electrotechnical 

Commission IEC (2007) partial load factor for wind turbines (Commission, 2005). And load 

factor of 1.6 was kept for the direct wind loads. IEC load cases, with their factors, are usually 

used for the design of wind turbine.  

For ultimate load combinations, those load combinations were used in this thesis:                                                                                                                                                 (3.1)                                                                                                                              (3.2) 

For service load combination, this combination was recommended by LaNier (2005).                                                                                                                               (3.3) 
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 D: Dead Load 

 W: Direct Wind Load 

 TL: Turbine Wind Load 

Table 1 shows three load cases. Case 1 is based on a simplified method to calculate thrust 

force on wind turbine for extreme load case for parked condition. Thrust force, equation (3.7), 

depends on wheel area of turbine, wind speed and thrust coefficient. Thrust coefficient was 

assumed as 0.035. FAST and TurbSim programs were used to analyze loads for parked position 

also for both case 2 and 3. Case 2 is an extreme condition that almost never happens, where yaw 

angle equals zero and blade pitch equals zero, wind is parallel to the axis of blade rotation. At 

field zero pitch rarely occurs. Case 3, yaw equals 90 and blade pitch equals 90, which could 

happen when wind hits the parked blade from the side. Assumed thrust coefficient of case one 

(0.035) was chosen after adjusting the values of case 1 to match values of case 3 in table 1. For 

operating load condition, thrust force of 0.3 was assumed (Chantharasenawong, Jongpradist, & 

Laoharatchapruek, 2011). 

More detailed study is needed for aerodynamic loads for both operational and 

nonoperational modes. This is highly recommended for future studies. Integration between 

genetic algorithm, optimization problem, and FAST program is applicable but this is beyond the 

scope of this study.  

 
 

Table 1 Load cases 

 
 

hub height 
(m) 

blade length 
(m) 

At base case 1 case 2 case 3 

90 
60 

Fx (kN) 1331 1947 1225 
My (kN.m) 103924 162000 103912 

75 
Fx (kN) 1946 2589 1634 

My (kN.m) 156121 217800 150466 

120 
60 

Fx (kN) 1540 2099 1366 
My (kN.m) 151455 228800 143053 

75 
Fx (kN) 2160 2856 1742 

My (kN.m) 221745 321500 203669 

150 
60 

Fx (kN) 1770 2277 1487 
My (kN.m) 205381 311300 195225 

75 
Fx (kN) 2405 3029 1716 

My (kN.m) 293212 433400 243215 
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3.4 Applicable loading provisions  

 
As there is no single design document for wind turbine tower in the United States, 

designer should use different design standards to complete a wind turbine tower design. The 

designed wind turbine should satisfy all the design requirements from these standards. The 

following sections explain standard documents used for the loading purposed: 

 

  IEC 64100-1 3.4.1

 
The International Electrotechnical Commission (IEC) is an organization founded in 

London, UK which provides design standards for “electrotechnical industries”. The IEC 61400-1 

is one of the design standards that concerns with “Wind Turbine Safety and Design” 

(Commission, 2005).  Its method of specifying design wind speed is useful for American wind 

turbine tower design. ASCE 7-10 has a map specifying basic design wind speed for any location 

within the United States. However, it doesn’t take into account the actual power rating of the 

design turbine. IEC 61400-1 takes into account the actual power rating of design turbines and 

categorize them into three classes (I, II, III) based on typical wind speeds within their projected 

operating environment. To achieve a more accurate wind turbine operating environment, each 

class has sub-category (A, B or C) for wind turbulence characteristics. Also, IEC 61400-1 has a 

special case category, S, for regions with tropical storms, such as hurricanes (Amirinia & Jung, 

2017b; IEC 61400-1, 2005). Each class has reference wind speed, given at 10 minutes average at 

hub height, and turbulence intensity, table 2. 

 
 

Table 2 Basic parameters for wind turbine classes (Commission, 2005) 
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The American Institute of Aeronautics and Astronautics (AAIA) has compiled a list of 

load cases, for different wind conditions: Normal Wind Profile (NWP), Normal Turbulence 

Model (NTM), Extreme Wind Model (EWM), Extreme Operating Gust (EOG), Extreme 

Turbulence Model (ETM), Extreme Direction Change (EDC), Extreme Coherent Gust with 

Direction Change (ECD) and Extreme Wind Shear (EWS) (Lewin, 2010). A Varity of load cases 

should be examined in order to evaluate a wind turbine. For future studies those load cases 

should be consider and towers should be analyzed for all of them. A simplified load was used in 

this study and applied to the towers. It is permissible to use      if cut out velocity (the highest 

velocity at which the turbine is designed to run) is unknown for some operating condition load 

cases. In this research, wind turbine class (II) was chosen which has wind speed of 42.5m/s. This 

reference wind speed is for 10 min average at hub height. Then, the wind speed was converted 

from hub height to 10 meter above ground equation (3.4), using IEC 61400-1 equations. 10m 

wind speed is the reference elevation for the ASCE 7-10 equations. DRUST curve was used to 

convert the 10 min average wind speeds, at 10 m height, to 3-sec gust design wind speeds, figure 

12. Then the 3-sec gust design wind speeds was used in the ASCE 7-10 to calculate the direct 

wind force on the tower as shown in figure 14.  

 
 

 
 
 

Figure 14 Drust chart 
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               ⁄                                                                                                                   (3.4)                From DRUST chart                                                                                               (3.5)              From DRUST chart                                                                                               (3.6) 

From the above equations (3.6),     3 sec wind speed at 10 meters height can be 

calculated.  

 
 ASCE 7-10 3.4.2

 
ASCE 7 specifies the Minimum Design Loads for Buildings and Other Structures. It is an 

American standard that specifies loading for various structures. In this research, it was used to 

calculate the direct wind velocity pressure applies on wind turbine tower. The ASCE 7-10 has 

map for 3-sec basic wind speed at 10m height for the United States. Wind speed varies with 

height and it mainly depends on terrain so location of wind turbine farms is highly important for 

energy production. Exposure category “D” which is for wide open spaces with few obstructions 

and class II wind turbine was used in all calculations here in this research. This exposure 

category is the most conservative one. Also, low wind resource regions was of interest in this 

research.  

The following calculations show the direct wind force,       applied to the tower as 

shown in figure 13:                                                                                                                                                                                                                                                                                                                                                                                                                                                          

   {         ⁄   ⁄                                         ⁄   ⁄                                       (3.10) 

   {          ⁄            ⁄            ⁄               (3.11) 

Where:                                                                  



24 

 

                                                                                                                                                                                      = topographic factor, 1.0 for flat region                                                               

V = 3 sec wind velocity in m/s converted from IEC 61400-1    = impotence factor, 1                       =                         

Figure 15 shows the velocity pressure varies with height of tower for extreme operating 

gust (EOG) load case as an example. 

 
  

 
 
 

Figure 15 Velocity pressure applied to wind turbine tower 
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3.5 Steel tower design 

 
Steel tower was the most commonly used support structure for wind turbine. A typical 

conical tubes steel tower was designed. Diameter and thickness were decreasing along the height 

of the tower. Tower dimensions change to meet design criteria. Tower is loaded by wind load on 

the tower and thrust on rotor. Bending moment increases as hub height and rotor diameter 

increase. In order to handle bending moments to the limit of buckling, it is better to make tower 

conical in shape. Advantageous of conical shape are saving material, less weight of tower and 

faster construction. However, there is limit for base diameter, different for each country, due to 

transportation constraint.  This restriction can be counteracted to a certain limit by increasing 

plate thickness but this makes tower less economical (Engström, Lyrner, Hassanzadeh, Stalin, & 

Johansson, 2010). Steel properties were            for yield stress and elastic modulus 

of           . Also, density of steel was 7851     ⁄ . The design variables were optimized to 

meet the constraints: bending, shear and buckling stresses. However, the fatigue stress of tower 

was not included and checked in this sturdy. The tower top diameter is governed by the size of 

the yaw bearing. This section provides the limitations for the design of the steel tower. 

 
 Allowable stress design method 3.5.1

 
Allowable Stress Design (ASD) is limiting the section to its elastic capacity and sections 

are designed for service level loads. Buckling and yielding are defined as a failure modes in this 

limit state. Compression and bending stresses were calculated along the height of the tower. In 

order to avoid bending failure, compression stress divided by the allowable compression stress 

and bending stress divided by allowable bending stress should be equal or less than one. 

Equations (3.12) and (3.13) are the applied compression and bending stresses respectively.                            (3.12)                               (3.13) 

Where:     = axial vertical load at any given height      = area at any given height       moment at any given height        radius at any given height 
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      moment of inertia at any given height                         
   

{   
     

                                                                              [             ]                                                                                                                                       

   √                                              (3.15)                       (3.16) 

Where:    = material coefficient    = allowable compression stress    = modulus of elasticity of steel     yield stress of steel  

K = effective length factor (=2 for cantilever structures) 

L = height of the tower 

r = radius of the tower 

 The demand to capacity ratio of compression and bending stresses is given in equation 

(3.17) and shown in figure 16.                          (3.17) 

 The total applied shear stress, generated from both shear and torsion stresses on the 

tower, should be less than the allowable shear stress.                       (3.18)                        (3.19)                                  (3.20)                                   (3.21) 

Where:      allowable shear stress;     total applied shear stress; 
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     shear stress;      torsion stress;        shear force at any given height        wall thickness at any given height        mean radius at any given height        moment at any given height;       diameter of the tower at any given height;    speed modification factor (=0.75); 

The demand to capacity ratio of shear stress is given in equation (3.22) and shown in figure 16.                                                                                                                                                                      

  
 Local buckling stress method  3.5.2

 
The buckling stability of tubular steel towers with thin wall thickness and large diameter 

should be checked. Plate thickness of tower can be increased to a limit as it will make the tower 

less economical and also it is hard for industries to roll it using standard equipment. For 

cylindrical steel tower, the axial compression strength is less than the yield strength. Reduction 

coefficient factors are used to counterpart the presence of the welding which reduces the tower 

resistance to buckling. The applied to capacity stresses should be less or equal one as given in 

equation (3.28) and shown in figure 16. 

   {  [        (        )   ]                                                                                                 (3.23) 

                           (3.24)                             (3.25) 

   {     √                                 √                                       (3.26)                               

   √                       (3.27) 

Where:    = ultimate buckling stress computed in terms of yielding stress; 
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    maximum applied stress.      1                        (3.28) 

 
 

 
 

Figure 16 Applied to capacity stresses of steel tower 
 

 
3.6 Concrete tower design 

 
A typical tapered shape concrete tower was designed. Diameter and thickness decreased 

along the height of the tower. The design variables were optimized to meet the capacity of the 

concrete tower, load moment interaction diagram.  

 
 Prestressing reinforcement  3.6.1

 
Prestressing reinforcement can be found in the form of either single wires, single strands 

consisting of several wires, multi-strand tendons or high-strength bars. Stress-relieved or low 

relaxation wires are typically used for the first three. Wires or strands that are not stress-relieved 

exhibit higher relaxation losses. High strength steel strands are sufficient in neutralizing losses 

due to creep and shrinkage in concrete and also have adequate strength to sustain a required 

prestressing force.  An effective prestressing can be achieved by using high-strenght steels of 

1862 MPa or higher (Nawy, 2011). 7 wire low relaxation strands was used in this research. The 
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strand has area of           and ultimate stress of         and modulus of elasticity 

of          . A twelve strands duct was used as shown in figure 17. 

 
  

 
 
 

Figure 17 Twelve strands duct 
 
 

 Prestressing system 3.6.2

 
There are many systems used to prestress wires or strands Nawy (2011). Hydraulic jack 

is used to apply pretensioning or post-tensioning against anchorages. For pretensioning, the 

prestressing steel is tensioned before casting of the concrete. This is commonly performed at 

precasting yards using stressing beds anchored to bulkheads or walls. This bulkheads are used to 

support the exceeding high concentrated forces applied to each tendons. Strands or wires are 

stretch and then the concrete is cast. Bonding between the concrete and strands takes place as the 

concrete reaches its required strength. For post-tensiong, strands wires or bars are stressed after 

casting and hardening of the concrete. Tendons are placed in the longitudinal bars inside 

concrete element. The prestressing force is transferred through end anchorages. Prior to the full 

prestressing, the tendons of strands should not be grouted or bonded. For bonding, the ducts are 

injected with cement grouting. Post-tensioning is used in the construction of wind turbine tower.  

Prestressing forces are transferred to the steel tendons using hydraulic jacks. Hydraulic 

jack force’s capacity ranges from 10 to 20 tons and stroke from 152 to 1219 mm, depending on 

which of the above methods are used and whether single tendons are prestressed or all the 

tendons are stressed simultaneously. According to the PCI design handbook, jacking forces for 
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the prestressing generally should not exceed 75% of the characteristic strength of the tendon (   ) for conventional steel strands. The concrete cover, from the edge of the concrete to the 

center of the strands, should be not less than 0.09 mm according to the construction details: the 

design of Chimneys GB 50051-2002. Also, according to the code for the design of concrete 

structure GB 50010-2011, the net distance between two duct holes should be greater than 0.05m.   

 
 Loss of prestress 3.6.3

 
Initial prestressing forces reduce over a period of approximately five years. Hence, the 

level of the prestressing force at each loading stage should be determined. These loading stages 

are: transfer of the prestressing force to the concrete, service ultimate loads. The prestressing 

force reduction is classified into two groups. 

1. Immediate elastic loss during the construction process including, elastic shortening, 

anchorage losses and frictional losses.  

2. Time dependent losses due to creep, shrinkage, temperature and steel relaxation. All the 

losses here are determined at the service load limit state in the prestress concrete element.  

Empirical lump-sum methods are normally used as the exact calculations for both groups 

are not feasible. Losses of prestress has been assumed here to be 80% of    , this percentage is 

commonly used for the empirical lump-sum method.  

 
 Prestressing of a tubular concrete tower 3.6.4

 
It is well known that steel reinforcement or prestressing is used in tension areas as 

concrete has low tension capacity. For concrete wind turbine towers, large moments produce 

significant tension forces in the tower cross section and maximum at base. Thus, a tower is 

prestressed to ensure the cross section is either in full compression or has very little tension. 

Prestressing is performed to prevent or limit cracking in the concrete.  Wind turbine tower is 

subjected to biaxial bending moments, shear and axial force. Depending on the wind direction, 

section carries tension or compression.  

 
 Strain compatibility method 3.6.5

 
Certain assumptions were made to simplify the calculation, following:  

1. Tensile strength of the concrete is ignored 
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2. Stress block was used for the concrete stress calculation 

3. Strain at outmost fiber equals 0.003 

4. Strain distribution in concrete and steel reinforcement plane section remain plane 

5. Stresses in bonded tendons are derived from appropriate stress/strain curve 

 It is well known that the concrete is strong in compression but weak in tension. Thus, 

steel reinforcement is used to carry the tension. Turbine tower has circular shape and it resists 

wind loads from all direction. Therefore section should carry tension or compression normally. 

This is one of the best benefit of having circular cross section. Depending on the compression 

depth, the strain in the strands is identified. Figure 18 shows a single case for compression depth. 

Tendon experiences elongation strain, equation (3.29). Also, concrete experiences elastic 

shortening for the prestress force, equation (3.30). The strain in strand is the summation of those 

three strains tendon elongation, concrete elastic shortening and normal strain in concrete). From 

the stress strain cure, stress in the strands is calculated. Total concrete force is calculated in 

equation (3.31) by using Whitney stress block method. The total force in the strands is shown in 

equations (3.32) and (3.33).      ∑        ∑                 (3.29) 

     ∑               ∑                   (3.30) 

 
 

 
 
 

Figure 18 Strain compatibility method 
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Ccn =                      (3.31) 

Tsn1 =                   (3.32) 

Tsn =                   (3.33) 

Where:      effective stress of strands     area of strand    = modulus of elasticity of concrete     modulus of elasticity of concrete 

 
 Load moment interaction diagram 3.6.6

 
This diagram represents the capacity of the section to carry applied load. The outer curve 

figure 19 is the capacity of section when subjected to axial and bending, before applying 

resistance factor   , and it is generating from the strain compatibility method. The compression 

depth of concrete changes and at each iteration it generates a point, by connecting those points 

the Mn-Pn curve created. The inner curve figure 19 is the capacity of the section after applying 

the resistance factor   . The resistance factor ranges from 0.9 for pure bending to 0.65 for pure 

compression (Committee, Institute, & Standardization, 2008). Figure 19 shows both curves. 

Total nominal force before reduction factor is shown in equation (3.34) and total nominal 

moment before reduction factor is shown in equation (3.35). Every point from those two 

equations represents a point, loading case, on the blue curve in figure 19. Mu-Pu from external 

loads should be located inside the red curve in figure 19 which means the section is capable to 

carry the load. The maximum point on the y-axis, the maximum bending moment the section 

experiences. Above x-axis is compressive region and below x-axis is tensile area. The optimal 

design from this study had to lie inside the inner curve, this means the section is an adequate 

design. The summation moment in equation (3.35) was taken around the N.A. Counterclockwise 

was assumed positive.    is (equation 3.35) the distance from centroid of steel force      to 

neutral axis, force strands above N.A.    is (equation 3.35) the distance from centroid of steel 

force      to neutral axis, for strands below N.A.                           (3.34)        * (h/2 – a/2) – ∑        *    + ∑                (3.35) 
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Figure 19 Load moment interaction curve 
 
 

 Construction of concrete tower 3.6.7

 
The concrete tower was divided into three segment in vertical section as shown in figure 

20 and the height of horizontal segment was different depending on the total height of tower 

(LaNier, 2005). The reason for dividing tower into vertical and horizontal segments is for ease 

transportation and erection. Grout was used to connect the segment vertically and horizontally.  

 
 Serviceability section analysis 3.6.8

 
For service limit state analysis, concrete is not expected to crack under service level load, 

and tension stress in the concrete equals zero. In addition, the allowable compressive stresses, set 

by ACI 318, is 0.6 fc’(Charles S. Hanskat et al., 2016). Compressive stresses in the tower, at any 

section throughout height, should be less than the allowable stress. According to ACI wind 

turbine tower code (Charles S. Hanskat et al., 2016), compressive stress limit can be as high as 

0.8 fc’ in some cases. Nonetheless, 0.6 fc’ compresses stress limit was used here. Post tensioning 

strands is also designed to provide compressive stress, limited and closes the cracks. Equation 

(3.38) is the maximum compressive stress in any section which should be less than 0.6 fc’. 

Equation (3.39) is the tension stress in the concrete, at any face throughout the height of tower, 
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and it should be always equaled zero. Figure 21 shows stresses along the height of concrete 

tower.  

 
 

 
 
 

Figure 20 Segments of concrete tower (LaNier, 2005) 
 

 

 
 
 

Figure 21 Stresses along concrete tower 
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   = 
                                                                                                                                        (3.36)    = 

         ∑                                                           
(3.37)       =                                                                                                                     (3.38)       =                                                                                                                      

(3.39) 

Where:    = concrete bending stress    = concrete axial stress; 

A = area of prestress tendon 

N= number of tendons       = maximum stress in compression       = maximum stress in tension, positive means compression 

 
 Ultimate section analysis 3.6.9

 
Although it is usual for service limit state to govern over the ultimate limit state, an 

ultimate moment calculation was done represented by load moment interaction diagram, section 

3.6.6. Circular cross-section has same mechanical behavior as a rectangular section. Load factors 

were added to load combinations.  When force equilibrium is met, one of three cases should 

happen: under-reinforcement, over-reinforcement or a balanced section. For under-reinforcement 

case, the steel yields before concrete crushes. The element keeps resisting the increasing applied 

moment due to steel ductility. This is the preferred design as it gives warning before failure. Pre 

failure indications are extensive concrete cracking and substantial deflection. The second case is 

exactly opposite to the first one. Concrete ultimate strain and crushing happen before steel yields. 

Small deflection and little cracking happen before failure, occur with little warning. For the third 

case, steel yielding and concrete crushing occur simultaneously (Kong & Evans, 2013).     
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CHAPTER 4  
 

COST AND MASS OF WIND TURBINE 

 
 

4.1 Cost and mass model 

 
It has been difficult to determine cost and mass components of the wind turbines due to 

rapid increase in size of the turbines. Any changes in the wind turbine design influences the 

whole system cost and performance and it is essential for the designer to check how any changes 

impact other components. The National Renewable Energy Laboratory study, Wind Turbine 

Design Cost and Scaling Model, proposed an analytical model to calculate the cost and mass of 

major components and subsystems of wind turbine in 2006 (Fingersh, Hand, & Laxson, 2006). 

However, wind turbine pricing is a function of volatile market factors and regions. In order to 

determine the cost and mass of these components, wind turbine rating and rotor diameter and hub 

height should be known; as cost and mass are function of those wind turbine global parameters. 

However, some other elements have either a fixed value or another description. Figure 22 shows 

some of the turbine main components (Hamilton, 2014). Most of cost and mass equations for 

wind turbine in  (Fingersh et al., 2006) were based on WindPACT rotor study data (Malcolm & 

Hansen, 2002), WindPACT drive-train study (Bywaters et al., 2004) and Low Wind Speed 

Technology project. Machine rating used in the following equations should be in kW, rotor 

diameter is in meter and mass of the components are in kg. All the cost of components are in 

2002 dollar currency. It is possible to project the cost of any component to any time by using 

("Latest PPI News Releases,").  

 
 Rotor blade 4.1.1

  
Rotor blade is one of the main component in wind turbine. It shares high percentage of 

the total cost of turbine. Figure 23 shows the development of blade mass technology over the 

past 30 years and a large reduction of mass in newer technologies. Blade mass has direct impact 

on blade cost and on hub fatigue loading. Thus, it is strongly advantageous to minimize blade 

mass for bigger wind turbines.  

Power is a function of wind velocity and rotor diameter. In order to make wind turbine 

installation feasible in low wind resource regions, wind turbine tower should be tall and blade is 
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long and has light weight. New technology, material and manufacturing method are making 

blade longer and lighter. Over many years, designers are facing a big challenge in increasing the 

size of wind turbine.  

 
 

 
 
 

Figure 22 Turbine components (Hamilton, 2014) 
 
 

Figure 24 shows the trend between rotor radius and blade mass from different resources 

(Ashuri, 2012; de Lara Garcıa, 2013; Fingersh et al., 2006; Jamieson, 2011). De Lara Garcıa 

(2013) is the most recent study and its trend shows superior mass reduction when compared to 

the others. It means that new material and technology were involved in mass reduction of blade. 

De Lara Garcıa (2013) created a database for more than 230 different wind turbines from 34 

manufactures. The power output of the wind turbines in the database ranges from 0.1 to 15MW 

and rotor diameter ranges between 12.8 to 200m.  

Fingersh et al. (2006) provided cost and mass for most of the turbine components shown 

in figure 22. Those equations were used to calculate the total mass and cost of turbine. The blade 

cost and mass are function of rotor radius. The equation below (equation 4.1) is the cost for 
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single blade. The blade mass is used to calculate the cost of other components and also included 

in the total cost of turbine.            =                                                                                           (4.1)          =                                                                                                                   (4.2) 

 
 

 
 
 

Figure 23 Wind turbine blade development (de Lara Garcıa, 2013) 
 
 

 
 
 

Figure 24 Different trends of blade mass 
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 Hub 4.1.2

  
As mentioned before hub is directly affected by blade mass. Equations (4.3) and (4.4) 

below showing hub cost and mass are function of the blade mass (Fingersh et al., 2006).        =                                                                                                               

(4.3)        =                                   (4.4) 

 
 Pitch system 4.1.3

  
The pitch system cost is function of rotor diameter, the total cost is for all three blades. 

The pitch system mass is a function of total blade mass (three blades) (Fingersh et al., 2006).                 =                           (4.5)                 =                                  (4.6) 

 
 Nose cone 4.1.4

 
The nose cone cost and mass are function of rotor diameter (Fingersh et al., 2006).              =                         (4.7)              =                       (4.8) 

 
 Low-speed shaft 4.1.5

  
The low-speed shaft cost and mass are function of rotor diameter. The cost and mass of 

low-speed shaft was independent however several alternative drive train designs do not use it. 

They tend to use direct drive, single-stage drive or multi-generator drives. There are no data 

available to develop the cost and mass for those drives (Fingersh et al., 2006).                     =                         (4.9)                    =                     (4.10) 

 
 Main bearings 4.1.6

  
The main bearings cost and mass are function of rotor diameter (Fingersh et al., 2006).                  =                                  (4.11)                  =                              (4.12) 
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 Gearbox 4.1.7

  
The gearbox cost is a function of machine rating and a three stage planetary/helical 

gearbox design is used here, which is more used in wind turbine designs. The gearbox mass is a 

function low-speed shaft torque and it is so hard to calculate low speed shaft torque, so the mass 

was assumed here for simplification. Gearbox is the third largest component of the turbine and 

gearbox takes a big portion from the operating and maintenance costs as it requires maintenance 

frequently (Fingersh et al., 2006).              =                        (4.13)                              (4.14) 

 
 Mechanical brake, high-speed coupling, and associated components 4.1.8

  
The mechanical brake cost is a function of machine rating. Mass is reversely calculated 

based on the cost, $10/kg (Fingersh et al., 2006).                     =                         (4.15)                     =                                 (4.16) 

 
 Generator 4.1.9

 
There are a wide range of generator designs, here three stage drive with high speed 

generator is used. The generator mass and cost are function of machine rating (Fingersh et al., 

2006).               =                 (4.17)              =                        (4.18) 

 
 Variable-speed electronics 4.1.10

 
The variable-speed electronics cost is a function of machine rating and its mass is 

negligible (Fingersh et al., 2006).                               =              (4.19) 
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 Yaw system 4.1.11

  
Yaw system mass and cost are function of rotor diameter. The total bearing cost is half 

the yaw system cost. And the bearing housing was estimated to be 60% of the bearing mass 

(Fingersh et al., 2006).               =                        (4.20)               =                        (4.21) 

 
 Mainframe 4.1.12

  
Mainframe is chosen for three stage drive with high speed rotor generator to make the 

cost and mass compatible for the whole turbine. The mainframe cost and mass are function of 

rotor diameter (Fingersh et al., 2006).              =                       (4.22)              =                       (4.23) 

 
 Platforms and railings 4.1.13

  
The platforms and railings mass is function of mainframe mass and its cost is a function 

of platforms and railings mass (Fingersh et al., 2006).                           =                                       (4.24)                           =1.09                                  (4.25) 

 
 Electrical connections 4.1.14

  
The electrical connections is a function of machine rating. It includes all the wiring 

connections in the tower. Mass of the electrical wires is negligible (Fingersh et al., 2006).                           =               (4.26) 

 
 Hydraulic and cooling system 4.1.15

 
Hydraulic and cooling systems mass and cost are function of machine rating (Fingersh et 

al., 2006).                                  =                (4.27)                                  =              (4.28) 
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 Nacelle cover 4.1.16

 
Nacelle cover cost is a function of machine rating and mass is a function of nacelle cover 

cost (Fingersh et al., 2006).                                          (4.29)                  =                            (4.30) 

 
 Control, safety system and condition monitoring 4.1.17

 
The control, safety system and condition monitoring is estimated to be $35,000 for 

onshore wind turbine regardless the machine rating of the tower (Fingersh et al., 2006).  

 
4.2 Breakdown of wind turbine tower cost 

 
Tower, foundation, crane and other costs were taken from Evaluation of Design and 

Construction Approaches for Economical Hybrid, Steel and Concrete Wind Turbine Towers 

report, which was done by NREL in 2005 (LaNier, 2005). The study was done only for a 

particular height (100m) and machine ratings (1.5MW, 3.6MW, 5MW) for steel, concrete and 

hybrid towers. In order to estimate the cost for any other heights, the following approach was 

used. First, calculate the volume of material used in the tower. LaNier (2005) divided the cost of 

tower into nine categories as shown in figure 25. Cost of one of the categories depends on the 

volume of tower and other costs. Other costs were calculated from defined equations, those 

equations depend on dimension of the tower. Second, calculate the cost from the volume and 

other costs. This cost represents percentage from the total cost of tower, figure 25 illustrates cost 

breakdown of the cost of tower. LaNier (2005) provided the unit cost of steel and concrete 

materials and percentage of this category from the total cost as shown in table 3. Third, total cost 

of tower was back calculated by dividing cost from second step to percentage of this category. 

This methodology was used by (Al-Kaimakchi, Jung, Rambo-Roddenberry, & Amirinia, 2017). 

Unit cost value of any material and elements were calculated at the time NREL report was 

written and it was not projected or compared with today’s value. NREL report divides the 

construction cost of tower into following points: 

1. Mobilization and site development, including crane costs 

2. Foundation construction 

3. Shop fabrication of steel tube and flange rings 
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4. Field erection of steel tube  

5. Tower concrete fabrication 

6. Field erection of precast and post tensioning  

7. Jack-up of steel tube within hybrid tower 

8. Complete concrete to steel connection and install nacelle and rotor 

9. General contractor mark-ups 

 

 Steel tower 4.2.1

 
Cost of Shop fabrication of steel tube and flange rings was $0.9 per Lb. Other costs were 

included in this category and they were calculated by defined equations depending on 

dimensions of tower. The cost of shop fabrication of steel tube and flange ring as a percentage of 

the total cost of the tower is shown in figure 25 (left) and table 3. This portion depends mainly on 

dimensions of the tower, i.e., volume of the tower. As shown in table 3, this percentage was 

relatively the same for different machine ratings. 

 
 Concrete tower 4.2.2

 
Field erection of precast and post tensioning has a certain portion from the whole cost of 

tower as shown in figure 25 (middle) and table 3. Field erection of precast and post tensioning 

depends normally on volume of concrete tower and $336 was cost per cubic yard. An 

experienced large commercial chimney contractor provided support to NREL for the cost of 

concrete. The percentage of this portion was relatively the same for different machine ratings as 

shown in table 3Table 3. Full tower’s cost was back calculated from concrete’s percentile.  

 
 Hybrid tower 4.2.3

 
Shop fabrication of steel tube and Field erection of precast and post tensioning were used 

to calculate the total cost of hybrid tower. Those two portions are isolated in figure 25 (right). 

The percentage of Shop fabrication of steel tube and Field erection of precast and post tensioning 

were relatively the same for different machine ratings table 3  0.9 $/Lb was the cost of shop 

fabrication of steel tube and $320 per cubic yard was the cost of Field erection of precast and 

post tensioning. The total cost of hybrid tower was then back calculated by adding the steel and 

concrete costs and dividing the number by total percentage of isolated pieces in figure 25 (right).  
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Figure 25 Cost breakdown of tower 
 
 

Table 3 Cost breakdown of tower 
 
 

  
Steel Tower Concrete Tower Hybrid Tower 

1.5MW 3.6MW 5MW 1.5MW 3.6MW 5MW 1.5MW 3.6MW 5MW 
Steel shop 
fabrication 47% 49% 50% - - - 22% 26% 25% 
Concrete 
Erection  - - - 22% 22% 25% 16% 13% 15% 
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CHAPTER 5  
 

OPTIMIZATION PROBLEM FORMULATION 

 
 

5.1 Design problem 

 
The design problem is formulated as an optimization problem. In order to solve this 

optimization problem, an appropriate design objectives, design variables and design constraints 

must be defined. Due to the highly constrained, non-convex and non-linear nature of the design 

problem, Genetic algorithm has been chosen as a solver (Deb, 2005). The genetic algorithm 

searching technique was inspired by evolutionary biology, such as inheritance, mutation, 

selection and cross over. Genetic algorithm can be applied for not only single objective function 

but also for multiple objective functions. “gamultobj” solver in Matlab was used in this study.  

A design optimization problem can be mathematically stated as:  

Find    {       } which minimizes                                                     (5.1) 

                               (5.2)    { }                 (5.3)                       (5.4) 

Where   is an n-dimensional vector of design variables to be found with a lower and 

upper bounds. Number of design variables were different for each type of towers.      is the 

objective function to be optimized. The inequality constraint is    { } and the equality constraint 

is       , both those constraint should be satisfied.  

 

 Design objective 5.1.1

 
Two conflicting design objectives were minimizing cost of tower and wind turbine, and 

minimizing the reciprocal of power equation, which also means maximizing power. The goal of 

the optimization is to find the optimum turbine cost with maximum power production. It is 

obvious that bigger turbine can produce more power and smaller turbine results in less power. 

Multiple optimum designs were found for range of heights which minimize cost and maximize 

power production. Section 5.2 explains outcome of multi-objective optimization. 

Min F(X) = min                             (5.5)       is cost of supported structure and wind turbine 
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      is reciprocal of power equation 

Where   is a vector of design variables which is explained in the next section. 

 

 Design variables 5.1.2

 
A design variable is a parameter which is controlled by optimizer. The optimizer searches 

for values of design variables that minimize objective functions, while satisfying design 

constraints. Also, those design variables should be within defined ranges. Thus, the value of the 

design objective is evaluated based on the design variables. In this paper, three different types of 

wind turbine towers were optimized. Each tower has its number of design variables. First, steel 

tower had five design variable. Second, concrete tower had nine design variables. Third, hybrid 

tower had eleven design variables. The rotor diameter was not one of the design variables; it was 

dependent on the height of the tower (de Lara Garcıa, 2013). Table 4 includes all design 

varables. 

 
 

Table 4 Design variables 
 
 

D
es

ig
n
 v

ar
ia

b
le

s 

Steel tower Concrete tower Hybrid tower 

Height Height Height Con. 

Base diameter Base diameter Base diameter Con. 

Top diameter Top diameter Top diameter Con. 

Base thickness Base thickness Base thickness Con. 

Top thickness Top thickness Top thickness Con. 

 
No. of strands No. of strands 

  
Height St. 

  
Base diameter St. 

  
Top diameter St. 

  
Base thickness St. 

  
Top thickness St. 

Addition: Rotor diameter 

 

 
 Design constraints 5.1.3

 
Nonlinear design constraint is divided into two parts, inequality and equality. All the 

nonlinear design constraints were formulated as an inequality constraints. The inequality 
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constraints for the steel tower were buckling, bending and shear stresses and ultimate and service 

limit states for the concrete tower. For the hybrid tower, both inequality constraints for steel and 

concrete towers were applied. All the design constraints for the three types of towers were 

continuous, smooth and differentiable. Design constraints are shown in table 5.   

Linear inequality constraints can be used to define any inequality formula. This is called 

geometric constraint. In this study, linear inequality was used when rotor diameter was defined 

as a design variable, equation 5.6. Top diameter of tower cannot exceed bottom diameter, 

equation 5.7. Width of nacelle for 5MW is 3.5m (Ma & Meng, 2014). Top diameter was 

restricted to a maximum value of 3.5m. Table 6 shows that top diameter of towers were less than 

3.5m. 

 
 

Table 5 Design constraints 
 
 

Steel tower Concrete tower Hybrid tower 
Buckling stress Service limit state Buckling stress 

Bending and axial Ultimate limit state Bending and axial 
Shear - Shear 

- - Service limit state 
- - Ultimate limit state 

 

                                    (5.6)                                           (5.7) 

 
 Lower and upper boundary 5.1.4

 
  Lower and upper boundary should be defined for each design variable. Figure 26 shows 

the top and bottom diameter boundary for all tower types. Figure 26 is just an example of 

defining boundary ranges of variables. Geometric constraint could be used to define inequality 

formula for the design variables. For example both top and bottom diameters have same ranges 

and the geometric constraint is used to define the limit as shown in equation (5.7). This case was 

particularly used in hybrid tower for top diameter of concrete tower and base diameter of steel 

tower and also for top diameter. Figure 26 gives the cases where no geometric constraints were 

defined.  



48 

 

 
 
 

Figure 26 Lower and upper bound of design variables 
 
 

5.2 Illustration of multi-objective optimization 

 
The multi-objective optimization minimizes multiple objective functions as shown in 

figure 27.  Feasible objective space is the area to the right and above the curve. It is important to 

mention that the feasible objective space contains optimal and non-optimal solutions. The idea of 

figure 27 was inspired by (Deb, 2005; Dufo-López et al., 2011; Patil et al., 2011). 

In each iteration, any candidate from the feasible objective space is chosen and compared 

to the rest to find out the optimum solution. Solutions “A” to “H” are non-dominated solutions, 

as none of them has lower cost and 1/power than the rest. For example, it can be noticed that 

solution A is better than D in cost objective but is worse than it in the 1/power objective. No 

single solution can be selected as the best solution, in both objectives, due to the conflicting 

nature of the objectives. Therefore, all non-dominated solutions are optimal solutions in multi-

objective optimization. 
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Figure 27 Pareto front for multi objective optimization 
 
 

For other sets of solutions, it can be seen that one solution E is better than the other 3 in 

both objectives. Solutions “1” to “4” are termed as dominated solutions. They are non-optimum 

solutions.            

 Pareto-optimal solutions are those which are lying on the curve, “A” to “H”, and they are 

special in the multi-objective optimization. Pareto-optimal front is the curve which is formed by 

the joining of the optimal solutions. None of the solutions lying on the Pareto front can be 

selected as the optimum solution with respect to both objectives; as discussed before. Any two 

solutions on the pareto-optimal front must be non-dominated by each other. Also, there is at least 

one solution in the pareto-optimal solutions which is better than any non pareto-optimal 

solutions; in our example solution “D” is better than all dominated solutions, “1” to “4”, in both 

objectives. 

In this research, the two objective functions were minimization of cost of the wind 

turbine tower and minimization of 1/power, i.e., maximization of power production. The 
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reciprocal of the power was used because the multi-objective optimization minimizes the 

objectives.  

Number of population was set to 20 with a function tolerance of 1e-5. It hard to know the 

exact number of iterations when multi-objective optimization is used. Also, it is not accurate to 

use the same number of iterations for all towers as the number of design variables is different for 

each tower. So the program was stopped when the Pareto front did not change. The output of the 

program was monitored every 50 iterations and it was known that the convergence reached when 

the solutions (Pareto front) did not change. 

 
5.3 Size of wind turbine 

  
A database was created by de Lara Garcıa (2013) showing the growth of wind turbine 

sizes. 230 different wind turbines from 34 industries were included in this database. The rotor 

diameter of the turbines, in the database, ranged between 12.8 and 200m and power output 

ranged between 0.1 and 15 MW. The data base divided wind turbines into five different groups: 

wind turbines prototypes and wind turbines in the market which was called All WT, wind 

turbines that are in the market was called Existing WT, wind turbine with a geared drive train 

system was called Geared WT, wind turbine with a direct drive train system was called Direct 

WT and wind turbines with an hybrid drive train system was called Hybrid WT. figure 28 shows 

trend between tower height and rotor diameter for prototype and existing wind turbines. Trend 

equation was given in equation (5.3) with R-Square value of 0.7187. R-Square is the square of 

the correlation between the response values and the predicted response values. R-square ranges 

from 0 and 1, with a value closer to 1 indicating a more accurate prediction by the model. 

The goal of having long rotor diameter is to capture more energy. Logically, when the 

tower height increases rotor diameter should increase. The minimum preferred clearance 

distance, defined by (Jonkman, Butterfield, Musial, & Scott, 2009) was 15m between blade tip 

projected down and ground level when the tower is undeflected. However, a clearance distance 

of 13.5m was used by (Ashuri, Zaaijer, Martins, Van Bussel, & Van Kuik, 2014).  

Tower height =                                                                                      (5.8) 

The relationship between blade length and rotor diameter is shown in figure 29 and given 

in equation (5.9) with R-Squared equaled 0.9982.  

Blade length =                                                                               (5.9) 
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Figure 28 Evolution of tower height and rotor diameter (de Lara Garcıa, 2013) 

 

 

 
 
 

Figure 29 Evolution of blade length and rotor diameter (de Lara Garcıa, 2013) 
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5.4 Definition of rotor diameter 

 
Rotor diameter can be either defined as function of height or as an independent design 

variable. Figure 30 shows the structure of the optimization problem with and without rotor 

diameter as a design variable.  

 
 

 
 
 

Figure 30 Layout of optimization problem 
 
 

 Rotor diameter as an independent design variable 5.4.1

 
Linear inequality equation was defined between blade length and height as given in 

equation (5.10). Rotor diameter was calculated by using equation (5.9). The minimum clearance 

distance between the blade tip projected down and ground level was 15m.                                                                                                                 (5.10) 

 
 Rotor diameter as a function of height 5.4.2

 
Rotor diameter is dependent of height of tower. Equation (5.8) was used to calculate rotor 

diameter and then equation (5.9) was used to get blade length. There is no need for defining a 

clearance distance between the ground and blade tip projected down because the mentioned 

figure were created from an existing or proposed wind turbine towers and for sure the designer 

considered the clearance distance.  
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CHAPTER 6  
 

RESULTS 

 

 

6.1 Low wind speed resource regions 

 
Low wind speed sites are abundant in the United States. The main objective of this thesis 

is to focus on low wind resource regions and investigate potential of generating power by using 

alternative wind turbine towers. It is known that steel towers cannot reach higher heights because 

of transportation and manufacturer constraints. So other types of towers should be installed in 

low wind speed sites. Figure 1 and 2 show an increase in wind capacity land area when 110m 

hub height is used instead of 80m hub height. Moreover hub height of 140m gives the potential 

to 50 states to produce power from wind as said by U.S. Secretary of Energy and shown in figure 

3. Thus, there is potential of generating electricity from wind in low wind speed regions. 

Abundant regions in the United States has wind speed of 5m/s at hub height, thus 5m/s wind 

speed was assumed in this study. Figure 4 shows the development in wind turbine towers in the 

last 25 years. The hub height has been increased throughout the years. Blade is another important 

factor in wind turbines productions. We can see in figure 23 the development of blade. New 

materials and technology have been combined together to manufacture a lighter and longer 

blades.  

For extreme load condition; (nonoperating load EWM50 when wind turbine is parked), it 

is allowed for the concrete to develop tension stress but not exceeding the tension stress limit. 

However, tension is not allowed to develop in concrete under service loading (Charles S. 

Hanskat et al., 2016). Some other designs do not allow tension in concrete under all loads and 

recommend prestressing to 50% of the allowable stress (Grünberg & Göhlmann, 2013). Cracked 

concrete results in stiffness reduction and under this condition designers should reevaluate 

section properties. Thus it is important to provide sufficient prestressing to limit cracks under 

this case. Compression stress is limited to 0.6 fc’ for 1- to 5- service level wind however this 

limit can be as high as 0.8 fc’ for a 50- or 100-year recurrence (Charles S. Hanskat et al., 2016). 

Compressive stress of concrete sections along the height of concrete tower should be always less 

than 0.6 fc’ (28.8 MPa) as shown in figure 32 for all load conditions. Tension stress of concrete 

sections along the height of concrete tower are limited by the allowable stress, figure 32.     
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For extreme loading, coefficient of thrust was assumed as 0.035 after adjusting it with 

results from FAST program, table 1.  

 
 

 
 
 

Figure 31 Pareto front 
 
 
 Figure 31 illustrates the Pareto optimal solutions for the steel, concrete and hybrid towers 

for height ranges from 80m to 150m. Pareto front generated by genetic algorithm which is a 

graph to display solutions of multi-objective optimizations problem. More detailed explanation 

about the Pareto front has been given in the previous section. Number of population was set to 20 

with a function tolerance of 1e-5. It is hard to know the exact number of iterations when multi-

objective optimization is used. Also, it is not accurate to use the same number of iterations for all 

towers as the number of design variables is different for each tower. So the program was stopped 

when the Pareto front did not change. The output of the program was monitored every 50 

iterations and it was known that the convergence reached when the solutions (Pareto front) did 

not change. 

 Allowing tension stress in concrete section results in reducing dimension of 

section (area of concrete) which in turn decreases bending stress and increases axial stress and 

also increases stress from prestressing. Overall, allowing tension stress cuts concrete tower cost 

by fair percentage. 
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Figure 32 demonstrates figure 31 in another way. It presents the cost of all towers with 

hub height of towers. It is obvious that cost of tower increases with height and more power can 

be generated from higher altitude. Manufacturers started to install hybrid towers for hub height 

of 159m as demonstrated in figure 11. Calculation of towers’ costs in this study were taken form 

(LaNier, 2005). LaNier (2005) designed steel, concrete and hybrid towers for one single height, 

100m, and under wind and earthquake loadings. It is worth mentioning that (LaNier, 2005) did 

not optimize designs of towers. Preliminary designs were done and no parametric study was 

done for optimum design. The towers were designed with three different machine ratings. The 

cost of those towers are presented in figure 33 for wind and earthquake loadings. Hybrid towers 

were designed only for earthquake loadings and concrete towers were designed for both wind 

and earthquake loadings. It can be seen in figure 33 that designing concrete tower for earthquake 

loading resulted in cost increase of almost 20%. It is obvious that designing tower for wind 

loading results in a cheaper design than designing it for earthquake loading; the concrete tower 

was the best example. Thus hybrid tower designed for wind loading would give a cheaper tower. 

Concrete towers were cheaper than steel ones for high machine rating towers, figure 33.  

 
 

 
 
 

Figure 32 Cost of towers 
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Figure 33 NREL towers' costs (LaNier, 2005) 
 
 
All the three towers designed by LaNier (2005) were divided into two sections. The rate 

of changing of diameter and thickness was different between the upper and lower sections for the 

steel tower. For the concrete tower, the rate of change for the diameter and thickness is different 

between upper and lower section and also number of strands is different between the two 

sections. The top diameter for concrete tower was not equal to bottom diameter of steel tower in 

their design for hybrid tower. In this study, steel and concrete towers were designed as one 

section and rate of changes for thickness and diameter were same for the whole height of towers. 

Number of strands for concrete tower and concrete tower section in hybrid tower were equal. For 

hybrid tower, rate of changes for diameter and thickness for steel and concrete towers were same 

along their heights. Top diameter of concrete tower and bottom diameter of steel tower were not 

equal for hybrid towers.   

Results showed that cost difference between all towers options were negligible up to 95m 

hub height, no single tower can be chosen as a better choice. Beyond 95m hub height, hybrid 

towers were dominating the solutions; it is shown in figure 32 that hybrid tower is best tower 

option among others.   
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Figure 34 Stresses along the height of steel tower 
 
 
Table 6 presents the geometric design variables of all towers at 150m hub height. The 

volume of concrete section of hybrid tower (when it is evaluated for 150m) was 5% more than 

concrete tower. However the cost of the concrete for hybrid tower was 5% cheaper than for 

concrete tower. Moreover, volume of steel section in hybrid tower (when it is weighed for 150m) 

was ranging from 35%-45% of the steel tower volume. The total steel tower mass was small for 

the concrete tower to carry; it represented less than 6% of the concrete total mass. Therefore the 

tower base diameter was less than 10m, preferred by industry (Enercon, 2016b), for the concrete 

section in hybrid tower as shown in table 6. However, number of strands in hybrid tower was 

bigger than in concrete tower.  

Although conventional steel towers were dominating industries for hub heights around 

85m however steel tower cannot be built for higher heights due to transportation and 

manufacturing constraints of base diameter. The optimization showed that releasing this 

constraint can increase steel towers heights. Beyond 95m hub height, concrete towers were 

cheaper than steel tower as shown in figure 32. The concrete center concluded that concrete taller 

up 30% compared to their steel counterpart (Tricklebank et al., 2007). In our results, concrete 

towers saved maximum of 12% at 150m hub height as shown in table 7.  
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Note that cost of construction cannot be compared or directly transferred to other 

markets. Different design specifications for each country can also change the construction cost of 

towers (Charles S. Hanskat et al., 2016; Engström et al., 2010).  

 
 

Table 6 Geometric parameters of towers at 150m hub height 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 
Table 7 Cost breakdown of towers at 150m hub height 

 
 

Tower   

Volum
e (m^3) 

Cost/m^
3 

Cost of 
tower 

Cost + 
others 

% 
of 

cost 

Total of 
cost tower 

Cost + 
turbine 

Steel   79.5 $15,577 $1,238,091 
$1,579,95
5 50% 

$3,159,91
0 

$6,759,91
0 

Con.   1077 $439 $473,329 $533,329 22% 
$2,424,22
1 

$6,024,22
1 

Hybrid 
Steel 12.3 $15,577 $191,597 $319,667 26% $1,550,74

7 
$5,150,74
7 Con. 807 $419 $258,240 $300,632 13% 

 
 

teel tower Concrete tower Hybrid tower 

Height 150 Height 150 Concrete section 

Base dia.  8.24 Base dia.  10.98 Height 107.5 

Top dia. 2.83 Top dia. 3 Base dia.  7.9 

Base th. 0.034 Base th. 0.4 Top dia. 4.3 

Top th. 0.026 Top th. 0.27 Base th. 0.58 

    No. strand 26 Top th. 0.23 

        No. strand 36 

        Steel section 

        Height 42.5 

        Base dia.  3.6 

        Top dia. 2.7 

        Base th. 0.041 

        Top th. 0.017 
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For 150m hub height, demand to capacity ratio of stresses along the height of steel tower 

is shown in figure 34. It is clear that the bending and axial stresses governed the design of steel 

tower at this hub height.  For the concrete tower, figure 35 (left) shows the tensile and 

compressive stresses of different concrete towers’ hub heights. Each height represented with 

color, blue color for hub height of 150m. The two vertical black lines represented the tension and 

compression stress limits in concrete. Figure 35 (right) shows the load moment interaction curve, 

ultimate capacity of section, at the base of different concrete towers’ heights. Each color 

represents the same height shown in figure 35 (right). The concrete tower designs were governed 

by tensile stress limit close to the base of the concrete towers.  

 
 

 
 
 

Figure 35 Limit states of concrete tower 
 

 

 
   

 
Figure 36 Design to capacity ratio of steel section in hybrid tower 
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For the 150m hybrid tower, figure 36 shows the demand to capacity ratio for stresses 

along the height of steel section which was 42.5m. It is shown in figure 36 that the demand to 

capacity ratio did not reach one at any height throughout the steel tower. This is simply means 

that more computational time is needed for the optimizer to find the optimal design solution for 

steel section. However, the optimizer found the optimal design solution for the concrete section 

figure 37 which was 107.5m. The design of concrete section was governed by ultimate limit state 

figure 37 left as the external load moment point is close to border of curve and neither the 

tension nor compression stresses figure 37 right in the concrete section along the height of 

concrete section reached the limits which were presented by blue color. 

 
 

 
 
 

Figure 37 Limit states of concrete section in hybrid tower 
 
 

6.2 Effect of restricting one of the design variables 

 
In our study the top and bottom diameters and thicknesses were defined as design 

variables with lower and upper boundary. Engström et al. (2010) fixed the top diameter of 

concrete tower to 3m when machine rating of turbine was 3MW and 3.8m for 5MW machine 

rating for all heights. Wall thicknesses were not provided in the report and thus they were 

calculated from weigh of concrete and average diameter of tower. As a result, wall thicknesses 

were the same for all range of heights and machine ratings (Charles S. Hanskat et al., 2016). One 

hub height was compared here which was 150m as shown in table 8. Our average thickness was 
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less than other designs. The thickness was not constant along height of towers in our problem. It 

was not clear if Engström et al. (2010) used constant wall thickness or not as the wall thicknesses 

were estimated from weight of concrete and diameter. 

It was concluded that increasing the base thickness deceases the base diameter which is 

favorable for industry. Industry preferred concrete base diameter to be less than 10m for ease of 

transportation. It is sufficient to divide concrete segments into halve when they are transported. 

Figure 38 right shows that in both towers concrete reached its ultimate tension stress close to the 

base of tower and thus this governed the designs. Figure 38 left illustrates the load moment curve 

for a section at the base of both towers. The red curve was bigger than black curve simply 

because area of concrete was bigger in result 2.   

 
 

Table 8 Effect of wall thickness on tower design 
 
 

 

 
 

Turbine size Height (m) Top dia. (m) Base dia. (m) Average wall th. (m) Note

Jonkman et al.

(2009) *steel tower

Engström et al.

(2010)

Grünberg and

Göhlmann (2013)

(2009)

Source

5 MW

5 MW

87.6 3.87 6

5 MW 150 3.8 10.5

135 3.4 11.3

Engström et al.

(2010)
3 MW 150 3 11.3

Our result 1 - 150 3 11

Our result 2 - 150 3 10 0.4

base thickness = 

0.4

base thickness = 

0.5

0.027

0.54

0.4

0.45

0.33
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Figure 38 Limit states for concrete towers with different wall thicknesses 
 
 

6.3 Effect of changing material properties on design  

 
Compressive strength of concrete was 48.5MPa for the concrete tower base design. 

Compressive strength of concrete was increased by 10%. Figure 39 shows Pareto front of the two 

towers and it tells us that the optimizer is sensitive to any parametric change in defining any 

variable in the problem. One hub height, 150m, was chosen here to be compared between the 

two designs. Figure 40 right shows that in both towers concrete reached ultimate tension stress 

close to the base of tower and thus this governed the designs. Also black lines shows the increase 

in the tension and compression limits of concrete when compressive strength increased. When 

compressive strength of concrete increased by 10%, tower base diameter decreased by 22% and 

became less than 10m however number of strands increased by 41%. The results of these 

changes can be seen in figure 40 left. Industry preferred concrete base diameter to be less than 

10m for ease of transportation. It is sufficient to divide concrete segments into halve when they 

are transported. Total cost reduction of 2.18% was gained by increasing compressive strength to 

53.4MPa for 150m hub height. This shows the advantages of optimization in giving the designer 

a new insight for choosing a suitable compressive strength of concrete for the preliminary 

design.  It is obvious that higher compressive strength is more expensive however this cost 

difference was not included in this study as mentioned before cost of concrete tower was 

calculated based on volume of concrete and it was hard to adjust this change in the calculation.  
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Figure 39 Pareto front for concrete towers with different compressive strength 
 
 

  
 
 

Figure 40 Limit states for concrete towers with different compressive strength 
 
 

6.4 Advantages of having rotor diameter as a design variables 

 
Rotor diameter was assigned to our design problem one time as a dependent variable 

(function of height) and another time as a design variable. The maximum rotor diameter was 
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165m which is greater than what is available now in industry. The maximum rotor diameter 

currently available and has been installed in wind turbine is 141m by Enercon but with the 

technology and development of new, light, material rotor diameter would be expected to be 

greater than 141m in the future. Longer blade is really important in low wind speed regions as 

power production depends on area of wheel. Constraint was defined to limit the length of blade 

when it was defined as function of height and when it was defined as a design variable the range 

was specified in problem definition at the upper and lower boundary of design variable.   

The relationship between rotor diameter and hub height is not linear as shown in  

 28 and there is no single accurate trend for this relationship. Each company has different 

rotor diameter for a single height; for example figure 28 shows that there is a wide range of rotor 

diameter (80m to 125m) for 80m hub height. Thus, the same design was analyzed when rotor 

diameter was dependent on height and it was an independent design variable.  

The results shown in figure 41 are for tower with rotor diameter defined as a design 

variable and as function of height. It is obvious that defining rotor diameter as design variable 

gives a better solution in term of cost because the solver has a wide space to search for solutions.   

 
 

 
 
 

Figure 41 Pareto front for two steel turbines 
 
 

By choosing two points from Pareto front figure 41 which have same prices; it means that 

the cost of the two turbines are equal. It is shown in figure 42 that the tower is shorter and blade 

length is longer when rotor diameter defined as a design variable. 
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Figure 42 Same price wind turbines 
 
 

This time two design solutions, which have same power production, were chosen from 

Pareto front figure 41. Results in figure 43 shows that the tower is shorter and blade length is 

longer when rotor diameter defined as a design variable. 

 
 

 
 

Figure 43 Same power production wind turbine 
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6.5  Wind speed in mid areas of the United States 

 
Wind speed is higher in mid of the United States as shown in figure 1 and 2. High wind 

Land area capacity is located there and more wind turbine tower have been installed in these 

regions. States in this area are highly depend on wind to generate power. Even though this 

research is mainly focusing on area with low wind speed however the concept is the same and it 

was of concern to apply it for high wind area.  

   
6.6 Technology development in blade manufacturing 

 
Low wind speed sites are abundant in the United States. In order to generate power in 

those regions two main components are required, the first one is taller tower to catch higher wind 

speed and the second one is longer blade to increase projected swept area. Power equation is a 

function of wind speed and swept area.  

Rotor blade is one of the main component in wind turbine. It shares high percentage from 

the total cost of turbine. Figure 23 shows the development of blade mass technology over the 

past 30 years and it is simply indicate a huge mass reduction for the blade. Blade mass has direct 

impact on blade cost and on hub fatigue loading however it is so difficult to know the impact of 

increasing the rotor diameter and machine rating on other components of wind turbine. Thus, it is 

strongly incentives to minimize blade mass for bigger wind turbines. New technology, material 

and manufacturing methods are making blade longer and lighter. In order to make wind turbine 

installation feasible in low wind resource regions (where wind speed is so low) wind turbine 

tower should be tall and blade is long and has light weight.  
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CHAPTER 7  
 

CONCLUSIONS AND RECOMMENDATIONS 

 
 

7.1 Conclusion 

 
The proposed framework provides new insight in optimum design of wind turbine 

structures for range of heights. The objective of this research is to find optimum designs for steel, 

concrete and hybrid tower for various heights (80m-150m) while minimizing wind turbine cost 

and maximizing power production and study the influence of changing certain design variable on 

optimum designs. Also study the effect of defining rotor diameter of turbine as an independent 

variable or as a function of height. In practice steel tower base dimeter cannot exceed 4.5m due 

to manufacturing and transportation constraint. However in this research this constraint was 

released so that taller steel tower can be designed. Now, it is even possible by using new 

technique to have base dimeter greater than 4.5m for steel tower. The base dimeter of steel tower 

is divided into longitudinal sections and those sections are assembled together on site by 

connection joint as shown in figure 6. It was of interest to compare the optimum preliminary 

designs for steel, concrete and hybrid towers for range of heights and see which type is 

economically attractive. The preliminary resulted designs were conceptual designs and there 

were many small components that haven’t been included in this study. The standard hub height 

of wind turbine tower is 80m; with this hub height the wind capacity land area bounded in the 

mid of the United States. To expand this band, taller wind turbine tower is needed. The land area 

band is expanded with 110m hub height and more scattered areas are included around the States. 

Hub height of 140m gives the potential to 50 states to produce power from wind as said by U.S. 

Secretary of Energy. In order to generate power from wind in low wind resource regions taller 

wind turbines and bigger wheels are needed.   

Most turbine manufacturers are not releasing any information about wind turbines such as 

wind loading and construction costs. A simplified way to calculate the loading was used here in 

this study. Construction cost for towers was taken from a single case study due to limited 

availability of information. Construction cost is different from place to place and it cannot be 

transferred to another market and also it cannot be compared to another country. Turbine 

construction site mainly affects tower’s cost because it is linked to availability of construction 
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material, experienced workers, technicians and transportation costs. Especially for concrete 

tower, cost of tower is not estimated based on market but also by design code used to design the 

tower. Design code changes dimensions of tower and construction procedure. Cost of single 

tower is linked to size of farm as well because carne cost has a big portion of turbine’s cost. For 

big farms, one crane can be used to construct multiple towers. Taller towers require special 

cranes and cost of transportation of crane is high. Thus, using cranes for multiple towers make 

construction cost less. 

Based on our wind loading and construction costs assumptions, the cost different was 

negligible between all towers up to 95m. Above 95m, hybrid tower was dominating the 

solutions. The volume of concrete section of hybrid tower (when it is evaluated for 150m) was 

5% more than concrete tower. However the cost of the concrete for hybrid tower was 5% 

cheaper than for concrete tower. Moreover, volume of steel section in hybrid tower (when it is 

weighed for 150m) was ranging from 35%-45% of the steel tower volume. The total steel tower 

mass was small for the concrete tower to carry; it represented less than 6% of the concrete total 

mass. Therefore the tower base diameter was less than 10m, preferred by industry. Nevertheless, 

number of strands in hybrid tower was bigger than in concrete tower. Different types of hybrid 

towers are available by industry such as steel tower is taller than concrete tower or opposite as 

shown in figure 12. Also, other hybrid type consists of multiple cylindrical concrete and conical 

steel sections as shown in figure 11. 

  Concrete towers were cheaper than steel towers. Our results showed that concrete tower 

can save maximum of 12% at 150m hub height. Tricklebank et al (2007) concluded that concrete 

taller towers, supporting large turbines, can save cost up 30% compared to their steel 

counterpart. The difference in percentage between our study and Tricklebank et al (2007) is 

mainly because of different construction cost. Concrete base diameter is preferred by industry to 

be less than 10m for ease transportation, with this restriction it is sufficient to halve the concrete 

segment rather than dividing them into three sections. It was concluded from our study that 

increasing concrete thickness at the base to be greater than 0.4m or increase compressive 

strength of concrete can result in base dimeter less than or equal 10m. A cost reduction of 2.18% 

for 150m concrete tower hub height can be achieved by 10% increase in compressive strength. 

Using concrete with 10% more compressive cost is more expensive however this cost difference 

was not taken into account in this study.  
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Defining rotor diameter of turbine as design variable gave more accurate results than 

defining it as a dependent variable on height. De Lara Garcıa (2013) provided a trend between 

rotor diameter and hub height. The trend has R-Square value of 0.7187. R-Square is the square of 

the correlation between the response values and the predicted response values. R-square ranges 

from 0 and 1, with a value closer to 1 indicating a more accurate prediction by the model.  

 
7.2 Recommendation and future study 

 
Two main assumptions were made in this study, wind loading and construction cost. It is 

recommended to refine those assumptions. Check tower against IEC 64100-1 design load cases, 

it is applicable to integrate FAST program with matlab and run the optimization problem. By 

conducting this, it will be possible to identify the most critical design load case. Computational 

time would be saved by knowing the critical load case as only this load case will be applied to 

tower. Intergradation of optimization problem with finite element program is possible too. This 

results in a better and more accurate design variables which satisfy the design constraint. Results 

in this study were based on LaNier (2005) and all construction cost assumptions were taken from 

it. It is highly recommended to repeat this framework by using information from another report 

and compare results with here. This comparison provides a better view about impact of 

construction site and designing codes on the total cost of wind turbines.  

The steel tower was not checked for fatigue stress and it has been shown in the literature 

that steel tower is controlled by fatigue stress. Thus, it is recommended to add fatigue limit state 

to design constraint of steel tower. As a result steel tower cost will be more expensive. Also, it is 

recommended to include natural frequency analysis in the designing procedure of towers. Shear 

strength fatigue of joints in towers were out of scope of this study and therefore it is considered 

for further studies. It is also recommended to include second-order moment in the designs of 

towers which comes after calculating the deflection along the height of towers. For concrete 

tower, in our study a twelve strands size duct was used as shown in figure 17. It is recommended 

to use other sizes and study their influence on the designs. It was not done here because this 

study uses LaNier (2005) report which used twelve strands duct and by changing duct size the 

cost of prestressing, equipment, material and labor are different. This difference should be 

adjusted and included in the cost equations. Parametric study was done in this study for couple 

variables however more design variables can be included and an investigation to analysis the 
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results is needed. This will give the designer an insight and starting point for the design 

procedure and choosing a suitable design variables. Normal concrete was used for the design for 

concrete tower and using ultra-high performance concrete will change the results a lot. Taller 

tower is needed in low wind resource regions and this type can help to increase the height of 

tower while keeping the other dimensions of tower within the accepted boundary.  

Total cost of the towers were used to compare the alternative towers. However it is 

recommended to implement payback period, levelized cost of energy and cash flow to the 

optimization problem. Then use those fractions for comparison between towers. 
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