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Abstract 

The purpose of this document is to provide 

a basic insight into the basic topics relating to 

power generation and overall efficiency of small 

wind turbines. 

Following the initial investigation of the 

various types of wind turbine layouts (Task 1.1.), 

the focus was shifted towards Task 1.2. 

“Preliminary analyses of initial configurations”. 

The major part of this project phase, was to 

aggregate and thoroughly investigate all the 

parameters influencing wind turbine operation. 

This was carried out by an in-depth literature 

study. Results of these studies allowed to 

pinpoint the most important and influential 

criterions regarding wind turbine operation. 

Some of the parameters taken into account were: 

tower height, reliability, efficiency, yearly wind 

speed distribution, wind turbulence and shear in 

different conditions, tip speed ratio, power 

curves.  

Building on the gathered information, the 

return on investment estimations for the initial 

SWT geometrical configurations were gradually 

increased in complexity resulting in more 

accurate predictions of the expected power yield. 

The created estimating model was based on 

standard statistical methods and used to analyze 

the actual impact of different turbine parameters 

and characteristics on the final turbine 

performance. At this stage, the third chosen 

design candidate - the H-type VAWT (stow-γ), 

was deemed as unfit for further consideration 

following various return on investment 

estimations. 

In Task 1.3., based on the established 

knowledge and in accordance with the expected 

purpose and design intentions behind the STOW 

project, a decision was made on the initial min 

and max dimensions of the rotor and power 

rating of the turbine for the two initial design 

candidates. The three bladed, standard horizontal 

solution with a planned generator output of 3000 

W is to be fitted with a 3,0 – 3,6 m rotor 

diameter. The second design candidate which is a 

variation of the standard 3-bladed design, but 

with an addition of a diffuser element 

encompassing the rotor. With an expected 

increase in the efficiency related to the rotor 

diameter, the 3 000 W target could be reached 

with a rotor span of only 2,0 m with the addition 

of a diffuser ring. The results of the statistical 

analyses carried out within this task shows that 

tower height is one of the most important factors 

influencing SWT power production. In view of 

this, the exploration design space of the tower 

height was expanded from the initially assumed 

10m to a range of 15- 20 m.  

The final task in WP1 - 1.4. Wind condition 

data acquisition – was carried with the use of an 

advanced numerical weather prediction model. 

The model used was the Weather Reaserch 

& Forecasting (WRF). It was run at the 

Department of Civil Engineering and Geodesy of 

the Military University of Technology. The data 
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acquired as an outcome of the simulation covers 

the period of one year (01.01.2013 - 31.12.2013).  

The vast amounts of acquired data allowed 

for additional, more accurate analysis of different 

turbine designs. This time, there was an 

increased emphasis on yearly changing wind 

conditions. Statistical analyses with the use of 

Weibull wind velocity distribution as well as 

energy production estimations were made for 

several locations in Poland. There is a major 

inconsistency in the amount of power generated 

each month, with summer months lacking in 

strong winds and winter months providing 

majority of the power. This in effect raises the 

problems of energy accumulation. Having the 

above in mind, a private small wind turbine 

solution seems most adequate as an ecological 

water heating energy source during the winter 

months. The considered amount of energy is the 

equivalent of around 450 [€] of savings on 

heating energy per year, but this corresponds to 

a ROI period of around 30 years, without 

considering maintenance costs. This is because 

the total cost for such a turbine including the 

tower and installation is estimated (based on 

manufactures data) at around 13 000 $. Most 

importantly though, it has been shown that even 

a major increase in a turbine’s aerodynamic and 

overall efficiency, will not provide as much 

additional power as an increased tower height. 

Aerodynamic optimization of the rotor, use of 

advanced, light materials etc. will have a positive 

outcome in the turbines operation and power 

output, but the increased costs of such solutions 

will undoubtedly result in the same or even 

longer ROI periods. Major focus in developing 

new small wind turbine solutions should be put 

on reducing the price of the final product, as well 

as minimizing the maintenance costs and coupled 

with mounting the design on the highest tower 

reasonably possible. 
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1. How does a wind turbine work 

The basic principles regarding power 

extraction from wind, revolve around converting its 

kinetic energy into torque which in turn will drive 

the wind turbines electric generator. 

"The method of propulsion critically affects 

the maximum achievable efficiency of the rotor. 

Historically, the most commonly utilized method 

was drag, by utilizing a sail faced normal to the 

wind, relying on the drag factor (Cd) to produce 

a force in the direction of the prevailing wind. This 

method proved inefficient as the force and rotation 

of the sail corresponds to the wind direction; 

therefore, the relative velocity of the wind is 

reduced as rotor speed increases (Table 1). 

Reducing efficiency further is the drag of the 

returning sail into the wind, which was often 

shielded from the oncoming wind. Unshielded 

designs rely on curved blade shapes which have 

a lower drag coefficient when returning into the 

wind and are advantageous as they work in any 

wind direction. These differential drag rotors can be 

seen in use today on cup anemometers and 

ventilation cowls. However, they are inefficient 

power producers as their tip speed ratio cannot 

exceed one.  

Table 1. The two mechanisms of wind turbine propulsion [1] 

 

An alternative method of propulsion is the 

use of aerodynamic lift (Table 1), which was utilized 

without precise theoretical explanation for over 

700 years in windmills then later in vintage aircraft. 

Today, due to its difficult mathematical analysis, 

aerodynamics has become a subject of its own [2]. 

At the moment, the vast majority of 

operational design solutions are based on lift, using 

airfoil and propeller theories. Some exceptions 

from this rule are the Savonius wind turbines, 

magus effect wind turbines or the experimental 

aerial wind turbines. The following document 

focuses on power generated by wind turbines using 

streamlined profiles (airfoils) for their blades. 

1.1. Blade design 

The blades of a wind turbine operate 

according to the same physics principles as an 

aircraft wing or propeller, but instead of keeping 

the plane aloft or thrusting it forward, the lift force 

provides torque for the power generator. The 

magnitude of the lift force is influenced by some 

key factors. Most notably, the blades cross section, 
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angle of attack and wind speed. It is further 

influenced by the flow characteristics 

(turbulent/laminar air flow, air pressure, moisture) 

or the blades surface roughness. 

 
Fig. 1 Lift and drag vectors [1] 

The angle of attack has a profound impact on 

the amount of lift generated. Increasing the angle 

of attack increases the lift with some additional 

drag. However there is a limit to this effect. Once 

the angle of attack reaches a critical point 

(characteristic for each airfoil shape), the lift force 

suffers a drastic drop and the drag force increases 

significantly (fig.2). This is known as ''stall''. 

 
Fig. 2 Lift and drag vectors at different attack angles [2] 

The angle of attack has such a profound 

effect on lift, because its generation is based on 

redirecting the airflow. When it comes to the shape 

of the airfoil, the streamlined airfoil shape is 

designed to minimize the amount of drag and 

provide smooth laminar flow, but it is the shape of 

the trailing edge that has the most effect on lift 

generation. 

The drag force which accompanies lift, is 

a retarding force parallel to the wind flow. Drag as 

mentioned above, also increases with the angle of 

attack. For each airfoil shapes, an optimal angle of 

attack can be found, where the lift to drag ratio is 

the highest. The wind turbine blades should 

operate somewhere between the angle of stall and 

the maximum lift/drag ratio angle for increased 

effectiveness. 

The above statement holds true for all 

accounts, unfortunately, because of the rotary 

movement of the turbine blades, a major difficulty 

in blade design is introduced. The velocity of the 

blade through the air, changes the wind angle of 

attack relative to the blade. The resulting wind 

direction is called apparent wind. Even thou the 

apparent wind has higher velocities than that of the 

true wind, it skews the angles of lift and drag, 

reducing the lifts effect in torque generation. 

 
Fig. 3 Apparent wind angles [1] 

As the distance from the hub increases, so 

does the blades speed through the air. The 

apparent wind, to true wind angle also increases. 

To compensate for the loss in torque generated 

due to this effect, a twist to the blade is applied. 

This allows for the angle of attack to be near its 
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optimal value throughout the whole length of the 

blade. The result of the twist can be clearly seen on 

Fig. 4. 

 
Fig. 4 Blade twist [1] 

Another key factor when designing wind 

turbine blades is their structural strength. High 

lift/drag airfoil shapes tend to be slender, but 

because of high bending and centrifugal loads, the 

profile shape near the hub is often not optimal. 

Smart blade design - "The current research 

trend in blade design is the so called “Smart 

Blades”, which alter their shape depending on the 

wind conditions. Within this category of blade 

design are numerous approaches which are either 

aerodynamic control surfaces or smart actuator 

materials. An extensive review of this subject is 

given by Barlas [3]. The driver behind this research 

is to limit ultimate (extreme) loads and fatigue 

loads or to increase dynamic energy capture. 

Research is mainly initiated based on similar 

concepts from helicopter control and is being 

investigated by various wind energy research 

institutes. The work package “Smart rotor blades 

and rotor control” in the Upwind EU framework 

program, the project “Smart dynamic control of 

large offshore wind turbines” and the Danish 

project “ADAPWING” all deal with the subject of 

Smart rotor control. In the framework of the 

International Energy Agency, two expert meetings 

were held on “The application of smart structures 

for large wind turbine rotors”, by Delft University 

and Sandia National Labs, respectively. The 

proceedings show a variety of topics, methods and 

solutions, which reflects the on-going research. The 

use of aerodynamic control surfaces includes 

aileron style flaps, camber control, active twist and 

boundary layer control."[2]. Presented on fig. 5 are 

some of the design concepts behind blade design.  

 
Fig. 5 Schematics of smart structure concepts [3] 

1.2. Rotational speed - Tip Speed Ratio 

"The speed at which the turbine rotates is 

a fundamental choice in the design, and is defined 

in terms of the speed of the blade tips relative to 

the “free” wind speed (i.e. before the wind is 

slowed down by the turbine). This is called the tip 

speed ratio. High tip speed ratio means the 

aerodynamic force on the blades (due to lift and 

drag) is almost parallel to the rotor axis, so relies on 
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a good lift/drag ratio. The lift/drag ratio can be 

affected severely by dirt or roughness on the 

blades. 

 
Fig. 6 Effect of speed ration on sensitivity to drag [1] 

Low tip speed ratio would seem like a better 

choice but unfortunately results in lower 

aerodynamic efficiency, due to two effects. 

Because the lift force on the blades generates 

torque, it has an equal but opposite effect on the 

wind, tending to push it around tangentially in the 

other direction. The result is that the air downwind 

of the turbine has “swirl”, i.e. it spins in the 

opposite direction to the blades. That swirl 

represents lost power so reduces the available 

power that can be extracted from the wind. Lower 

rotational speed requires higher torque for the 

same power output, so lower tip speed results in 

higher wake swirl losses.  

 
Fig. 7 Swirl in the wake [1] 

 The other reduction in efficiency at low tip 

speed ratio comes from tip losses, where high-

pressure air from the upwind side of the blade 

escapes around the blade tip to the low-pressure 

Table 2. Tip speed ratio design considerations [2] 
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side, thereby wasting energy. Since power = force x 

speed, at slower rotational speed the blades need 

to generate more lift force to achieve the same 

power. To generate more lift for a given length, the 

blade has to be wider, which means that, 

geometrically speaking, a greater proportion of the 

blade’s length can be considered to be close to the 

tip. Thus more of the air contributes to tip losses 

and the efficiency decreases. Various techniques 

can be used to limit tip losses such as winglets 

(commonly seen on airliners) but few are employed 

in practice owing due to their additional cost. 

The higher lift force on a wider blade also 

translates to higher loads on the other components 

such as the hub and bearings, so low tip speed ratio 

will increase the cost of these items. On the other 

hand the wide blade is better able to carry the lift 

force (as discussed previously), so the blade itself 

may be cheaper. All this means that turbine 

designers typically compromise on tip speed ratios 

in the region of 7-10, so at design wind speed 

(usually 12-15 meters per second) the blade tip can 

be moving at around 120 m/s (approximately 270 

miles per hour). There are practical limits on the 

absolute tip speed too: at these speeds, bird 

impacts and rain erosion start to become a problem 

for the longevity of the blades and noise increases 

dramatically with tip speed." [1] Mathematically 

speaking, the tip speed ratio can be defined as: 

where,
Tipspeed ratio
Rotational velocity[rad/s]
Rotor radius[m]

Windspeed[m/s]

w

w

r
V

r
V














 

The table on top lists the effects of increasing 

and decreasing the tip speed ratio. 

The figure below depicts the efficiency of 

different turbine designs in relation to their tip 

speed ratio. 

 
Fig. 8 Coefficient of Power vs tip speed ratio for different turbine 
designs [5] 

1.3. Betz limit [4] 

The extraction of mechanical energy from 

a stream of moving air with the help of a disk 

shaped, rotating wind energy converter follows its 

own basic rules. The credit for having recognized 

this principle is owed to Albert Betz. Between 1922 

and 1925, Betz published writings in which he was 

able to show that, by applying elementary physical 

laws, the mechanical energy extractable from an air 

stream passing through a given cross-sectional area 

is restricted to a certain fixed proportion of the 
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energy or power contained in the air stream. 

Moreover, he found that optimal power extraction 

could only be realized at a certain ratio between 

the flow velocity of air in front of the energy 

converter and the flow velocity behind the 

converter. Although Betz's "momentum theory", 

which assumes an energy converter working 

without losses in a frictionless airflow, contains 

simplifications, its results are still used for 

performing first calculations in practical 

engineering. But its true significance is founded in 

the fact that it provides a common physical basis 

for the understanding and operation of wind 

energy converters of various designs. For this 

reason, the following pages will provide 

a summarized mathematical derivation of the 

elementary momentum theory by Betz. 

The kinetic energy of an air mass m moving 

at a velocity U can be expressed as: 

2

2
mVE   

Considering a certain cross-sectional area A, 

through which the air passes at velocity U, the 

volume flow rate 3[m / s]Q  through that area, is: 

Q AV  

and the mass flow rate with the air density ρ is: 

m AV  

The equations expressing the kinetic energy 

of the moving air and the mass flow yield the 

amount of energy passing through cross-section 

A per unit time. This energy is physically identical to 

the power P in (W): 

3

2
AVP 

  

The question is how much mechanical energy 

can be extracted from the free-stream air flow by 

an energy converter? As mechanical energy can 

only be extracted at the cost of the kinetic energy 

contained in the wind stream, this means that, with 

an unchanged mass flow, the flow velocity behind 

the wind energy converter must decrease. Reduced 

velocity, however, means at the same time 

a widening of the cross-section, as the same mass 

flow must pass through it. It is thus necessary to 

consider the conditions in front of and behind the 

converter (Fig. 9).  

 
Fig. 9 Change of flow due to mechanical power extraction from 
undisturbed airflow 

Here, 1V is the free-stream velocity, the wind 

velocity before it reaches the converter, whereas 

2V  is the flow velocity behind the converter. 

Neglecting any losses, the mechanical energy, 

which the disk-shaped converter extracts from the 
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airflow corresponds to the power difference of the 

air stream before and after the converter: 

3 3
1 2

2
AV AVP  

  

Maintaining the mass flow (continuity equation) 

requires that: 

1 1 2 2AV A V   

thus, 

2 2
1 2(V V )

2
mP  


 

From this equation it follows that, in purely 

formal terms, power would have to be at its 

maximum when 2V is zero, namely when the air is 

brought to a complete standstill by the converter. 

However, this result does not make sense 

physically. If the outflow velocity 2V behind the 

converter is zero, then the inflow velocity before 

the converter must also become zero, implying that 

there would be no more flow through the converter 

at all. As could be expected, a physically meaningful 

result consists in a certain numerical ratio of 2 1/V V

where the extractable power reaches its maximum. 

This requires another equation expressing the 

mechanical power of the converter. Using the law 

of conservation of momentum, the force which the 

air exerts on the converter can be expressed as: 

1 2( )F m V V   

According to the principle of "action equals 

reaction", this force, the thrust, must be 

counteracted by an equal force exerted by the 

converter on the airflow. The thrust, so to speak, 

pushes the air mass at air velocity V', present in the 

plane of flow of the converter. The power required 

for this is: 

1 2' ( ) 'P FV m V V V    

Thus, the mechanical power extracted from 

the airflow can be derived from the energy or 

power difference before and after the converter, 

on one hand and from the thrust and the flow 

velocity on the other hand. Equating these two 

expressions yields the relationship for the flow 

velocity V': 

2 2
1 2 1 2( ) m(V V )V'

2
m V V  


  

The above shows that the flow velocity in the 

converter plane is equal to the arithmetic mean of 

1V  and 2V : 

1 2(V V )'
2

V 
  

The mass flow becomes: 

1 2(V V )'
2

Am AV 



   

The mechanical power output of the converter can 

be expressed as: 

2 2
1 2 1 2(V V )(V V )

4
AP   

  

In order to provide a reference for this power 

output, it is compared with the power of the free-

air stream which flows through the same cross-
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sectional area A, without mechanical power being 

extracted from it. This power was: 

3
1

0 2
AVP 

  

The ration between the mechanical power 

extracted by the converter and that of the 

undisturbed air stream is called the "power 

coefficient" pC : 

2 2
1 2 1 2

3
10

(V V )(V V )
4

2

p

A
PC

AVP





 

   

After some re-arrangement, the power coefficient 

can be specified directly as a function of the 

velocity ratio 2 1/V V : 

2

1 1

3 2 2
1 1

1 1 11 2
2

mech
p

P V VC
V VAV

  
     

  
 

The power coefficient, i.e., the ratio of the 

extractable mechanical power to the power 

contained in the air stream, therefore, now only 

depends on the ratio of the air velocities before 

and after the converter. If this interrelationship is 

differentiated to get the maximum value of the 

power coefficient it can be obtained that the power 

coefficient reaches a maximum at a certain velocity 

ratio with 1 2/ 1/ 3V V  . The maximum "ideal 

power coefficient" Cp becomes 

(max)
16 0.593
27pC    

Fig. 10 Variation of efficiency with the ration of downstream to 
upstream velocity [30] 

Betz was the first to derive this important value and 

it is, therefore, frequently called the "Betz 

factor".Equation Chapter (Next) Section 1 

2. Energy in the wind 

The defining parameter to assess the viability 

of setting up a wind power turbine, is the locally 

available wind power. Because power is extracted 

from the flows kinetic energy, wind speed is the key 

factor. Other parameters such as atmospheric 

pressure or humidity have a much lesser impact on 

the projected amount of power generation. 

2.1. Modeling wind speed with the Rayleigh 
distribution 

"It is a matter of common observation that 

the wind is not steady and in order to calculate the 

mean power delivered by a wind turbine from its 

power curve, it is necessary to know the probability 

density distribution of the wind speed."[15] 
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Fig. 11 Histogram of hourly wind speed at Plymouth, Mountbatter; 
years 2005-2007; 25 203 valid data points [15] 

"The behavior of wind velocity at a given site 

can be specified as a probability distribution 

function, f(V). The quantity f(V) dV represents the 

fraction of the wind speeds that lie within a range, 

dV, about the given velocity, V. Two probability 

distribution functions are commonly used for wind 

speed. The simpler of the two is the Rayleigh 

distribution which has a single parameter c. 

 2/
2

2( ) 0 ·VV cVf V e
c

     (1.1) 

The Weibull distribution shown below has two 

parameters k and c. The Rayleigh distribution is 

actually a special case of the Weibull distribution 

with k = 2. 

 
1

/( ) 0
k

k
V ck Vf V e V

c c


     

 
 (1.2) 

Setting k = 2 in the Weibull distribution gives the 

Rayleigh distribution. For both distributions, Vmin= 0 

and Vmax = . 

 
Fig. 12Wiebull distribution for a range of k and c parameters [6] 

The above plot shows the Weibull 

distribution for various values of the k and c 

parameters. The plot shows that as the value of c 

increases for a given value of k the shape of the 

distribution gets wider.  Because of this c is called 

the scale parameter; it has dimensions of velocity. 

The plot also shows that as k increases from 2 to 4 

for a given value of c, the maximum in the 

probability density function increases. Because of 

this, k is called the shape parameter; it is 

dimensionless."[6] 

Thanks to the addition of the varying shape 

parameter, the Weibull function has the capacity to 

provide a more accurate model for wind speed 

distribution, as long as sufficient wind speed data is 

supplied, so that the c and k parameters can be 

derived accordingly. The majority of the time, the 

Rayleigh function provides a satisfying 

approximation.  

Below are some examples of Rayleigh and 

Weibull approximations from the Encraft Warwick 

Weibull Distributions
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Wind Trials Project [7]. More information on this 

interesting project will be provided in the 

economical evaluation part of this document. 

 

Fig. 13 Examples of Wiebull and Rayleigh wind speed probability 
distribution curves [7] 

2.2. Annual power function 

The importance of wind speed distribution 

becomes apparent once the need for accurate 

yearly power output estimations arises. Some wind 

turbine manufacturers present the power output of 

their turbines based on the average wind speed 

throughout a period of time. This can be very 

misleading, as shown by a simple counter-intuitive 

example: 

Which of the following wind turbines sites would 

produce more power over a one year period: 
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1. Site where the speed of wind is a constant 

5[m/s] for the whole year 

2. Site where 50% of the time, the wind 

speed is 10[m/s], but there is no wind rest of the 

time 

To answer the above question, a vital 

characteristic of each wind turbine is needed, being 

the wind turbine's power curve.  

 
Fig. 14 Typical wind turbine power curve [8] 

Wind turbine power curve provides an 

insight into the relationship between the wind 

speed and the power generated by that turbine. 

Coupled with accurate information about on-site 

wind conditions, a rough power output estimation 

can be made.  

The average wind speed in both of the 

hypothetical sites is exactly the same, but because 

the wind power is a cube function of its speed 

(1.15), the actual outcome is quite surprising. 

A simple evaluation of the problem can be made 

for an actual wind turbine. Figure 14 presents the 

power curve for a Bergey 1500 wind turbine, with 

arrows indicating the points of interest in relation 

to the two sites in question.  

 
Fig. 15 Bergey 1500 power curve [9] 

The annual expected power can be simply written 

down as: 

퐴퐸푃 = 푒푥푝푒푐푡푒푑	푝표푤푒푟 ∗ 푡푖푚푒 

For the first case (5m/s; 100% of the time): 

퐴퐸푃1 = 0.15푘푊 ∗ 8760ℎ = 1,275푘푊ℎ/푦푒푎푟 

For the second case (10m/s; 50% of the time): 

퐴퐸푃2 = 1.15푘푊 ∗ (8760ℎ ∗ 0.5)
= 4,886푘푊ℎ/푦푒푎푟 

퐴퐸푃2
퐴퐸푃1

≈ 3,8 

As can be seen, even thou for the second 

case, 50% of the time there was no wind at all, the 

same turbine could potentially produce almost 4 

times more energy. Of course the above estimate is 

very crude, and lacks a number of parameters that 

would greatly impact the actual power generated. 

Some of the influencing factors are: 

 temperature, 
 humidity, 
 downtime (maintenance, storms), 
 flow turbulence, 
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The above example does showcase the importance 

of onsite wind speed for the amount of power 

generated. 

3. Estimating wind conditions at wind turbine 
site 

3.1. Wind shear 

The atmosphere part in which all wind 

turbines operate, is called the planetary boundary 

layer and because the air flow is viscous, the no-slip 

condition applies. Meaning that the speed of wind 

at ground level is equal to zero and rises with 

height. This creates a wind speed profile in relation 

to the distance from ground, often called wind 

shear or wind gradient. 

Wind shear can be measured using 

specialized equipment, namely wind profilers. 

There are two types of wind profilers which are in 

common use. The first type is a pulse- Doppler 

radar, which emits electromagnetic waves, the 

other is SODAR based (SOnic Detection And 

Ranging).  

 
Fig. 16 Radar (left) and sodar (right) wind profilers  [37,12] 

Because the prices of such instruments are 

very high (>40 000eu) [10,15], their usage in the 

wind turbine field is rare, especially when it comes 

to small wind turbines, as the price of such 

screening would lower the rate of investment 

return drastically.  

As using wind profilers for small wind 

technology is unjustified economically, 

mathematical models are used instead. "The most 

commonly used methods of estimating wind shear 

are known as the log law and the power law. The 

log law is based on principles of boundary layer 

flow and is given below where z and zr are the 

target and reference heights, respectively. U(z) and 

U(zr) are the target and reference height wind 

speeds and zo is the surface roughness length [11]. 
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The surface roughness length is a parameter 

used to characterize shear and is also the height 

above ground level where the wind speed is 

theoretically zero. The surface roughness length 

varies according to the terrain of the site and wind 

power developers and researchers typically use 

surface roughness lengths close to those provided 

in Table 2. If a stability correction is not used, the 

log law is theoretically only applicable for neutral 

atmospheric stability.  

Table 3 Surface roughness values for various types of terrain 
[36] 

 

A variation of the log law is the modified log 

law, which takes into account the effective ground 

level at a site. It is often used to account for the 

affect of tree canopies on wind shear. The modified 

log law is defined as 
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where the parameters are defined the same as with 

the log law. The additional variable is the 

displacement height, d, and it is often 

approximated to be two-thirds of the tree height at 

the site of interest [16,17]. In the modified log law, 

the height at which the wind speed is theoretically 

zero is zU=0 = zo+ d, whereas in the log law, zU=0 = zo. 

It is important to note that a weakness of the 

log law is that it cannot to be used to represent the 

wind shear for all conditions. That is, the log law is 

mathematically undefined for time periods where 

the wind speeds at two different heights are the 

same. Furthermore, if wind speeds decrease with 

height, then the calculated surface roughness 

length for that time period is unrealistically large. 

For these reasons, wind speed data matching these 

criteria were excluded from log law calculations. 

Another widely used wind shear model is the 

power law, which is an empirically developed 

relationship given as: 

( )
( )r r

U z z
U z z


 

  
 

 

The equation variables are defined as before, 

and the power law exponent is α. For fairly flat 

terrain, many investigators have used the one-

seventh power law, where α = 1/7. Researchers 

have also determined empirical relationships for 

the power law exponent as functions of parameters 

such as wind speed and surface roughness length. 

Table 3 provides power law exponent values for 

different types of terrain. 
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Table 4 Typical power law exponents for varying terrain [18] 

 

For each of these shear models, the values 

for z, zr, U(z), and U(zr) are available from standard 

met tower data measurements and one can 

determine such parameters as zo and α. The 

widespread use of these wind shear models, 

however, does not necessarily mean they are 

accurate for all situations or that the typical shear 

parameter values (Tables 2 and 3) result in accurate 

hub height wind speed predictions."[12] 

 
Fig. 17 Wind power law alpha parameter visualization [11] 

Fig. 18 Log and power law estimates, compared to accurate wind data 
[9] 

It is also important to note, that speed shear, 

is accompanied by a directional shear in real life 

conditions. Directional shear can be an influenced 

by a number of phenomena, including thermal 

winds, obstacles in the flows path, terrain topology 

etc. 

Fig. 19 Directional and speed shear of wind over ground [38] 

3.2 Speed up effects 

"A common technique for putting wind 

turbines to good effect is placing them at the 

summit of steep hills or close to ridges which 

overlook the surrounding landscape. This is 
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particularly useful where the turbine has a wide 

view facing the prevailing wind direction in the 

area. However, complex terrain modeling is often 

required in order to eliminate the risk of flow 

separation producing excessive turbulence and 

hence fatigue on the turbine.  

At elevated locations, especially where they 

sit above much of their surroundings, higher wind 

speeds are often experienced: The wind crossing 

the lower area becomes compressed as it meets 

the exposed side of the hill. Once the air moves 

above the ridge it expands again and speeds up as 

it moves into the lee side of the hill, where the air 

pressure will be lower. 

The wind actually starts being forced 

upwards some distance from the hill. This is down 

to the high pressure area formed by the wind 

blowing against the hill extending a fair distance 

from the hill. The actual distance varies depending 

on the wind strength. This does mean that the wind 

is more likely to meet the turbine without having 

passed through any obstacles, such as buildings or 

trees. 'Cleaner' air, i.e. air which has suffered little 

or no disturbance, provides more turning power for 

a turbine. 

However rough ground or unusual local 

conditions can result in turbulence. This would 

disturb the air approaching the turbine and both 

prevent efficient operation and cause wear and 

tear on the turbine. The optimum location of 

a turbine is not just a function of wind speed 

variation across a site but also depends on planning 

constraints and grid connection requirements. 

Tunnel effect: 

As the air is compressed by the force of the 

wind against the buildings or mountains, its speed 

increases in proportion to how much it is 

compressed. This means that the speed of the air 

between obstacles to the wind can be considerably 

more than in the surrounding area. This is known as 

a "tunnel effect". 

So, in an area where the average wind speed 

over the open terrain is, for example, six meters per 

second, a natural tunnel in the area can easily 

experience an average of nine meters per second. 

By using the benefits of such a natural tunnel 

for a wind turbine it is quite possible to obtain 

greater output. The higher wind speeds through 

the tunnel can be exploited to good effect. There 

are other considerations to be aware of, a good 

tunnel effect can only be achieved if the tunnel has 

"soft" walls. Where a valley or pass is set is hard 

ground it is likely that the sides would be very 

rough and uneven. This would negate any benefit 

of the tunnel effect by producing lots of turbulence. 

The rough edges cause the wind to whirl in many 

different (and rapidly changing) directions rather 

than in a predictable direction."[20] 

Apart from naturally occurring speed up 

effects, there has been an effort to incorporate 

wind speed up effects into structural design of 

buildings. A prime example of this, is the Bahrain 

World Trade Centre. Built in 2008, it is a 240-metre 
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high skyscraper, which was designed specifically to 

accommodate three 225kW rated power turbines. 

The geometrical shape of the building is tailored in 

such a way that it allows for winds blowing up to 

45deg, to be funneled perpendicularly at the wind 

turbines.  

 

 
Fig. 20 Bahrain world trade center [21,22] 

3.3. Wind shadow - turbulence bubble 

"There are objects on the landscape that 

inadvertently do the same thing. These include the 

buildings we dwell in and the trees we plant around 

those structures; in other words, they include many 

of the accoutrements and necessities of our 

lifestyle. Regardless of intent, they also 

compromise the wind’s forward motion, changing it 

from smooth laminar flow with lots of kinetic 

energy to turbulent flow, devoid of much of its 

original energy content. This is a well understood 

problem when siting wind farms. Calculated as 

turbulence intensity, turbulent wind flow can 

reduce the amount of kilowatt-hours that a wind 

turbine can generate by 15-35% or more, 

depending on its severity. The more turbulence due 

to surface obstacles and ground clutter, the greater 

the turbulence intensity of the wind and the less 

electricity the wind turbine will generate. As the 

diagram from Dan Chiras’ book Power from the 

Wind (© Dan Chiras) below shows, the bubble of 

turbulence around a home site extends quite 

a ways above and around obstacles: twice the 

height upwind and above the house or trees, and 

20 times downwind (in the diagram, H equals the 

house’s height).  
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Fig. 21 A visualization of the wind turbulence bubble forming behind 
a blunt obstacle 

So keep in mind that turbulence affects the 

quality of the fuel, regardless of the technology 

used to extract energy from it. That’s because 

turbulence is reducing the fuel’s—that is, the 

wind’s—kinetic energy. Installing a wind turbine 

within this turbulence bubble will result in 

a compromised wind resource, reduced energy 

generation, greater wear and tear on the wind 

turbine, and a reduced life for the turbine. Installing 

beyond the turbulence bubble makes the 

difference between a smart installation and an ill-

advised one."[23] 

"The graphs below show an estimate of how 

wind speeds decrease behind a blunt obstacle. In 

this case a seven story office building is used, 20 

meters tall and 60 meters wide, placed at 

a distance of 300 m from a wind turbine with a 50 

m hub height. The wind shade is clearly seen as 

different shades of grey. The blue numbers indicate 

the wind speed in per cent of the wind speed 

without the obstacle. At the top of the yellow wind 

turbine tower, the wind speed has dropped by 

some 3% to 97% of the speed without the obstacle. 

You should note that this means a loss of wind 

energy 10%, as can be seen in the graph on the 

right."[24] 

 
Fig. 22 Left: Wind speed percentage behind an obstacle, Right: 
Available wind power behind an obstacle [24] 

It is important to point out the significance of 

the above graphs as they visualize the relationship 

between wind speed and wind energy.  
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4. Small wind turbine economics 

4.1. Encraf field trials [7] 

"The average energy generated per turbine 

per day across the sample set has been 214 Wh 

(including times when turbines were switched off 

for maintenance or due to failures). This is 

equivalent to an average of 78 kWh of energy 

produced per site per year and an average capacity 

factor of 0.85%. (This compares to typical capacity 

factors of between 10% and 30% for larger turbines 

on free standing sites in good areas). 

If the results are adjusted to exclude data 

from periods when turbines were switched off or 

broken the average energy generated per turbine 

per day rises to 628Wh (230kWh per year 

equivalent) and an average capacity factor of 

4.15%. 

 
Fig. 23 One of the promising sites reported in the Encraft field trials [7] 

 
Fig. 24 The importance of site selection [7] 

Of particular note is that turbines on our high 

rise sites, Eden, Ashton and Southorn Court were 

able generate as much energy in one month as 

other turbines in the trial did in one year. It is 

unfortunate that these high performing turbines 

had to remain switched off for the majority of the 

trial following complaints about noise from the 

building residents. The best performing turbine in 

the trial generated an average of 2.382 kWh per 

day when in operation, equivalent to 869 kWh in 

a full year. The poorest site generated an average 

of 41Wh per day when in operation or 15 kWh per 

year, which is less than the energy it consumed to 

run the turbine’s electronics. Energy consumption 

averages 80Wh per day per turbine (29kWh per 

year) which is significant on some sites."[7] 

4.2. Location, location, location. Domestic 
small-scale wind field trial report [19] 

“The field trial has highlighted a number of 

areas that industry and policy makers must improve 

to support effective growth of the industry and 

provide better information to potential domestic 

customers. These key areas include the 
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development and enforcement of installation and 

product standards, improved wind speed prediction 

and improved site assessment. 

The field trial has also show that local 

topography and site characteristics can have 

considerable impact on the available wind resource 

and turbine performance at a site. As such, fewer 

sites than previously predicted should be 

considered suitable to install the technology. 

Measured load factors for all building mounted 

turbines were lower than the commonly quoted 

figure of 10 percent. 

The average measured load factor for 

freestanding pole mounted turbines was 19 

percent, compared with a commonly quoted figure 

of 17 percent. 

Manufacturers’ presentation of their power 

curves and ratings of turbines have been calculated 

using different methods. Additionally, a number of 

manufacturers’ power curves were deemed in 

accurate or in correct. As such, it is difficult for 

potential customers to compare the performance 

of different products. Potential customers should 

treat published power curves with caution until 

such time that products receive MCS 

accreditation." [19] 

4.3. Small and Medium Wind, UK Market 
Report [25] 

"Small and medium wind turbine installations 

had a total generating capacity of over 102MW at 

the end of 2012. For the fourth year in a row, the 

biggest growth in installed capacity was observed in 

the 15kW–100kW size band. Significant growth was 

also seen in the 100kW–500kW bracket, and this is 

expected to increase in subsequent years. Overall, 

the number of small and medium wind turbines 

deployed in 2012 grew by 21% compared to 2011. 

This increase was seen across all size bands of 

turbine, but as with capacity growth, the increase 

was most significant in the 15kW–100kW 

bracket."[25] 

 
Fig. 25 Small/Medium wind UK market highlights 2012 [25] 

 
Fig. 26 Annual deployed UK small and medium wind turbine capacity 
(MW) [25] 
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Fig. 27 Annual number of deployed UK samm and medium wind 
turbines [25] 

"Small and medium wind turbines serve 

a range of distributed power needs under diverse 

ownership and operating scenarios. According to 

the survey results, small and medium wind turbines 

are most commonly installed on farms (64%), 

followed by households in rural settings (22%), 

businesses (9%), community groups (3%), and other 

types of applications, such as battery charging 

(2%)."[25] 

 
Fig. 28 Site selection for wind turbine systems [25] 

"Accordingly, renewable electricity 

generated from small and medium wind turbines 

has seen dramatic growth in the last two years. This 

expansion of energy generation is partly due to 

a steady increase in the number of turbines 

deployed in the 100kW–500kW band, but it is also 

because of the growing average size of turbines in 

the sub-100kW bands. In 2010, the average size of 

a unit installed in this segment was 4.9kW, while in 

2012 it was 7.7kW.  

Over the course of 2012, the total electricity 

generation from small and medium wind turbines 

increased by 58%, reaching 248.49GWh, an 

equivalent of approximately 58,248 average UK 

households’ electricity consumption. It is also 

estimated that the level of energy generated from 

small and medium wind turbines would have 

emitted 106,851 tons of carbon dioxide if sourced 

from the national grid. This is equivalent to 47,071 

cars being removed from the roads. 

If the deployment rate could be sustained at 

this level, small and medium wind projects would 

make a valuable contribution towards the 

Government’s renewable energy and carbon 

reduction targets. In order to achieve this, 

investors, consumers and industry must be 

confident about the political and regulatory 

framework, in particular regarding the future Feed-

in Tariff levels and the planning process. The 

Industry’s Growing Contribution to the UK Power 

Supply. The UK small and medium wind sector 

witnessed further growth in 2012, which was 

largely driven by the Feed-in Tariff scheme as well 

as by growing public awareness of the benefits of 

self-generation."[25] 
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4.4. Small Report on Small Wind Energy 
Projects Supported by the Massachusetts 
Renewable Energy Trust [26] 

"This report analyzes the energy output of 21 

small wind turbines installed in Massachusetts, with 

funding from the Massachusetts Renewable Energy 

Trust (MRET), to determine whether these systems 

are, on average, meeting energy production 

estimates made prior to, or directly after, their 

installation. This report also identifies possible 

causes of lower-than-expected energy production 

and quantifies their impacts.  

Data collected and analyzed for this status report 

includes:  

•Monthly energy production values for the 21 small 

wind energy systems  

•Interval wind speed data from 6 National Climactic 

Data Center weather stations  

•Wind speed and profile data from 19 

meteorological towers throughout Massachusetts  

•Test data on small wind turbine power output and 

inverter efficiency  

Key findings of this status report include:  

Based on data reported to MRET in grant 

applications and on monthly readings of 

revenue-quality energy meters connected to each 

system, no installer or turbine model is meeting its 

energy-production target.  

The 21 small wind energy systems examined 

in this report are producing approximately 29 

percent of the energy that installers predicted they 

would in grant applications filed with MRET. 

 
Fig. 29 Relative production of the sites analyzed in the report [26] 

This report assesses the measured energy 

output of 21 wind energy systems, 10 kW and 

smaller, installed using funds from the 

Massachusetts Renewable Energy Trust. These 

systems have fallen short of both installer and 

independent energy production estimates; the 

purpose of this report has been to quantify this 

shortfall and attempt to identify possible causes for 

the systems’ underperformance. The 

lower-than-expected energy output for small wind 

systems in Massachusetts cuts across equipment 

manufacturers, geographic locations, reported 

wind speeds, and installers. Upon closely examining 

the available data, Cadmus concludes that:  

On average, small wind energy systems in 

Massachusetts are producing approximately 29 

percent of their expected energy output specified 

in grant applications to MRET.  
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This underperformance appears to be due to 

a combination of factors, including wind map 

inaccuracy, annual variations in wind speed, 

inaccurate turbine performance data, and 

inaccurate site modeling assumptions (e.g., wind 

shear, obstacle porosity).  

After adjusting for these factors, it is possible 

to generate significantly more accurate estimates 

of system energy output. Cadmus was able to 

predict the annual energy output of 20 small wind 

systems to within, on average, 5 percent accuracy. 

Individual systems’ relative production varied from 

60 to 180 percent in most cases.  

Published wind shear exponents may be 

significantly lower than measured values for 

Massachusetts, and perhaps elsewhere as well.  

Wind speeds statewide, over the past 12 

months have been 6 to 9 percent below the 10-year 

average, based on data from 6 NCDC weather 

stations.  

The AWS True wind map appears to 

overpredict wind speeds across Massachusetts by 5 

to 12 percent, based on an analysis of 16 

meteorological tower sites."[26]

 

5. STOW parameters proposal 

During the "Kick-off" meeting held at the 

Lodz University of Technology, Institute of Turbo 

machinery on Thursday, November 7, 2013, it was 

agreed that on the next meeting, a number of 

preliminary design layouts will be chosen for 

further investigation. In addition to the proposed 

set up, the need arose for estimating vital design 

parameters, such as rated power, rotor swept area 

etc. Having the above in mind, please consider the 

following suggestions. 

5.1. Design parameters and goals 

5.1.1Effective rated power, for typical Polish and 

Norwegian inland conditions (5m/s): 350W 

The value is based on average household 

electrical energy consumption (3000 kWh/year) 

and the target wind speed agreed upon. A wind 

turbine with 350W of rated power in such 

conditions, would produce up to 3000kWh of 

energy per year.  

5.1.2. Maximum rated power (11m/s): 3 000W 

5.1.3. Effective swept area: 12m2 

The chosen swept area is a result of the 

desired effective rated power (1.1.) and assumed 

total efficiency of 38%. The proposed swept area is 

not directly derived from the rotor diameter. For 

example, ducted wind turbines can have 

a significantly larger effective swept area, than the 

rotor swept area. 
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As a design choice, it is important to assure 

optimized efficiency at 5m/s wind speed. Lower 

efficiency would result in the need for increased 

turbine size, rising its cost. Below are presented 

two curves strictly for the visualization purpose of 

the desired wind turbine characteristics. 

 

 

5.2. Suggested target price 

The proposed cost for the device is: 2 000€ (8 

500pln) 

The cost of the turbine (including installation 

etc.) is based on a 5 year return policy taking into 

account the current energy prices. During that 

period, the turbine would produce an estimated 15 

000kWh of energy. With the current average 

energy price for Poland at 0.14€/1kWh, the 

resulting value is 2000€.  

Initial market analysis predicts that such 

a short return period could be difficult. The average 

price of wind turbines of similar class is close to 

6000€. It is as of yet unconfirmed, what is the 

defining factor for the final retail price of those 

turbines, but it is likely that it is due to the limited 

production rates. 

Available sources point to turbine upkeep 

costs at 1-2% of the turbine installation price per 

year. For the proposed manufacturing price 

(2000€), 5 year maintenance would be roughly 

equal to ~190€, which is a reasonable value.  

The final pricing of the turbine in question is 

one of the key factors, which will have a major 

impact on the outcome of the project. Increasing 

the price of the turbine will prolong the return of 

investment time, which in turn, will also increase 

the overall maintenance costs. Which could make 

the turbine economically non-feasible.  

The above estimates and calculations were 

performed with the following assumptions: 

-air density: 1.2kg/m3 

-wind mean speed: 5m/s 

-€=4,2pln 

5.3. Mechanical limitations 

At careful thought, we have reasons to 

believe that the swept area established as a design 

parameter in point (1.1.) will force us to encounter 

major mechanical difficulties. A rotor or duct with 

such an swept area (12m2), results in a diameter of 
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4m for the device. Such size brings about problems 

of increased weight and high loads due to drag, 

which in turn forces the construction of a bulkier 

tower. Having the above in mind, it is unlikely that 

constructing a turbine of such size would be in in 

line with the projects objectives.  

The alternative is to prepare the turbine with 

the "auxiliary power generator" concept, such as 

discussed at the end of the "kick-off" meeting. As 

such, the turbine could be reduced to a third of the 

size. Having a 4m2 effective swept area for the 

proposed solution, results in a total 2,3m diameter 

which is a much more reasonable value.  

Using the same efficiency curve as above, the 

mean power produced (at 5m/s) would be about 

120W. That gives a yearly energy yield of 1000kWh 

(1/3 of a household needs). Five year operation of 

such turbine would generate energy for the 

equivalent of ~750€. That would also become the 

price target for the reduced concept. Below is 

a proposed power curve for this concept. 

 

6. Various STOW geometrical configurations 

6.1. Variant 1 

 

Total lentgh 2,7m 

Diameter 3,3m 

Rotor diameter: 2m 

Efficiency related to the rotor 
area:  

120% (related to the diffuser 
diameter - 47%) 

Power at 5m/s 282W 

Power at 7m/s 776W 

Estimated mass:  871kg (total material volume 
0,5m^3) 

 

Cons: Pros: 

 Very high mass 

 Need for a reinforced 
tower 

 Vibrations might be an 
issue 

 High wind speed control 
might be difficult 

 Operation during winter 
(ice build-up) might 

 The diffusor will allow 
for continuous work 
even at very low wind 
speeds 
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hinder operation of the 
turbine 

 Higher interia might slow 
be problematic in 
directionally changing 
wind which might require 
an addition of a 
superfluous yawing 
system 

 

6.2. Variant 2 

 

Total lentgh 2,2m 

Diameter 3,3m 

Rotor diameter: 2m 

Efficiency related to the rotor area:  ~90% (related to the 
diffuser diameter - ~35%) 

Power at 5m/s 212W 

Power at 7m/s 581W 

Estimated mass:  211kg (total material 
volume 0,13m^3) 

 

Cons: Pros: 

 Vibrations might be an issue 

 Unknown influence of 
turbulence on the efficiency 

 Iceing might force downtime 

 Overspeeding and high wind 
speeds might be difficult to 
handle 

 Average efficiency when 
related to the diffuser 
diameter 

 The diffusor will 
allow for operation 
even at very low 
wind speeds 

 High scientific 
potential 

 Atypical, easy for 
marketing design 
which might interest 
potential customers 

 Shorter blades will 
result in lower price 
for these 
complicated 
elements 

 

6.3.Variant 3 

 

Total lentgh 2,2m 

Diameter 3,2m 

Rotor diameter: 3,2m 



 

31 
 

Efficiency related to the rotor 
area:  

45% 

Power at 5m/s 271W 

Power at 7m/s 744W 

Estimated mass:  ~60kg (total material 
volume 0,04m^3) 

 

Cons: Pros: 

 Incredibly popular design, 
with a very solid market 
presence. Needs a very 
specific optimization 
criterion. Lower 
breakthrough potential. 

 Longer turbine blades might 
be more expensive than 
those in the alternate 
variants. 

 Low marketing potential 

 

 Lack of the diffuser 
greatly reduces the 
mass of the whole 
device, which will 
allow for a slimmer 
tower and higher 
tower 

 The popularity of this 
design allows for the 
use of a wide range of 
proven theories and 
modeling techniques 
during the 
optimization process 

 The possibility of 
installing different 
passive yawing and 
over-speeding systems  

7. Wind data acquisition 

Modern weather forecasting models can 

predict the weather at a very high degree of 

accuracy for periods of 48 hours and more with the 

use of supercomputing technologies. Apart from 

the obvious everyday social convenience which are 

associated with knowing the near future weather, 

a number of industries strongly rely on NWP. For 

example, governmental crisis control branches 

(wildfire or tropical cyclone forecasting) [41] or 

wind turbine farm control and operation 

(continuous energy yield calculation, weather 

window prediction for the purpose of maintenance) 

[42]. 

There are numerous weather prediction 

models, ranging from simple academic tools to 

global scale integrated instruments. Each one 

differs not only in the calculation scheme and 

method, but mainly in: the simulated time domain 

(from a few hours to several days), spatial 

resolution of the numerical grid, domain area (from 

tens of thousands of square kilometres to 

a hemisphere) and the time step. What they all 

have in common is a set of governing differential 

equations from the combined fields of fluid 

dynamics and meteorological science. Input 

parameters for initial conditions come from 

meteorological observatories and synoptic stations 

governed by private or national institutions. 

The benefits of an accurate prediction of 

wind speed and direction are obvious for wind 

turbines, as it is the operational resource that is 

used to generate electrical energy. Substantial 

research has been made in the use of NWP by the 

wind turbine industry. Long term wind speed 

forecasting has been used with success for utility-

scaled wind farms. This accounts not only for 

planned sites but also operational power plants, 

where weather forecasting is used constantly for 

setting up advanced control schemes or predicting 

suitable conditions windows for planned 

maintenance [43, 44]. Yet NWP methods used for 

utility-scale wind turbines have been rarely used for 
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small wind turbines, especially privately owned 

turbines used as an auxiliary power source. 

This is due to the fact that accurate 

prediction of wind speed conditions for typical 

small wind turbine sites and hub heights is difficult. 

The presence of ground drag and obstacle induced 

turbulence, together with wind flow uncertainty 

caused by various topographical shaping prove to 

be a major difficulty in using NWP for energy yield 

estimation. This branch of the wind energy industry 

has traditionally used anemometrical data surveys 

in addition with probability distributions of wind 

speed for energy output predictions [45, 46, 47]. 

7.1.Data gathering – WRF weather model 

Calculation of meteorological parameters 

was performed using the nonhydrostatic mesoscale 

Weather Research & Forecasting (WRF)model. WRF 

is  designed both for operational forecasting and 

atmospheric research use. It enables atmospheric 

phenomena simulation for scales ranging from 

thousands of kilometres to single meters. Model 

contains several capabilities, important from the 

research point of view, such as: 3D data control 

with initial data and model results correction 

possibilities using aerological, radar and satellite 

measurements; multilayer ground modelling; 

humidity cycle; vegetation; cloud cover and 

precipitation parameterization including water 

phase state; radiation transport processes; 

boundary layer with turbulent vertical transport, 

etc. These modules are responsible for 

parameterization of physical phenomena occurring 

in the atmosphere. The boundary layer – area of 

intensive surface radiative forcing and mechanical 

forcing – is an important part of the simulated 

phenomena. Mechanical forcing is determined by 

orography, roughness and cover. Radiative forcing 

is defined by albedo and thermal capacity of the 

surface. The parameters are determined by the 

ratio of land to water area; vegetation and its 

status; irradiation depending on location and 

inclination. Determination of these factors was of 

importance because the boundary layer close to 

the surface is the area associated with the 

presented studies. 

The WRF model was run at the Department 

of Civil Engineering and Geodesy of the Military 

University of Technology. The data used in the 

simulation covered the period of one year 

(01.01.2013 - 31.12.2013). The input data of the 

WRF came from the archive of the Global Forecast 

System (GFS). These were obtained from the 

National SOO Science and Training Resource Centre 

(NWS SOO/STRC)1. The model was run for each day 

and for each main synoptic term. Two grids with 

spatial resolution of 36 km and 12 km were used. 

The simulation domain included a selected area of 

Europe as shown in Fig. 2. Forecast modelling time 

was set equal to 24 hours with a one hour data 

sampling rate. Results for each 24-hour period were 

                                                             
1 (The National SOO Science and Training Resource Center is 
part of the Forecast Decision Training Branch (FDTB) of the 
National Weather Service Training Division and is co-located 
with the UCAR COMET Program in Boulder, Colorado. Address: 
UCAR/COMET/FDTB, 3085 Center Green Drive,  Boulder, CO 
80301) 
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obtained in a five-dimensional set of prognostic 

parameters fields. This set includes, among others: 

pressure values, geopotential, temperature and 

three-dimensional wind fields. Wind speed data 

averaged over a 60 minutes period has been said to 

be useful for long term energy yield predictions for 

small wind turbines[40]. 

Horizontal and vertical grids 

The WRF-ARW equations [39] are formulated using 

a terrain-following hydrostatic-pressure vertical 

coordinate denoted by ηand defined as: 

( ) / ( )h ht hs htp p p p     (1) 

where:  

 ph – hydrostatic component of the 
pressure,  

 phs – pressure values along the surface  
 pht – pressure value along the top 

boundary 
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Figure2.Vertical coordinate and model domains - 36 km and 12 km grid 

The coordinate definition (1), is traditionally 

used in many hydrostatic atmospheric models. η 

varies from a value of 1 at the surface to 0 at the 

upper boundary of the model domain (Fig. 2). In 

the performed calculations, 45 levels were used. 

The horizontal grid is rectangular and related to 

a Lambert projection. WRF prognostic variables are 

defined at more than one point in a rectangular 

(horizontal) grid (Fig. 3). This staggered grid has the 
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values of the wind components at separate points 

than the thermodynamic variables. Staggering is 

performed in the horizontal and in the vertical 

direction (Fig. 3). Scalar variables such as 

thermodynamic variables are connected with 

ϴpoints. Geopotential is an exception to this , as its 

values are stored at w-points. 

 

Figure3. Horizontal and vertical grids of the ARW. u and v points are 
staggered in x and y[3] 

The wind velocity components used in our 

calculation were associated with centre cells of the 

grid (ϴi-points). They were interpolated from 

staggered values (Fig.3) so that the continuous 

variables are represented discretely as: 
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Because, u and v are relative to the WRF 

model grid, they were rotated to be relative to the 

earth. This was achieved by: 

, , , ,

, , , ,

1 2
0 1 1

  ( )  ( ),  
  ( )  ( ),

/ 2 / 2( ), (ln cos ln cos ) / (ln tan ln tan )
2 2

earth i j k i j k

earth i j k i j k

u u cos v sin
v v cos u sin

n n

 
 

       

   
   

 
    

(3) 

where   is the longitude centre of the cell, 0 is the 

reference longitude, 1  and 2 are the standard 

parallels related to Lambert conformal projection. 

Horizontal wind interpolation 

The values of the vector components (u, v) of 

the wind were computed using bilinear 

interpolation  
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  (4) 

where: ( , )v x y  interpolated values at points ' '( , )x y

donot coincide with the grid nodes ( , )x y and 

( , )x y  is the grid step. 

Vertical wind interpolation 

Vertical wind field interpolation was 

performed on the basis of the level height of the 

mesoscale model. Elevation was computed from 

geopotential height by:  

  , ,, , / 9.81b i j ki j kh   
  (5) 

where b  is the geopotential set at initialization of the 

model and  , called perturbation geopotential, starts 

at zero and varies with time.  

For the mesoscale model used in the study 

second and third  level corresponds to 20 m and 

95 m above the ground surface. The geopotential 

height at the lowest level is the same, up to 

rounding error, as terrain height ht (  and b  are 

connected with the w-points) 

  , , / 9.81t b i j kh  
  (6) 
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Height h between the two levels of the 

model was calculated using linear interpolation. To 

find the elevation of a cells point (the cell midplane, 

where the pressure and other variables are stored), 

interpolation is performed between the elevation 

of the top and the bottom layer: 

 , , , , , , 1 , , 10.5 ( ) ( ) / 9.81b i j k i j k b i j k i j kh      
   (7) 

 

To determine the horizontal wind speed su   

( 2 2
su u v  ) over terrain, the following 

expression for the logarithmic velocity profile in the 

surface layer was used: 

*

0

( ) ln ,s t
u zu z z h h
k z

  
 (4) 

where: 

 z – height over terrain surface 
 z0 – surface roughness 
 k=0.41 – von Karman constant, 
 *u  – friction (shear) velocity, 

Sample wind speed data for a given location 

is shown in Figure 7.1. 

 
Figure 7.1.Wind speed data series for the chosen location 
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