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A B S T R A C T .  The annual energy product ion o f  a wind turbine is one o f  the most  important 
parameters  which determine the economical viability o f  such an installation In the present 
work the influence o f  the hub height along with the topography effects are taken into account  
in order  to maximize the efficiency of  a wind turbine installation, without  significantly 
increasing the installation cost For  this purpose long period measurements  are used for three 
representative regions o f  the Aegean Archip^1 ago. including an area with medium, an area with 
good and another  one with excellent wind potential As in many cases o f  interest for vvin^ 
energy applications, it is necessary to estimate wind speeds and frequencies at hub height from 
measurements  done at a different level, usually at 10m level In order  to increase the reliability 
o f  our results the influence o f  the "wind shear exponent" o f  the power  law model  along with 
the thickness o f  the atmospheric  shear layer are taken into account Additionally four  different 
types o f  medium-large size wind turbines are used to check the effects o f  the machine's power 
curve type on the results obtained Finally the calculated energy product ion results are 
summarized for all the combinations o f  areas, wind turbine types, hub heights and wind shear 
exponent values These results are also compared with the first installation cost increase and 
interesting conclusions are drawn. By using the experience obtained from the present analysis a 
goal o f  more than 50% energy product ion rise may be achieved, with much less growth  o f  the 
investment cost

IN T R O D U C T IO N
The energy product ion o f  a wind turbine installation is one o f  the most  important 

parameters who  determine the economical viability o f  such an investment, [1] Additionally the 
net energy output  produced during a year depends strongly on the exact value o f  the mean 
power coefficient (or  capaci ty factor) It is worthwhile to mention that according to previous 
research [2] a 0 1 increase o f  the value o f  the mean power coefficient results to a 60% 
decrease o f  the pay-back period o f  the investment Therefore the amelioration o f  the economic 
attractiveness o f  similar applications by increasing the value o f  the mean power  coefficient is 
one o f  the most  challenging research problems in the wind turbine applications area

In previous work [3] the importance o f  the appropriate interaction between the local wind 
potential and the operat ional  characteristics o f  the wind turbine to be used is proved In the 
present w ork the influence o f  the hub height along w ith the topography effects are taken into 
account in order  to maximize the efficiency o f  a wind turbine installation, without  significantly 
increasing the installation cost For  this purpose long period measurements  are used for various 
representative regions o f  the Aegean .Archipelago, including an area with medium, an area with



good and another one with excellent wind potential The experimental data consist o f  wind 
speed and frequency values for at least five years However , as in many cases o f  interest for 
u m d  energy applications, it is necessary' to estimate wind speeds and frequencies at hub height 
from measurements  done at a different level, usually at 10m level. In similar situations several 
semi-empirical velocity profiles exist in the literature and in order  to increase the reliability o f  
our results the influence o f  the "wind shear exponent" o f  the power law model along with the 
thickness o f  the atmospheric shear layer are taken into account Additionally four  different 
types o f  medium size commercial  wind turbines are used to check the effects o f  the machine's 
power curve type on the results obtained.

Finally the calculated energy product ion results are summarized for all the combinations of  
areas, wind turbine types, hub heights and wind shear exponent  values These results are also 
compared with the first installation cost increase and interesting conclusions are drawn. By- 
using the experience obtained from the present analysis a goal o f  more than 50% energy 
product ion rise may be achieved, with much less growth o f  the investment cost.

ENERGY P R O D U C T I O N
The annual energy product ion "E" by a wind turbine o f  nominal power  "N0" is:

/·.' <S’ ·  (ο · Δ ·  ΛΓ„ (1)

where "Δ" is the mean annual availability o f  the installation and "co" is the mean power 
coefficient (capacity factor) defined as:
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For the calculation o f  the exact value o f  "co" the wind turbine power curve "N=N(V)" provided 
by the manufacturer  is utilized along with the experimental probability density function 
"f=f(V)" o f  the wind speeds. More  precisely "ω" can be estimated using a more practical 
formulation, i.e:
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and therefore is a function o f  the wind speed and direction as well as o f  the probability density 
function "f(V)" o f  the wind speed at the specific installation site and at the height o f  wind 
turbine's axis. Additionally, the mean power coefficient depends on the specific powercurve 
"N=N(V)" o f  the wind turbine and its exact value is the result o f  the interaction between the 
local wind potential and the operational characteristics o f  the machine, [3],

WIND T U R B IN E  P O W E R  CU RV E
Table I: Main Wind Turbines' Characteristics

WIND TURBINE'S 
C H A R A C T ER ISTIC S

A B C D

Nominal Power (kW) 270 250 250 250

Rotor  diameter (m) 25.5 25 25.3 24

Hub height (m) 31 5 29.85 30 29.5

Cut in Wind Speed (m/s) j 4 5 4

Rated Wind Speed (m/s) 1 3 14 14 14

Cut out Wind Speed (m/s) 25 24 21 22



A typical powercurve  is composed by the transitional part, where the power  increases with 
the increase o f  the wind speed from the cut in wind speed "Vc" to the rated one "V r", and the 
(almost) constant  power  part as the wind speed takes values between the rated speed and the 
cut out speed "VF". For  theoretical analysis purposes  one may write:
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therefore "ωι" and "coi" can be expressed as:
^ I R

ω , —  · ( ! ■ ( ! '  < I ' R)  -  F f l ' <  / '  ) )  — ·  \  v  · / ' ( [ ' ) · d V
A . A „ '  , _ x(5)

where "F(V<V„)" is the probability function expressing the possibility to exist wind speed 
values less than a given value, e.g. "V0". Similarly,

ω ;  w < . r , ) - F f l ' < r R)  (6)

However , for more realistic calculation results one 
may use the exact powercurve o f  a machine as 
given by the manufacturer  for standard 
atmospheric conditions. In the present work four 
representative povvercurves o f  commercial 
machines are selected from the "WIND-BASE"  [4] 
to be analyzed, after their operational 
characteristics are modified to include local 
atmospheric conditions. In fig. 1 the powercurves 
o f  these four machines are given, while some 
useful characteristics o f  them are summarized in 
Table I The wind turbines investigated are either 
stall or pitch control.

W IN D  V E L O C I T Y  PROFILES
For the descr iption o f  the wind potential o f  an installation site the wind speed and 

frequency are necessary, referred at wind turbine's hub height. However,  in most  cases the 
wind data are given at s tandard height, usually at 10m from the ground.  In these cases some 
semi-empincal velocity profiles are adopted from the literature and the most common o f  them 
are the "power law" and the "log law". According to the existing analysis [5] the log law 
provides the closest fit in the 30-n50m height range but throughout  the atmospheric boundary 
layer height, the power  law is more accurate Additionally because its simplicity, the power law 
is more often used, i.e:
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where the velocity value "Vi" is measured at "h=hi" (usually at 10m) and the exponent  "a" is 
principally determined by the thermal stratification o f  the air and the surface roughness

Various researchers  suggest  different values o f  "a" is many cases. For  example Mikhail and 
Justus [6] propose the following formulae:

Fig. l:  Wind Turbine Power Curves

0 .37-0 .088\n [ \r(h = hi)J 
l-0 .088 \n(h , 10)

(8)



while for quick calculation they propose that a=0.23±0 03. Other  researchers adopt  smaller 
values, like Delaney [7] who uses the value a=0 1 for the Brittany region and Williams [8] who 
utilizes the value 0.081. Generally speaking the wind shear exponent  takes values between 0.05 
for very smooth areas (e.g. sea, sand, snow) up to 0.45 for very rough areas (e.g. urban areas, 
tall buildings). Besides, according to a recent research by CRES in Crete [9] it was found that 
the shear exponent exhibits a considerable variability with the site and the direction sector, 
taking values from slightly negative (accelerating flow, jet like profiles) to positive up to 0 16 

Finally there have been established some interesting relations between the surface 
roughness "h0" and the shear exponent "a", see for example the one proposed by VVarne and 
Calnan [10], i.e.

a 0.04\n(ho) - 0.003l \n (h 0)J2 - 0.24 (9)

VV IND SP E E D  F R E Q U E N C IE S
The wind speed probability density function "f(V)" gives the possibility to exist wind speed 

values in a very narrow area o f  "V", namely "V±dV". Therefore the possibility o f  the wind 
speed to be between "V3" and "Vb" is given as:
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Using eq .(7) to describe the velocity profiles o f  the wind we may assume that the possibility
to encounter wind speed values at a given height "h," in the area o f  (V3,Vb) is the same with

i ^  1
the possibility to appear  wind speeds at another height "h" in the area ! Va (h/hi) ,Vb (h/h,) | . 
In the case that the velocity interval (Vb-Va) is very small we get from equation (10) that:

h  ( 11)
Taking into account  the above equation one may understand why is not valid that the

3aenergy capable o j being intercepted is proportional to "h " and that the continuous increase 
of  the hub height o f  a wind turbine will lead to an analogous increase o f  the output  power  of  
the installation In similar cases keep in mind that the wind rotor  is still working in the same 
velocity region (e.g. from Vc*4m/s to V[.^25m/s).

Fig.2: Experimental Wind Speed Data. Fig.3: Experimental  Wind Speed Data.

In the present  work long period measurements [12] (for five years) are used for three 
representative regions o f  the Aegean Archipelago in order  to examine the influence o f  the hub 
height on the energy product ion for these typical cases with totally different wind speed 
pattern The areas under  investigation are the island o f  Kithnos which has a medium quality 
wind potential (C=6.52,  k= l  .33), the island o f  Naxos as an example o f  an area with good  wind



potential (C=7.26,  k= 1.50) and the island o f  Andros which has excellent wind potential 
(C=9.83 ,k=l  .86) Note that "C" and "k" are the well known Weibull's parameters [11], related 
with the local wind speed (potential) characteristics The probability density function o f  these 
areas, based on measurements [12] at 10m height for a five year period, are given in figures 2 
to 4, along with the five years experimental mean value. These experimental data are to be 
combined in the following with the power curves o f  the four wind turbines o f  fig. 1, given by 
the manufacturers and properly modified to include local atmospheric conditions, in order  to 
estimate the exact values o f  the mean power  coefficient. Finally, in fig.5 the influence of  the 
hub height upon the experimental value o f  the probability density function, for the island o f  
Andros, is presented assuming medium rough topography, i.e. a=0.2 As it is obvious from 
tig.5 the "f(V)" values become smaller with increasing hub height, while the corresponding 
"f(V)" distributions are moving towards larger wind speeds.

C A L C U L A T I O N  OF EN ER GY P R O D U C T IO N  AT D IFFERE NT HUB HEIGHTS
For the calculation o f  the mean power coefficient and the corresponding energy production 

equations (1) to (3) are used for every combination o f  installation site and wind turbine For 
each combination (3x4) the influence o f  the hub height is to be examined, using as a parameter 
the value o f  the wind shear exponent  "a" and the atmospheric boundary layer height At this 
point the atmospheric boundary layer thickness is taken equal to 6=200m.

Island o f  Naxos
Using tne experimental mean probability density function o f  Naxos (fig.3) for the period 

1981-1985 properly modified according to equation (11) for each one hub height value 
investigated w e  calculate the evolution o f  the mean power coefficient "ω" versus height, i e 
io=(o(h), for typical values o f  "a" and for all four wind turbines used. According to the results 
given in figures 6a to 6d one may conclude that the mean power coefficient is strongly 
depended on the hub height. More  precisely, for all the machines examined and for small values 
o f  "a" (a<0 1) there is a remarkable increase o f  "ω" with the height, especially for the first 40m 
The increase o f  "ω" is much more greater  for a=0 2, but after the h=60m "ω" becomes almost 
constant Finally, for the extreme value o f  "a" the maximum value o f  "ω" is predicted at 
h^40m, while for bigger values o f  "h" ,"co" decreases dramatically

Island o f  Kithnos
The same behaviour  is encountered also for the mean power  distribution versus hub height 

for the island o f  Kithnos (fig 6e), although the numerical values predicted are quite smaller 
than the corresponding ones for Naxos This fact was expected since Naxos has better wind 
potential than Kithnos. For both islands "ω" presents the biggest increase when the wind shear 
exponent takes the value a=0.2, a value often detected in similar conditions with short yrass 
and rural areas.



Fig.6: Evolution of  the Mean Power Coefficient "ω" with hub height.
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Island o f  A ndros
Finally, the picture o f  Andros is slightly different, mainly due to the excellent wind potential 

o f  the island According to our  analysis (see fig.6 0  the increase o f  "ω" with the height is much 
smaller in comparison with the other cases, and very soon "ω" becomes almost constant 
Additionally, for the extreme value of  "a" the mean power coefficient decreases  monotonically 
after the first 25m. This fact is in accordance with our knowledge that in Andros the wind 
speeds are very high and they are continuous blowing, therefore any additional increase of  
wind speed with height can not be exploited by the existing commercial  wind turbines

Summarizing we can say that according to our  data there is a remarkable increase o f  "ω" 
and o f  the corresponding energy production by a wind turbine installation with the hub height, 
especially for areas with medium wind potential and medium rough topography.  In these cases 
the annual energy product ion may be increased by almost 25% with a parallel elevation o f  hub 
height from 25m to 50m On the contrary in cases with very rough topography the proposed 
height is between 25m and 40m, since a remarkable decrease in energy product ion is detected 
with bigger heights. Finally, for areas with very good wind potential there is no need for the 
hub height to overpass  the 40m, especially for sites with rough or  very rough topography

IN FL U E N C E O F M EA N  POW ER C O EFFICIEN T ON WTs'  E C O N O M I C  VIABILITY
For the calculation o f  the pay-back period "n*" o f  the investment under  consideration the 

complete  break-even equation [13], has to be solved, i.e:
C„ Rn (12)

For the exact solution o f  equation (12) it is necessary to determine the accurate values of  
air parameters appearing in the break-even equation.

Investment Cost
The future value (after -n years) o f  the investment cost o f  a WT installation is a 

combination o f  the initial installation cost and the corresponding maintenance and operation 
cost The initial investment cost includes the market and installation price o f  a wind turbine 
along with the cost o f  the necessary electrical and electronic equipments, i.e: "PrN„(l+f)" 
The maintenance and operat ion (M&O) cost can be split into the fixed maintenance cost "Fn" 
and the variable one "Vn". Expressing the annual fixed maintenance cost as a fraction (m%) of  
the initial capital invested and assuming that the annual increase in this cost is equal to the 
inflation rate "g", the future value o f  the fixed maintenance cost is given as:

///· p, ·  N u· ( i  i )*' · ( i  g )* ! i  ( — ~ )  ·■· ( - τ ^ ) η Ί
I t 1 - t  (13)

The variable maintenance and operation cost depends mainly on the replacement o f  "k0" 
major parts o f  the installation which have shorter lifetime "knux" than the complete  installation 
Using the symbol "r," for the replacement cost o f  each one o f  the "k0" major parts, the variable 
maintenance and operation cost can be expressed as:

k -ki> 1=11
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(14)
where ' V  is the integer part o f  the following equation, i.e: 

lk /  (η - 1) k m ,i x  /

Using equations (13)  to (15) the total investment cost "Cn" o f  the installation reads:

C\ - P r ·  N  , , · ( !  ■ β · ( 1  i f  Y n- F „  (16)

Investment Revenue

The net energy output  produced during a year by a wind turbine with nominal power "N0"



is given by equation (1). Subsequently, the total savings over an -n year period due to the 
energy produced by the wind turbine are given as

r „ Σ ι · : , · ο  • f l + i r
(17)

where "c/'  is the effective cost coefficient o f  the 
replaced conventional energy by the energy 
produced by the VVT at the j -th year. According 
to Kaldellis (1991)  the effective cost coefficient 
is directly related [14] with the fuel escalation 
rate (i.e the annual rate o f  change o f  the fuel 
prices) via the following equation:

c c · Υ \ ( 1  ek)
*■' (18)

Using a mean fuel escalation rate value "e" 
equation (18) reads:

c , Co * ( ! ' & )  (19)

Substituting equation (19) into equation (18) the total savings o f  the W T installation can be 
written as

n
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Finally, using typical values for all the parameters o f  equations (12), (16)  and (20) it is 
possible to estimate the pay-back period o f  a WT investment. In fig.7 the influence o f  the mean 
power coefficient on the pay-back period o f  a W T installation is given along with the first 
derivative "dn*/dGL>". As obvious, the pay-back period is strongly affected by the increasing 
values o f  "ω", especially when it is increased from 0.3 to 0 4 For  bigger values o f  "ω" (better 
wind potential) the diminution o f  the pay-back period is moderate.

O P T I M U M  HUB H E IG H T  PREDICTION
Using equation (1) one may relate the change o f  "ω" to the change o f  annual energy 

product ion and subsequently to the annual investment revenue via equation (20), i.e:
(lIR dh) (dh dh) (dct) dh)

1< ] E ω (21)
According to equation (21) every relative change o f  the mean power coefficient with the 

height is directly analogous to an equal change o f  the annual investment revenue. Similarly, 
using equation (16), every relative increase of  the initial investment cost "C0=PrxN„" is directly 
translated to an equal increase o f  annual investment cost, i.e:

(dC dh) (dC 0 dh)

c  C0 (22)
Using the results o f  a recent market survey [4], the increase o f  the initial installation cost o f  

a wind turbine with the increase o f  the tower (hub) height is estimated between 1% and 3% for 
every five meters. M ore  accurately, the bigger raise appears at the first 40m, while for bigger 
towers  the increase tends to 1%.

In order  to get a good estimate about the best hub height o f  a wind turbine installation it is 
easy to conclude by directly comparing the change o f  the annual investment cost and revenue 
Therefore in any case that the change o f  the revenue with the hub height is bigger than the 
corresponding change o f  the investment cost it is suggested to use higher towers,  if available

period of  a VVT installation.



Applying the above presented analysis for the island o f  Kithnos (a=0.2, medium rough 
topography)  for all four wind turbines tested we can see from fig.8 that for the machines "A" 
and "D" the opt imum hub height "H" must be less than 3 1m approximately. The corresponding 
values by the manufacturers are 31.5m and 29.5 respectively. Another possible solution is tor 
H=50m On the other hand for the pitch control machines "B" and "C" the best solution is by 
far near H=35m, while H must be less than 41m at any case For  these two wind turbines the 
hub heights suggested by the manufacturers are 29.85m and 30m respectively. For this last 
case by increasing the hub height by 5m only we expect a by more than 6% elevation in our 
annual revenues, accompanied by a much smaller increase (1% to 3%) in the initial investment 
cost. Finally, using the analysis o f  equation (12) the corresponding decrease o f  the pay-back 
period is almost  1.5 years However , for the same island but using the assumption o f  a very 
smooth topography (a=0 1. see fig.9) there is no need to increase the "H" more than 3 1m for 
the machines "B" and "C", while for the machines "A" and "D" the hub height should have its 
minimum value (diameter "D" o f  the rotor), ι e

Η -> H min '  I) ■ 1 0 m  (23)

changes with hub height.

Similar results are predicted for the island of  
Naxos also In cases o f  medium rough 
topography the hub height o f  the stall control 
machines should be less than 34m, except in 
the case that H=50m. On the other hand the 
opt imum hub height for machines "B" and "C" 
is approximately 37m For the very smooth 
topography case the maximum "H" value 
suggested is 32m for "B" and 36m for wind 
turbine "C" respectively. Finally, for the island 
o f  Andros, due to its very good wind potential, 
the opt imum hub height is near the technical 
minimum (see eq (23)) for the topographies  
analyzed, e.g. fig. 10. In this case any increase 
o f  energy product ion with the hub height is 
balanced by the corresponding increase o f  the 
initial cost

changes with hub height.
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Fig.10: YVT's relative cost and revenue 
changes with hub height.



C O N C L U S I O N S
A first systematic attempt  to estimate the influence o f  the hub height o f  a wind turbine upon 

the annual energy product ion is presented During this study a large variety o f  interesting 
examples is investigated, including cases with medium, good and excellent wind potential and 
other ones with smooth,  medium rough or very rough topography o f  the installation site 
According to the results obtained there is no need to increase the hub height o f  a wind turbine 
only for the areas with excellent wind potential or  with very smooth topography.  On the 
contrary, for all the other  cases any increase o f  the hub height (up to ~ 50m) will lead to a 
significant increase o f  the annual energy product ion The conclusions mentioned above are 
valid for all the types o f  the machines analyzed, although some differences exist between the 
stall and the pitch control machines

Recapitulating, it is worthwhile to mention that according to the proposed analysis, it is 
quite important  to calculate the influence o f  the hub height increase on the energy production 
o f  any wind turbine installation, based on experimental wind data and real machine's power 
curves if possible By using similar analysis a goal o f  more than 50% energy product ion rise 
may achieved, which should ameliorate the economic attractiveness o f  the wind turbine 
applications and increase the efficiency o f  the capital invested.
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