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Abstract — In this article the necessity of measuring wind at its different heights is discussed.
The economical optimization of tower height is impossible without such measurement. In
places where land is relatively flat, for example, in deserts or swamps, smaller wind turbines
are more profitable, while in forest zones bigger turbines are more profitable. In both cases,
to make a correct decision on the optimal tower height, it is very important to know exactly
the wind profile law. Even for places where land is expensive, the measurement of the wind at
different heights can influence the correct decision regarding the optimal size and number of
needed turbines for getting the required power. For places with cheaper land, this dependence
is even stronger. This analysis refutes a common misconception: “the bigger — the better”.

Keywords — payback period, return on investment, wind energy conversion, wind profile power
law.

l. INTRODUCTION

There are very few alternative sources of energy in Latvia: there are no mountain rivers, oil or
coal; dams on flat rivers flood large areas; the extraction of peat destroys the soil; biofuels are
labour intensive. After Chernobyl and Fukushima nuclear accidents, it is better to switch from
use of nuclear power. Sunny days suitable for solar energy in Latvia last only two months per
year: July and August. But in winter, when the need for energy is higher, there is almost no sun
at all. Here another source of energy should be considered such as wind. Use of wind energy in
Latvia possibly should be the priority. Prior the installation several parameters of wind turbines
must be considered and optimized such main parameters as tower height, rated power.

Obviously, the first major optimization factor is the size of the wind turbine (See Fig.1).
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Fig. 1. Comparison of two scale options of wind turbines.
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Il. WIND CHANGE DEPENDING ON HEIGHT

The question of the dependence of wind on height is not well discussed in literature. This is a
complex issue: in mathematics, there is a simple power law [1], which is a relationship between
the wind speeds Ujo at 10 meters height, and the speed Uz at another height Z.

Uz / U1 = (Z 110)K, @)

where K — power law factor, or power law coefficient, or scaling exponent.

The dependence of wind on height is determined by ground obstacles such as: bushes, trees,
hills and buildings. That is why the power coefficient can be different, for example: about 0.5
over a forest, about 0.2 over a swamp, and about 0.05 over the sea.

According to [2] it is possible to assume that for the majority of land locations

0.14<K<0.5 @)

This range is big, and it means that K should be measured locally before the construction starts.

Therefore, such an experimental study should be conducted in Latvia, and the power law factor
K should be determined precisely at sites of the possible construction of wind generators.
Obviously, the results will vary in various places: swamps, seashores or forests will give
different K.

111. How THE CosT OF WIND POWER TURBINES DEPENDS ON ITS LINEAR Si1ZzE

A. Market prices

In open literature it is difficult to find the direct dependence between the size and price of a
wind generator. Only the benefits are advertised [3]. Relying on [4], small systems can also be
profitable. Recommendations for the installation of medium size towers for wind turbines are
given by lan Woofenden [5]. His method is much cheaper than commonly used in Germany for
big towers, meanwhile the tower costs two to ten times as much as the turbine, depending on the
site and condition. The data about wind turbine prices is also contradictive: [6] says: “Wind
turbines have significant economies of scale. The costs for a utility scale wind turbine range from
about $1.3 million to $2.2 million per MW of nameplate capacity installed. Most of the
commercial-scale turbines today are have power 2 MW and cost roughly $3—-$4 million installed.
Wind turbines under 100 kW cost roughly $3 000 to $8 000 per kW of capacity. A 10-kW machine
(the size needed to power a large home) might have an installed cost of $50 000-$80 000 (or
more)”. On the other hand, it is easy to find 3 kW wind turbines for only $3 000 [7]. Only $1 000
per KW of capacity, i.e. $1 million per MW. Thus, smaller turbines appear to be more profitable.

B. Prices change with time

According to Blumberg New Energy France, the average turbine price by delivery date was
$2 000/kW in 2009 but dropped sufficiently to $1 000/kW in 2017 [8]. According to the
report [9], wind turbine equipment prices in 2017 fell even to $750/kW. But it is difficult to
evaluate if it happens due to real improvements in technology or due to state subsidies.

C. Theoretical analysis of prices

Wind turbines can have significant economies of scale, but only up to a certain size. In the
other words: there is always an economically optimal size.

It is possible to scale the wind power generator, making it bigger or smaller. The cost of a
single wind power turbine will be some function of its linear size L. (It does not matter if the L is
the height of the tower or the diameter of the propeller).
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The Taylor set for this function is used:
Cost(L) = Ao+ Ar-L + Ax-L2 + Az-L3 + Ag L+ .. 3)

where,

Ao — costs of anemometer and other control devises which are the same for big and small
systems;

A:1-L = 0 — cost of electrical cables, hawsers, and other cheap linear parts;

Az-L% — cost of land and surface painting costs;

As-L3 - cost of construction materials, which are proportional to the volume;

A4-L* — crane equipment operating cost. (The load proportional to L must be raised to a height
L, for the total job to be done, so the crane job will be proportional to L3xL = L*#). Insurance and
the cost of any future maintenance or repair can grow like L*.

IV. DEPENDENCE OF ELECTRIC POWER ON THE LINEAR SiIzE L oF WIND TURBINE

According to [10], the performance of a turbine will be determined by the wind regime and by
its power curve (see Fig. 2).
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Fig. 2. A turbine’s performance will be determined by its power curve [10].
A slight drop at the end occurs due to the transition of the turbine into protective mode. Taking
into consideration that for most time only the beginning of this curve is used, some simplification
can be accepted: it is possible to assume that produced electric power is proportional to the cube

of wind speed U® and to the cross-sectional area of the wind turbine, which is proportional to L2.
So, using formula (1) and assuming Z = L, the generated power is:

P = N-L@*0), (4)

where N — coefficient of proportionality.
Taking into consideration the kilowatt-year price of electricity M, the annual income from
selling electricity is

Income = M-N-L@*3K), (5)
At this step, the possible economic Return on Investment (ROI) can be calculated:

ROI = Income(L) / Cost(L) ~ L&*3K) / Cost(L). (6)
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To make calculations easier PP — Payback Period can be used instead.
Which is:
PP = 1/ROI ~ Cost(L)/L*3K), (7)
Taking into consideration (3):
PP ~ AO L(f273K) + Al,L(7173K) + AZ,L(73K) + A3,L(173K) + A4,L(273K). (8)
The following calculations for big and small wind turbine constructions differ.
1. Calculations for big wind turbine constructions
In case of big wind turbine constructions, the first two values are negligible:
PP ~ A2-LC30 4+ Ag-LW31) 4 A, L2730, ©)

For very big wind power generators, when only crane equipment operating cost dominates, the
Playback Period is:

PP ~ L273K), (10)

Often in practice K = 0.333, so PP increases linearly as L, in other words ROI falls as L.

The tendency is obvious: after certain turbine’s size the crane equipment operating cost (As)
will play major role, and big wind power generator becomes less profitable than a small one.

Logically, there exists some optimal size (L) which brings the biggest ROI or, in other words,
the shortest PP.

From (3) the optimal size of wind power generator can be calculated by determining the
minimum of the function. The derivative is equated to zero:

d (PP) /dL = 0. (11)

Differentiating the (11), the following result is obtained:

(—3K)-Az-LCI30 4 (1-3K)-As-LE3K) + (2-3K)-As- LA =0 (12)

Multiplying by L3*3K) it leads to a quadratic equation:
(—3K)-Az + (1-3K)-As-L + (2-3K)-As-L2= 0 (13)

or
LZ—[EJ[L—1JL+(&XL—1J:O | (14)
As )\ 2-3K As )\ 2-3K

61



Transport and Aerospace Engineering
2019/7

Solving this equation, it is possible to obtain the economically optimal size:

e I ) Rl

Traditionally, in the solution of the quadratic equation, the sign + appears before the root. But
here, if 0 < K < 0.666, the negative sign before the root would lead to negative L, which makes
no sense. It is known, that in all reasonable locations 0 < K < 0.5. That is why only a positive
value is considered.

Conclusion: The optimal size of a wind generator strongly depends on the wind profile power
law coefficient K. This means that the coefficient K for a specific location should be measured
first.

Economical calculations the formula requires simplification. The A, mostly depends on the
price of land. There are two extreme subcases:

1.1. In locations where land is cheap A2 = 0 and K > 0.333, like forests, the optimal size is:

=[R2l (16)

As )\ 2-3K
This value is positive if 0.333 < K < 0.666. The price of materials (As-L%) competes with the
crane operating cost (As-L*). And the wind distribution law factor K strongly influences the result.

Taking in consideration possible values 0.14 <K < 0.5 (advised in [10]), the need of
measurement of local K becomes clear. In any cases 0 < L < (Az/As).

1.2. In locations where land is very expensive, the term with A dominates in equation (16):

L= [ 222K ) 17)

As )\ 2-3 K
If the price of land A,-L? competes with the crane operating cost As-L* than the wind
distribution power factor K has strong influence on the result. If 0.14 < K < 0.5, it gives following

range for the optimal L:
0.52 /& <L<173 /&. (18)
As A4

This means that K values three times differ.

Conclusion: To make a correct decision about the optimal height of wind turbines, the average
distribution of the wind at the heights (for which the K factor is responsible) must be taken into
consideration.

2. Calculation for small wind turbine constructions

In locations where land is cheap A2 = 0 and K << 0.333, like swamps, the turbine can be so
small that the crane operating cost As = 0.

Such small turbines can be effective only if K is small. Such conditions exist in deserts and
swamps, where K < 0.333, according to (3), L is:

Cost(L) = Ao + As-L?, (19)
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PP(L) = Cost(L) / Income(L) = Ag- L2 3K + Az 173K), (20)

The optimal size of wind power generator can be calculated by determining the minimum of
function (11):

(—2-3K)-Ao-L(-3-3K) + (1-3K)-As-L(-3K) =0 ; (21)
(—2-3K)-Ao + (1-3K)-As-L3=0; (22)
L:#(ZHBK)(&} 23)

1-3K J{ A

Conclusion: the exact value of K can make a big difference also in the case when the size-
independent part of cost (Ag) competes with the material cost (As-L®).

V. EVALUATION OF THE POWER LAW COEFFICIENT K IN LITERATURE.

In the middle of the sea A; = 0 and the K factor is very small (K = 0), which means that on
height and near water the wind speed is equal. This is the only situation when there is no need to
measure the local K factor. A simplified calculation will give a paradoxical result — a smaller
turbine is better. However, if artificial islands are created, the formula must also include the water
depth because the cost of materials depends on it.

In the seashore, land is very expensive, and the K factor is small only when the wind blows
from sea to shore. If it blows in the opposite direction, the K factor can be bigger. Energy is in
high demand mostly in winter. Though, in the winter period the wind blows mostly from land to
sea.

In other words, the K factor should also be measured first, prior planning wind turbines at the
seashore. It is a good idea to measure it only in winter when need of energy is higher.

In [11], it is shown experimentally how the sun’s activity influences the K factor — it diminishes
in the middle of a sunny day and in summer. This means that to make correct measurements of
the K, it is better to make them early in the morning or in winter time.

In [12], Stefan Emeis investigates situations in which the power law is a good approximation.
He shows that thermal stratification of air can be a reason for the violation of simple stable power
law. Further elaboration of the wind profile power law can be found in [13].

Forests absorb the wind and increase the K factor. According to [14], trees in Latvian forests
in some areas can be up to 40-60 meters high.

V1. POSSIBLE METHODS FOR MEASURING THE WIND AT HEIGHT.

Wind measurement masts with sensors mounted at various heights can be used. Though, the
use of a mast is economically reasonable up to a height of L <10 m. Above this limit, the cost of
a mast increases as L or even L*. It is reasonable to use a 10 m high mast for reference purposes
only. The much bigger mast was once used at coastal sites in Malaysia [15].

Other methods should be used to measure the wind at a larger height: quadcopter drones, which
rise up to 300 m, can be used instead of big and expensive masts. Still, there are some
complications: the drone itself creates strong wind, they are expensive, and it could become
necessary to purchase more than one quadcopter for measurements because they can quickly
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break down or remain on a tree when used in forests; in some areas with uniform wind (like sea
shore) a kite can be used for measuring the wind; free helium balloons are traditionally used by
Montgolfier pilots to analyse wind. Though, this is not a good idea to measure the wind in this
way for the purposes of wind generation projects because balloons can achieve a height of >60 m
only in calm weather. If wind is more than 2 m/s, the helium balloon simply flies away before it
manages to achieve suitable height. Fastened helium balloons are theoretically discussed by Geoff
Stapleton in [16]. Unfortunately, the fastened helium balloons quickly lean down at wind speeds
>2 mls.

In [17], a Doppler lidar system is proposed. Some measurements practically made by mini-
SODAR are discussed in [18] or [19]. This acoustic equipment looks very massive and is very
difficult for transportation and is difficult to use it in forest.

VII. CONCLUSIONS

The presented mathematical calculations help to understand how the concept of the power law
coefficient K of local wind profile can help to make a correct decision on the optimal size of wind
turbines. Undoubtedly, to make decisions regarding the purchase, real market prices should be
considered.

Nowadays, the K factor is no measured systematically prior to the construction. It gives a reason
to suspect that in many cases the size of wind turbines is much bigger than their optimal size
should be.

To make wind power generation profitable, correct local measurements of the wind at a specific
height and calculations of the economically optimal size of wind turbines should be performed
before the construction of each wind turbine.

The state programme for the scientific study of the wind (from the point of view of wind power
generation) is recommended to be initiated in Latvia.

REFERENCES

[1] A. G. Davenport, “Relationship of wind structure to wind loading”, in Proceedings of Conference on Wind Effects
on Structures. Symposium Wind effect on structures, Paper No.2, H.M.S.0.1965.

[2] T.Burton, N. Jenkins, D. Sharpe and E. Bossanyi, Wind Energy Handbook, John Wiley & Sons, 2011.

[3] UKA — Der Energieparkentwickler [Online]. Available: https://www.uka-gruppe.de/ [Accessed June 5, 2019]

[4] P. Gipe, Wind power: renewable energy for home, farm, and business, rev. ed. Chelsea Green Publishing, White
River Junction, VT, 2004.

[5] I. Woofenden, “Wind generator tower basics”, in Home Power, iss.105, February and March 2005. [Online].
Available: http://library.uniteddiversity.coop/Energy/Home.Power.Magazine/Home_Power_Magazine_105.pdf
[Accessed June 7, 2019].

[6] How much do wind turbines cost? [Online]. Available:
http://www.windustry.org/how_much_do_wind_turbines_cost [Accessed June 7, 2019].

[7] TOP-7:  kakoj Ilucse  vetrogenerator  kupit, vidy, osobennosti, cena [Online].  Available:
https://motocarrello.ru/jelektrotehnologii/1821-vetrogenerator-kupit.html [Accessed June 2, 2019].

[8] IRENA, 2019. Renewable Power Generation Costs in 2018, International Renewable Energy Agency, Abu Dhabi.
[Online]. Available: https://about.bnef.com/blog/2h-2017-wind-turbine-price-index/
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/May/IRENA_Renewable-Power-
Generations-Costs-in-2018.pdf [Accessed July 2, 2019].

[9] J. S. Hill, “Wind Energy Prices Continue to Fall Due to Technology Advancements & Cost Reductions”, Aug 27,
2018. [Online]. Awvailable: https://cleantechnica.com/2018/08/27/wind-energy-prices-continue-to-fall-due-to-
technology-advancements-cost-reductions/ [Accessed May 30, 2019].

[10]A. Webb, The viability of domestic wind turbines for urban Melbourne. Alternative Technology Association,
Melbourne. June, 2007. [Online]. Available: https://www.sustainability.vic.gov.au/-
/media/resources/documents/publications-and-research/knowledge-archive/small-scale-renewable-
technology/wind-in-urban-areas/archive-ata-the-viability-of-domestic-wind-turbines-for-urban-melbourne-
2007.pdf?la=en [Accessed June 3, 2019].

64



Transport and Aerospace Engineering
2019/7

[11]S. N. Stepanenko, V. G. Voloshin and V. Yu. Kuryshina, “Calculation of Wind Speed in the 300-Meter Lower Layer
of the Atmosphere Based on the Meteorological Observations Taking Account of Temperature Stratification and
Surface Roughness”, in Ukranian Hydrometeorogical Journal. Meteorology and Climatology. Odessa State
Environmental University, vol.17, pp. 23-30, 2016. https://doi.org/10.31481/uhmj.17.2016.03.

[12]S. Emeis, “How Well Does a Power Law Fit to a Diabatic Boundary-Layer Wind Profile?”, in DEWI Magazine,
Institute for Meteorology and Climate Reseach, Garmisch-Partenkirchen, vol.26, pp. 59-62, Feb.2005. [Online].
Available: https://www.dewi.de/dewi/fileadmin/pdf/publications/Magazin_26/10.pdf [Accessed June 6, 2019].

[13]C. G. Justus and A. Mikhail, “Height variation of wind speed and wind distributions statistics”, in Geophysical
research letters, vol. 3, no. 5, pp. 261-264, May, 1976. https://doi.org/10.1029/GL.003i005p00261

[14] Forest Taxation. SIA Taxatio. [Online]. Available: http://www.mezataksacija.lv/koki/priede/ [Accessed June 5,
2019].

[15] A. Albani and M. Z. lbrahim, “Wind Energy Potential and Power Law Indexes Assessment for Selected Near-Coastal
Sites in Malaysia”, Energy, vol. 10, no. 3, p. 307, 5 March 2017. https://doi.org/10.3390/en10030307

[16]G. Stapleton and G. Milne, Wind systems. Australian guide to environmentally sustainable homes. [Online].
Available: http://www.yourhome.gov.au/energy/wind-systems, 2013. [Accessed June 15, 2019].

[17]1H. Kikumoto and R. Ooka, “Study of power-law approximation of wind profile in urban boundary layer with Doppler
lidar measurement in Tokyo”, 14th International Conference on Wind Engineering, Brazil, pp. 1-6, June 21-25,
2015.

[18]S. Emeis, “Vertical variation of frequency distributions of wind speed in and above the surface layer observed by
sodar”, Meteorologische Zeitschrift, wvol. 10, no.2, pp. 141-159, 2001. https://doi.org/10.1127/0941-
2948/2001/0010-0141

[19] Remtech company. [Online]. Available: http://www.remtechinc.com/ [Accessed June 15, 2019].

Vladimirs Vorohobovs is the doctoral student of RTU TMF AERT]I, who is currently working
on a wind power project. He received his previous education at the University of Latvia, a master's
degree (physics), and at the Moscow Institute of Physics and Technology.

He is inventor of various aerodynamic toys, such as Kerlido or Trudelino, and the inventor of many
other practical things, such as Magnet sensitive seals for water meter, Fixator for shoelaces and so
on. His invention related to wind power was a device for measuring the wind at a height of 60
meters, which in combination with vector anemometer can be used to measure K factor mentioned
in this publication.

Address: Institute of Aeronautics, Faculty of Mechanical Engineering, Transport and Aeronautics,
Riga Technical University, Lauvas 8, Riga, LV-1019, Latvia.

Phone: +371 67089990

E-mail: riga2006@inbox.lv

Zakharoff Andrey, Ph.D. Moscow Institute of Physics and Technology, Moscow, Russia. He
received his previous education at the Moscow Institute of Physics and Technology,
Aeromechanics & Aircraft Technology department. He is a well-known specialist in aerodynamics
and an IT specialist in image recognition.

Area of research: physics and computer vision. People detection, face recognition algorithms.
Automatic Plate Number Recognition, Machine learning, CNN.

Address: Institutskiy Pereulok, 9, Dolgoprudny, Moskovskaya oblast, Russia, 141701.

Phone: +371 67089990

65


https://doi.org/10.31481/uhmj.17.2016.03
https://doi.org/10.1029/GL003i005p00261
https://doi.org/10.3390/en10030307
https://doi.org/10.1127/0941-2948/2001/0010-0141
https://doi.org/10.1127/0941-2948/2001/0010-0141
mailto:riga2006@inbox.lv

