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Abstract: Given the environmental and energy saving effect of the use of small
wind turbines in urban environments, scientists, architects, manufacturers, investors and
government institutions have joined forces for more extensive studies. The paper deals with
research work of the optimized design of Darrieus turbine with 1 kW rated power in a par-
ticular climate. For purposes of the study a universal algorithm implemented with code in
C++ has been developed. Thus it is possible to determine the turbine power developed and
its efficiency in climate change factors air temperature, speed and intensity of the wind. The
monitoring data cover a period of six months (a total of 18 533 measurements) for specific

climatic region.
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1. INTRODUCTION

As a result of the greenhouse effect and global
energy crisis as a source of clean, alternative energy
and improvement of its work for the daily lives have
become urgent tasks. The world is forced to face a
contradiction between the energy-efficient passive
sustainable design of buildings and the energy active
one with the need of comfort. In this respect, a very
challenging issue becomes how to use architectural
design to maintain the autonomy of energy and reso-
urces. Wind turbine and a vertical axis combined in
hybrid systems with other renewable sources show
promising results in an urban environment. This type
of turbines is considered to be less effective, but the
fact is that there is still insufficient data for their
improvement until today. Despite the convenience
that the small hybrid plants offer, including small
wind turbines, the following problems appear during
their implementation:

1. Price. Prices of small wind turbines are
still high (for capacities ranging of 10 kW—250 kW
from $50000 to $200000). The payback period sho-
uld be 4—6 years to be commercially viable.

2. There is no proper infrastructure for sale,
servicing and maintenance teams. In emergency
situations downtimes are long.

3. There are still few manufacturers in the
market for the most sought power 1 kW - 20 kW and
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50 kW - 500 kW, which limits choice and often wind
turbine is resized. The studies represent the recom-
mended capacities for small wind turbines: house-
holds - up to 10 kW; farms and villas — up to 50 kW;
small agricultural businesses - 100 kW — 250 kW; for
big agricultural businesses — 500 kW — 1 MW.

4. Spare parts from different manufacturers
with a short expiry date.

5. Building of micro-grids for grid-
connection of those wind turbines / hybrid plants.

2. STUDY APPROACH

Essential to the effective operation of small
wind turbines alone or as part of a hybrid plant is
choosing the right location for it. It is known that
they are suitable for remote infrastructure of towns,
where there is wind potential of 3-4 m/s, average
speed of the wind and the possibility for mounting at
10 m to 35 m in height. The location is close to the
road fed and topography is an important factor.
Recommendations for placement are generally pre-
sented in Figure 2.

In cases where there are nearby buildings with
a height H, increasing wind speed can be seen, as
well as turbulence and energy generated at different
locations. The most appropriate location is from 15H
to 20H. There is an extremely wide variety of wind
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turbines structures for integration in buildings deve-
loped by producers and investors together with the
architects. But most unfortunately they have not
been tested in real conditions for an extended period

| —Generator

of time. Integration into buildings was an issue at the
beginning because of the noise, vibration and
security of the people.

Figure 1. Concept for hybrid plant Wind turbine-Photovoltaic System

According to [1,2,7] 1.7 + 5 TWh is energy
extracted from wind turbines in urban environments.
Nowadays there are already widely available designs
and advice for the integration of small wind turbines
in buildings and urban environments as part of
hybrid plants: European Urban Wind Turbine Cata-
logue; Urban Wind Turbine: Technology Review;
Urban Wind Turbine Guidelines for Small Wind
Turbine in the Built Environment; Wind Energy for
the Urban Environment.

In technology development and improvement
of structures noise levels are not a problem for inte-
grated wind turbines. The levels are similar to noise
in offices and our homes. According to researches
for wind turbine, 10 kW levels measured with wind
speed 9—11 m/s are 49 dB at work next to it and 46
dB — a distance of 15 m from the wind turbine [2].
The highest measured levels mentioned in the litera-
ture are 60dB.

According to the report of WINEUR project
supported by the program Intelligent Energy Europe
»Wind Energy Integration in the Urban Environ-
ment“, February 2007, wind turbines integrated into
buildings constantly improve and have significantly
improved their structures. Capital costs for urban
wind turbine range from €2400 to €9100 per 1 kW,
while the costs for large wind turbines were about

€1000/1kW on-shore and about €2500/1kW into the
sea, for photovoltaic systems - €6200/1 kWp. It is
not without significance and the fact that wind turbi-
nes integrated in buildings reduce emissions of har-
mful substances as follows for 1 kW: CO, — 0.566
kg/kWh; NO« — 0.15 kg/kWh; SO, — 0.42 kg/kWh,
according to the Annual Report of the Danish
government on energy saving possibilities (,,Cijers
en Tabellen”, 2006).

Time and technology have changed today.
Interest and experimentation in new Darrieus tec-
hnologies is high and can be clearly seen in dozens
of websites and literature, various patents on various
vertical axial optimized structures. The structures are
mechanically and dynamically optimized, the opera-
tion starts at low wind speeds (at some 1.5 m/s). In
the context of combining several renewable energy
sources for partial supply of buildings asking
whether vertical axis wind turbines (VAWT) offer
constantly usable energy without having the disa-
dvantages of conventional wind turbines. To contrast
their technology with that of conventional wind tur-
bines present arguments used by supporters of the
new VAWT: they are simpler, more reliable, chea-
per, more efficient, do not kill so many birds, and
quieter.
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As the air passes over the building there will be a region of accelerated airflow.
Carrectly placing the turbine into this region will boost the amount of electricity

Prevailing Wind generated.

At a distance of 10h downwind from
the obstruction, wind shadowing
effects will be minimised.

Turbulent eddies
shed off building

} :

In urban areas, it is highly likely that the
wind will be disturbed by buildings or trees
upstream so any height advantage is
| beneficial. |
AR = .
b)
Figure 2. a) Variation of wind speed, turbulence and power when installing wind turbine around building with height
H; b) Recommendations for use of Darrieus wind turbine in urban environment

2.1. Modern small VAWT

In support of the claim for placing small wind
turbines in urban conditions, including Darius turbi-
nes is the report of the working project WINEUR
(Wind Energy Integration in the Urban Environ-
ment), supported by the program Intelligent energy
Europe. The project started in February 2007 and
aims to assess the current status of the constructions
and technologies, new researches and materials, as
well as to provide guidelines and recommendations
for successful and larger use of small wind turbines
in urban conditions. Early in the project five organi-
zations were involved: Axenne and ADEME from
France, IT Power from England, HORISUN and
ARC from the Netherlands. As of today the partici-
pants are already 60 organizations from Europe. The
most suitable for urban conditions are small turbines
with capacities 1 kW + 20 kW.

In all studies, the lowest input value, i.e. most
economical structure maximum energy output was a
key factor for the evaluation . Aerodynamic combi-
nations of blades and different structures offered by

researchers are limited to choosing between 2 and 3
blades. Preferred turbines are with three blades
(despite the higher cost) since their torque pulsations
are significantly smaller, and are more resistant
dynamically and structurally. Nowadays, when
increasingly modern materials are successfully used,
and speed control of used generators applied, it is
still difficult to summarize the results and draw defi-
nitive conclusions. There are no investments in long-
term research projects with subsequent production
and not enough data for small capacities. Innovative
developments include university teams, design
firms, often only for scientific purposes and rarely
on behalf of small or medium business.

However, the routes along which the desig-
ners work can be summarized as follows:

— There is a tendency to increase the height /
diameter of the rotor to reduce unit costs.

— Special materials and improved constructi-
ons of the blades to reduce the mechanical fatigue
and stress, as referred to herein and the currently
investigated blades with a hinge at the base, are furt-
her developed and tested.
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— Mass and cost of wind turbines can be
reduced by using high-speed generators.

— Simplification/optimal design of the gear is
possible according to the specific application of
Darrieus turbine - to the foundation on the ground or
integrated into the building.

— Managing a wide range of variation of the
rotor speed, consistent with the dynamics of change
in the wind.

Very often conclusions are made about how
effective and how expensive Darrieus turbines are
made as compared with conventional horizontal axis
wind turbines. This assessment is very unfair and
leads to more disadvantages of Darrieus turbines.
Upgrading of small wind turbines of Darrieus type
and their increased effectiveness when integrated
into buildings is necessary to solve the following
problems [1,2,7]:

— Reducing the pulse of the torque during
wind gusts.

— Variable speed control.

— Lightweight construction of the rotor.

— Through the use of new materials and

structures for the blades to optimize their
aerodynamics, mechanical and their dynamic
sustainability.

— Reducing the mass of wind turbines.
— More research on the work of these wind
turbines at a height of mounting (60-80-100 m).

2.2. Subject of study

Object of research and analysis included the
models of small wind turbine of type Darrieus, sui-
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table for urban conditions with specific geometric
data: rotor diameter — 2.4 m, height of the rotor 2 m.
Mechanically and dynamically optimized structure,
seen in [4— 6] was used for the purpose of the work.
This gives a better picture of wind flow around the
rotor, and the way the components of the rotor
respond to the resulting pressure. The turbine is first
modeled in 3D CAD system and simulation is made
in the flow simulator in a virtual wind tunnel. Tested
for typical fluctuations in the dynamic pressure,
vulnerable areas of the blades and the structure of
wind turbine have been established. The advanced
design of the wind turbine type Darrieus is with
spiral rotor with lift drive, contrary to other VAWT
designs that are drag driven.

Leaf blades have a spiral design, twisted aro-
und their flagship lines, Figure 3. While the turbine
rotates, its blades periodically pass through the
airflow and develop constant driving torque and
create intermittent gusts. The aerodynamic profile of
the blades corresponds to the type NASA 1082. The
blades are fixed in the middle and at both ends of the
supporting structure by elastic bodies, allowing
changing the angle of attack, though to a lesser
degree.

This optimized configuration of VAWT type
Darrieus was tested to produce maximum energy in
a particular climate. Such analysis significantly
reduces costs for prototype and allows structural
optimization of production resources, and last but
not least the duration of the process of product deve-
lopment.
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Figure 3. Wind loads on VAWT, [Pa], in two successive positions of the rotor
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3. STUDY RESULTS

For purposes of the study multivariant calcu-
lations with specialized software NREL (National
Renewable Energy Laboratory, USA), System Advi-
sor Model (SAM) have been carried out to select the
appropriate drive power for this design with optimal
energy and financial indicators. Based on these crite-
ria multiple comparisons were done at the specified
input: rotor diameter of 2.4 m and a height of 2 m,
Figure 4.

Rated cutput 1 kW

Rotor diameter 24 m

Hub height 80 'm

Shear coefficient 015

User-defined rated cutput 1 kW
User-defined rotor diameter 24 m
Maximum Cp 045

Mazximum tip speed 50 mfs
Mazximum tip-speed ratic 6
Cut-in wind speed 2mfs

Cut-out wind speed 20 m/s
Drive train design | Direct Drive '|
Blade design |Advanced Design v|
Tower design |Ad\.ranced Design v|

Figure 4. Model 1 — wind turbine type Darrieus with
rated power 1kW and relevant input data

When analyzing the dependence of the energy
produced by the wind speed, it is important that the
curves of the two variables should be as close to one
another - in this case we maximize the wind resour-
ce. This is a way to evaluate the accuracy of positio-
ning according to geographical location and height,
Figure 5.

Apart from the above models of specialized
software for preliminary assessment, site specific
analysis included the measured data for a period of
six months in 2012, total of 18366 values. SAM
software is used to obtain adequate power for the
modified structure, and the following analysis was
made for a specific geographical area - to assess the
behavior of the selected wind turbine for specific
location: urban environment (integrated in the buil-
ding or roof). Dependence, Figure 6 on energy pro-
duced and the wind speed in hours for each month of
2014; (wind speed (m/s) — orange: energy produced
— blue (kWh).

Turbine power curve
T T

Turbine Power (kW)

. \ \ . .
10 1 30 ES 0

" Wind Speed (m/s)

Figure 5. Power curve of the wind turbine of Model 1

After processing the data in C++ environment
and making algorithm in Matlab environment the
results have been displayed. This allows to analyze
how much and under what conditions the study
design of Darrieus wind turbine with 1 kW rated
power will be useful.

The following variables were included in the
algorithm [3]:

— Effective (energy-significant) wind speed
Ve. This is prevalent in a given interval, i.e. this
speed, which is the largest weighting corresponding
to the longest period of time:

Ve=3V(1+5I%), 1)

where: J — the horizontal component of the wind speed
measured at a height pivot point, m /s ; I — turbulent
intensity; [ =0, /V; o  — indicator of turbulence

along the axis X .
— Density of wind energy flow

P=05pV,°, 2)

where: P — density of wind energy flow, W /m?*;
p — air density, p =const=1.225kg/m’; Ve —
effective wind speed, m/s.

— The power generated from wind generator,
By

xD*C, V>
PWG — pTP’ 3)

where: B,; - power output of the generator, W' ;
p — air density, kg/ m®; D— diameter of rotor bla-

des, m; C,— efficiency of the wind turbine;

V' — horizontal wind component, m/s.
Since the density of the air changes with tem-
perature change using the expression:
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_&
=0 e RTi , 4
pi RT 4)
where: P} normal atmospheric pressure,
P, =101325Pa; g - acceleration of gravity;

2=9.81m/s*; z — altitude of a particular place, m ;

R — specific gas constant, R =287Jkg ' K™"; T —air
temperature in Kelvin.

— Efficiency of the turbine. An induction gene-
rator for driving of turbine tested has been used,
which is approaching with a certain relationship.

Cp =C,p =-0,00464% +0,10714-0,1996, (5

D .
where: A =%V; n - rotational frequency of the

rotor, min " .

For the period characteristic curves have been
plotted Pyr = f(V.), Figure 7,C = f (ﬂ.), Figure 8

and the operation of the wind turbine has been asses-
sed.

For purposes of the study density of wind
energy flow, its maximum and average value, can be
traced Figure 9 and Figure 10.
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Figure 9. Density of wind energy flow and frequency of his manifestation to all 18533 measurements
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Figure 10. Statistical data of Figure 9

4. CONCLUSION

Mechanically and dynamically optimized
design of the wind turbine with a vertical axis type
Darius proved suitable for integration in urban envi-
ronments. The structure is recommended to be a 1
kW power generator. Studies determined under what
specific conditions (geographical etc.) wind turbine
will operate in the best way: the highest efficiency of
the turbine is Cp = 0.45, at an effective wind speed
range 2.3 + 12 m/s and available at 80 m in height,
the turbine produces 124981 kW per year, thereby
saving 7.074 tons of CO,, NO — 1.875 tons and
5.249 tons SO,.

5. REFERENCES

[1] I. Paraschivoiu, Wind Turbine Design with
Emphasis on Darrieus Concept, Polytechnic Interna-
tional Press, Canada 2002, 458.

[2] V. Nelson, Wind Energy. Renewable
Energy and the Environment, CRC Press Taylor and
Francis Group, 2014, 340.

[3] D. Koeva, D. Dimitrov, M. Peev, Deter-
mining the power of the wind generator by assessing
wind potential, Proceedings of the International Sci-
entific and Technical Conference ,,Energetics 2006,
Varna, Bulgaria 2006, 226—229.

[4] H. G. Lemu, R. Petrova, A. Mihailov,
Study of a vertical axis wind turbine using fluid par-



Dimitrina Koeva, et al., Analysys of the performance of small wind turbines darrieus and options ...

Contemporary Materials (Renewable energy sources), VI-2 (2015)

Page 122 of 122

ticle trajectory,7™ International Conference on Mec-
hanical and Electrical Technology (ICMET2015),
Bali, Indonesia 2015, Applied Mechanics and Mate-
rials Journal, Vol. 789-790, 618—624.

[5] R. Petrova, H. Lemu, Stress and Displa-
cement analysis of a HAWT under Time-variable
Wind, Proceedings of the ASME, 2014 International
Mechanical Engineering Congress & Exposition,
Vol. 6B: Energy, IMECE2014-37018, pp.
V06BT07A066; 10 pages.

[6] R. Petrova, H. Lemu, 1. Larion, Study of
Horizontal axis Wind Turbine Blade in Virtual Wind
Tunnel Simulator, Proceedings of the ASME, 2013
International Mechanical Engineering Congress &
Exposition, Vol. 4B: Dynamics, Vibration and Con-
trol, IMECE2013-64440, pp. V04BT04A050; 12
pages.

[7] R. Petrova, Wind Turbines in Urban Areas
— Advantages and Problems, Proceedings of the 13™
International Scientific Conference VSU’2013,
Sofia, Vol. 3 (2013) 206—212.

(C22:9)

AHAJIN3A ITEPOOPMAHCHU MAJINX BJETPOEJIEKTPAHA JJAPYC
U OIIIMNIJE BbUXOBE YI'PAIBE V 3TPAJJAMA

Caxerak: Mmajyhu y Buay edexar ynorpede Manux BjeTporeHeparopa y ypoaHum
cpeAnHaMa, HayYHHIM, apXWUTEKTH, Npou3Boljau, MHBECTUTOPU U BIAJMHE WHCTUTYIH]jE
3alITUTE )KUBOTHE CPEIMHE M YIITEAE CHEPrHje Cy yIPYKWIM CHare Ha W3paiy HEKOJIUKO
o0uMHUX cTyaMja. Pan pasmarpa ncrpakuBama ONTHMU30BaHOT an3ajHa Jlapuyc TypOune
ca 1 kW nHoMuHanmHe cHare y oapeheHoj kimMu. 3a moTpede cTyauje pa3BHjeH je YHUBEp-
3aTHU aJITOPUTAM UMIUIEMEHTHpaH ca kojgoM y C++. Tako je moryhe na ce yTBpau pa3Bu-
jeHa cHara TypOHMHe U HheHa e(pUKACHOCT MPH (PaKToprMa KIMMATCKUX MPOMjEeHA: TeMIIepa-
Type Bazayxa, Op3uHe U HHTeH3uTeTa Bjerpa. [lomann MoHUTOpHHra 00YXBaTajy IMEPUOA OX
rect Mjeceru (yKymHo 18 533 mepema) 3a cienupuyHy KIMMAaTCKy perujy.

Kbyune pujeun: /lapuyc mana tTypOuHa Ha Bjerap, ypOaHa TypOHHa, €HEpruja Bje-

Tpa 'y ypOaHoj cpeuHu.



