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Abstract: Inthe past decades, extensive and exhaustive research has been done on the analysis of the operation
of large wind turbines, but detailed analyses on small wind turbines are still rare. In addition, two current situations are
considered: i) the exhaustion of the possibilities for designing new large wind fields, and ii) the energy crisis, which is
particularly current in Europe, so it comes naturally to analyze the possibilities for exploitation of small wind turbines
defined according IEC 61400-2 standard. The paper analyzes five potential locations in North Macedonia. Based on
two-year measurement period at those locations, the probability distribution of wind speeds was obtained and integrated
with the power curve for a specific turbine, the electricity production of four different, commercially available, small
wind turbines was investigated. Three wind turbines are horizontal axes wind turbines, with installed power in the range
of 3-50 kWp, and one is vertical axis wind turbine with installed power of 4 kWp. In accordance with the Rulebook
for amending and supplementing the rulebook for renewable energy sources from June 2022, calculations have been
made for the profitability of energy production from grid-connected small wind turbines. Finally, a graphical
comparative analysis of different models of small wind turbines for all locations is presented, and conclusions and
further directions and recommendations for optimal utilization of wind energy are given.
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AHAJIN3A HA OJPKINBOCTA U TIEPO@OPMAHCUTE HA MAJIM BETEPHU TYPBUHU

A mcTp ak T: Bo nm3MuHaTuTe AeneHun ce HampaBeHH OOEMHH W MCLPITHH HCTPaXKyBama 3a aHallk3a Ha
eKcCIUToaTalijaTa Ha roJIeMHUTE BETePHH TypOHHH, HO ICTAJHH aHAIM3H 38 MaJId BETEPHH TYPOUHH C& yIITE Ce PETKOCT.
JIOTIOTHUTENHO, aKO Ce 3eMaT MPEABUI M JIBe KIyYHH TEKOBHH COCTOjOM: 1) MCLpIIEHOCTa Ha MOYKHOCTHTE 3a Ipoe-
KTHUpamke HOBH TOJICMHU BETCPHHU MMOJIHMEbA U 1) eHepreTckara Kpusa Koja ¢ moceOHO akTyenHa Bo EBpomna, mpupoaHa e
notpebara aa ce aHaIM3UpaaT MOKHOCTUTE 33 PUMEHA U Ha MM BETEPHU TypOHHH JlepUHNpaHU CrIope]] CTaHIapI0T
IEC 61400-2. Bo TpynoT ce aHaNM3WpaHU MeET MOTeHIHjalnHu Jokamuud Bo CeBepHa Makenonmja. Bps ocHoBa Ha
JIBETOJHIITHA Meperha Ha THE JIOKALlUH, JOOWeHa € ANCTpUOyIHjaTa Ha BEpOjaTHOCT Ha Op3MHUTE Ha BETEPOT H BO
KOMOMHAIMja cCO KpHBaTa Ha MOKHOCTa Ha KOHKPETHA TypOWHA € aHaIM3HPaHO MPOU3BOJCTBOTO Ha EIEKTPHIHA
€Hepruja oJf YeTHPH PA3IMIHH, KOMEPIHjaTHO JOCTAIHHU, MAJIM BeTepHN TypOuHH. Tpu BeTepHH TypOHHU Ce O XO-
PH30HTAJIHA OCKa, CO HHCTAIMPAHU MOKHOCTH Bo orcerot 3—50 kWp, a efiHa € co BepTHKalIHa OCKa U CO MHCTAIMpaHa
MokHocT 071 4 kWp. CornacHo [IpaBUIHHKOT 3a H3MEHYBambe U JOTNOJIHYBambe Ha [IpaBUITHUKOT 32 0OHOBIMBH H3BOPH
Ha eHepruja ox1 jynu 2022 roauHa, HapaBeHH ce MIPECMETKH Ha CIUIATIIMBOCTA Ha TIPOM3BOICTBOTO O MAJIU BETEPHH
TypOunu. Ha kpajot e npercraBeHa rpaduika KOMIIapaTHBHA aHAIN3a Ha PAa3IMYHUTE MOJICIIN Ha MaJli BETEPHH TypOH-
HHU 32 CHTE JIOKAINU U CEe U3BEJCHHU 3aKITyJOI! U IIOHATAMOIIHH HACOKH U NPENOPaKH 32 ONTHMAIHO HCKOPHCTYBamke
Ha €HeprujaTa Ha BETepoT.

Knyuynu 360poBu: Many BeTepHH TypOWHH; MOTSHIMjANl HA €HEeprHjaTa Ha BETEpPOT; aHaIN3a Ha NpO(UTAOMITHOCT

1. INTRODUCTION global total installed wind power capacity increased

annually from 2001 to 2022 [1]. The amount of elec-

With Tremendous advances have occurred in tricity generated by wind increased by almost

the renewable energy sector in recent decades, 273 TWh in 2021 (17%), 55% higher growth than
among which one of the most important is wind en- that achieved in 2020, and the largest of all power

ergy. As shown in Figure 1, the rate of growth of generation technologies. Wind remains the leading
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non-hydro renewable technology, generating
1.870 TWhin 2021, almost as much as all the others
combined [2].

Fig. 1. 2023--2027 new onshore and offshore wind
installations in Europe — WindEurope’s scenarios [7]

In our country, we cannot boast of following
the trend of installing new wind energy capacities,
as we’ve expected when this technology was new
and promising. In 2010, the Macedonian Academy
of Sciences and Arts published a strategy for the use
of renewable energy sources [3]. The study predicts
that the total installed capacity by 2030 will be
around 360 MW, with an expected annual produc-
tion of around 720 GWh [4]. Until the moment of
writing this paper, only the first wind farm — Bog-
danci, with an installed capacity of 36.8 MW, is op-
erating in the country, which represents only the
first phase of a projected wind farm [5]. By the end
of 2023 it is expected the second wind plant to be
finished. Furthermore, this is the first private wind
energy project in the country, named ,,Bogoslovec”.
"Bogoslovec" will have total capacity of 36 MW
and hopefully is a step forward in order to divert
country's national electricity production, which is
still dominated by coal (lignite), to renewable en-
ergy sources. So it is clear that intensification of the
process is needed.

Within the wind energy sector, small wind tur-
bines (SWTSs) are a separate group of wind turbines
that cater to localized or decentralized power gener-
ation. Unlike large-scale wind turbines commonly
seen in wind farms, SWTs are designed for residen-
tial, commercial, or community-scale applications.
In recent years, technological advancements and in-
creased interest in renewable energy have led to the
growth of the SWTs market. As technology contin-
ues to evolve, SWTs are becoming more efficient,
quieter, and aesthetically acceptable, further ex-
panding their potential application in the renewable
energy landscape.

According to the IEC 61400-2 standard, SWTs
are characterized by a rotor swept area of less than
200 m? and rated power below 50 kW, generating
electricity at a voltage below 1000 V (AC) or
1500 V (DC) for both on-grid and off-grid applica-
tions [6].

Their compact size makes them suitable for in-
stallation on rooftops, towers, or other structures,
and they are often used inrural or remote areas
where grid connection may be challenging. They
can provide power for individual homes, farms,
small businesses, telecommunication units, isolated
mountain objects, or even communities, reducing
reliance on traditional energy sources and lowering
carbon emissions. One of the primary advantages of
SWTs is their ability to generate electricity in areas
with lower wind speeds, as well as possibility of
24/7 electricity production. This is confirmed by
data from a report from the Statista portal [8] show-
ing the capacity of small wind turbines in the world
from 2010 to 2018.

SWTs come in various designs, including hor-
izontal-axis and vertical-axis configurations. Hori-
zontal-axis wind turbines (HAWTS) are similar in
design to larger wind turbines and consist of a rotor
with two, three or more blades that rotate around a
horizontal axis. Vertical-axis wind turbines (VAWTS),
on the other hand, have blades that rotate around a
vertical axis, allowing them to capture wind from
any direction without the need for wind direction
alignment.

The installation and maintenance of SWTs are
generally more straightforward compared to large-
scale turbines. However, it's essential to consider
factors such as local regulations, zoning restrictions,
and proper site assessment before installing an
SWT.

While SWTs offer numerous benefits, they
also have limitations. The disadvantages of SWTs
are high initial cost, effective placement, wind fluc-
tuation, lower electricity production due to wind
share, change in wind direction and also aero-acous-
tic noise [6]. SWT profitability is determined by the
combination of wind turbine efficiency, cost and re-
liability. At the preliminary stage of the SWT design
process, there is a need for an inexpensive, effective
and reliable methodology for estimating these fac-
tors when considering design solutions and variants
[7].

The paper attempts to address this gap by ex-
amining the real parameters of SWTs, especially
data on actual electricity generation and the profita-
bility of power plant installations. The results will
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be valuable for economic assessments of wind tur-
bine investments and for determining the real en-
ergy potential of SWTs in the country.

2. MEASUREMENT DATA

The wind data used in the study covers a period
of two years (2012-2014) [9]. The input data is
gained from three wind measurement masts, at five
different locations (Berovo, Mogila, Sopiste, St.
Nagoric¢ane and Sv. Nikole). The main parameters
that are used in the analysis, wind speed and direc-
tion, are recorded at 10-minute intervals, expressed
in meters per second (m/s) and degrees (°) toward
north. The data used in this research is measured
with anemometers and wind vanes positioned at
heights of 40 m and 38 m, respectively. Average
wind speeds for each month across all years studied
were calculated separately for each location. Figure
2 presents the results to facilitate the analysis of
trends, differences and relationships. A constant
trend of windiness between 3 and 4 m/s, can be ob-
served across 3 locations — Berovo, Mogila and
Sopiste. For Mogila it can be concluded that wind-
iness is usually higher in the autumn-winter period
than in the spring-summer period. Opposite of this,
the graphs show that for Sopiste location the wind-
iness trend is higher in the summer months, with an
exception for January. Data from measuring mast
located in Berovo also show higher windiness trend
during spring and summer months. At Sv. Nikole
the windiness is between 3.7 and 5 m/s and higher
winds are measured during warm months. Com-
pletely different windiness conditions are observed
at Staro Nagoricane, with wind speeds among 5.5-
8.5 m/s, which qualifies this location as most
suitable for exploitation of wind energy, even for
commercial big wind turbines.
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e Sy . Nikole

Fig. 2. Distribution of mean monthly wind speeds across
the three year period 2012-2015 for five locations
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When analyzing data for estimation of electric-
ity production form SWT, the absence of big varia-
tions in wind speed is a positive side. In that case,
electricity generation will be quite constant and all
necessary maintenance operations as well as routine
checks can be carried out anytime, even it is cer-
tainly recommended to be done during the calm
(least windy) periods.

For better depiction of the real achievable wind
speeds at these five locations, histograms were pre-
pared to illustrate how frequently specific wind
speeds occur at each location. Also, two-parameters
Weibull function is applied at the same graphs, plot-
ted with the values for shape and scaling parameters
given in Table 1. From the calculated data in Table
1 it is expected that there won’t be any significant
differences among wind regimes at the first three lo-
cations — Berovo, Mogila and Sopiste. All three lo-
cations are characterized with low value of mean
wind speed — slightly above 3 m/s. At Berovo the
lowest wind speed is measured 3 — 0.29 m/s, slightly
higher at Mogila—3.41 m/s, and 3.69 m/s at Sopiste.
Minor differences are calculated among shape
parameters (k). Scale parameters (c) differ for
Sopiste — 4.34 m/s, compared to those of Berovo,
3.66 m/s, and Mogila, 3.72 m/s.

Table 1

Weibull parameters for the three measuring
locations

Parameter Berovo Mogila Sopiste St. Nagori¢ane Sv. Nikole

Vmean (M/S) 3.29 341 3.69 6.16 4.38
Std (m/s) 2.21 2.57 2.72 3.84 3.29
k 1.54 1.36 1.45 1.78 1.36
c(m/s) 366 372 434 7.34 4.75

The dominance of all parameter’s values at
Staro Nagoricane are evident, with the maximum
measured average wind speed of 6.16 m/s, except
for the k parameter of 1.78 and it should be notified
that a higher value was expected. At last, Sv. Nikole
location is characterized with values in the middle
among the above mentioned, with average wind
speed of 4.38 m/s and a wider standard deviation,
compared to the first three locations. Wind speed
analysis is the basis for calculating the annual elec-
tricity production in each location by a specific wind
turbine in this study (Figure 3).
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Fig. 3. Wind speed distribution and bivariant distribution for
a) Berovo, b) Mogila, ¢) Sopiste, d) Staro Nagoric¢ane, e) Sv. Nikole

3. SMALL WIND TURBINES

The paper investigates the technical and eco-
nomic feasibility of four small wind turbines at five
measuring locations. The small wind turbines have
rated power of 3, 4, 30, and 50 kW. Technical data
and power curve data for each wind turbine are
given in Table 2 [10]. The selection of these SWT
is based on the following factors: i) commercial
availability, ii) online available information for in-
stallation and operating costs, iii) examining differ-
ent types of turbines (VAWT and HAWT) and iv)
covering the widest possible range of installed
power per SWT.

Table 2

SWT technical data and power curve [10]

Typel: | Type2:: Type3: Type 4:
Uge-4k : Skyline : Hz30k : Redriven
SWT tvpe/ sl-30 50 _kW
Technictglpdata (Urban  (En-Eco | (Ge shan- (Redriven —
Green En- : ltaly) dong - | Canada)
ergy — UK) . HAWT | China) HAWT
VAWT HAWT
Nominal
power (kW) 4 3 30 50
Rotor diameter: 275 3 12 143
(m)
Height 75 8 18 36
(m)
Investment
cost 3,561.00: 3,218.00: 2,764.00: 3,259.00
(EUR/KW)
Investment
cost 14,244.00 ; 9,654.00: 82,920.00 :162,950.00
(EUR)

The prices of the turbines are given in the same
table, expressed in euros per kW ([EUR/KW) and in
euros. The net price of the turbines includes pur-
chase cost and installation cost. Under installation
cost the following cost are considered: build-
ing/foundation material cost; installation cost-crane
rental, purchase of the equipment’s used by the in-
stallation team; engineering cost-feasibility study;
land purchase cost-circular area of the same radius
is assumed necessary; grid connection cost, i.e. ca-
bles, power unit and control system and license fees
[11].
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From this data, we can see that the third type
of SWT model is the cheapest (2.764 EUR/KW) and
the first type which is VAWT is the most expensive,
with 3.561 EUR/KW (Figure 4).

Figure 5 presents the energy characteristics of
the analyzed SWTs as a power output curve, which
shows the relationship between the wind speed cap-
tured by the rotor and its electrical output. The
power curve allows the amount of electricity gener-
ated by the turbine to be estimated and is an essen-
tial component of wind turbine performance assess-
ment [12]. When the detailed characteristics of wind
conditions in a given location are known, the annual
electricity production of a turbine can be forecast
very accurately on the basis of the power curve, and
the economic viability of the investment can be
assessed [13].
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Fig. 4. Investment costs (EUR/kW) referred to each turbine
model

Type 2: Skyline sI-30 (HAWT)
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Fig. 5. Power curves for four examined SWT [10]

4. ECONOMIC ANALYSIS

The annual energy production (AEP) was cal-
culated for each surveyed year for each location
based on the wind characteristics, namely individual
wind speeds and their frequency in a given period,
and parameters from the turbine power curves for
specific wind speeds. The AEP is calculated by suc-
cessively multiplying the power for each wind
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speed from the turbine power curve by the measured
wind frequency distribution and the number of
hours per year [14]. For calculating the AEP, a fixed
operating period was assumed, i.e., periods out of
operation (e.g., due to repair and maintenance of
equipment) were not considered. The results are
summarized in Table 3 and in Figure 6 Capacity
Factors (CFs) for each SWT are illustrated for eas-
ier comparison.
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Table 3

Calculated annual energy production
and cost of energy from each SWT

Type : 1Uge-4k

(Urban Green Energy — (P Clr Go)=

(KWh) (%) (EUR/KWh)

UK)

Berovo 1,989.67 5.68 0.74
Mogila 1,965.61 5.61 0.75
Sopiste 2,797.07 7.98 0.52

Staro Nagoricane 9,703.87  27.69 0.15

Sv. Nikole 4,731.50 1350 0.29
Type 2: Skyline sI-30 AEP CF COE
(En-Eco ltaly) (kwWh) (%) (EUR/kWh)
Berovo 1,460.59 5.56 0.68
Mogila 141245 537 0.70
Sopiste 2,128.34 8.10 0.47

St. Nagoricane 7,507.10 28.57 0.13

Sv. Nikole 3,631.12 13.82 0.25
Type 3: Hz 30 k AEP CF COE
(Ge shandong — China) (kwWh) (%) (EUR/kWh)
Berovo 17,296.00 6.58 0.49
Mogila 16,817.86 6.40 0.51
Sopiste 24,305.30 9.25 0.35

St. Nagoricane 82,452.12  31.37 0.10

Sv. Nikole 41,499.90 15.79 0.21
Type 4: Redriven 50 kW AEP CF COE
(Redriven — Canada) (kWh) (%) (EUR/kWh)
Berovo 35,928.32 8.20 0.47
Mogila 35,431.93  8.09 0.47
Sopiste 47,639.93  10.88 0.35

146,578.77  33.47 0.11
76,504.66  17.47 0.20

St. Nagoricane

Sv. Nikole

The main object of the analysis is the distribu-
tion of wind speeds over the year. On its basis, the
time of occurrence of winds with specific speeds
during the year and, consequently, the energy pro-
duction of a wind power plant is estimated. It is
clear, that at St. Nagori¢ane the highest CF values
were calculated for all four types of STWSs, above
27%. Data calculated for this location was not in-
tended to be compared to other, less windy loca-
tions. Next is Sv. Nikole with calculated CFs above
13.5%. At Sopiste location generally the CF is 2%
higher, compared to Berovo and Mogila.

Capacity Factor
40%

30%
20%
10%

0%

Type 1: Uge- Type 2: Type 3: Hz30  Type 4:
4k (Urban  Skyline sI-30 k (Ge Redriven 50
Green Energy - (En-Eco Italy) shandong - kW (Redriven
UK) China) - Canada)

mBerovo = Mogila m Sopishte mSt. Nagorichane m Sv. Nikole

Fig. 6. Calculated CF [%] for each SWT at the tested locations

If we analyze the SWT models, it is clear that
the first type, which is VAWT has the lowest CFs,
and the fourth type of SWT — Redriven 50 kW, has
the highest CFs at each location. This can be result
of the lowest cut in speed, since this SWT starts
producing electricity at 3 m/s, compared to the other
three SWTs that start producing electricity above 4
m/s, as is shown in Table 2.

In the next step, a number of calculations were
performed for which the cost of electricity in Ma-
cedonia was required. For evaluating the energy
savings which can result from using different
technologies for on-grid systems, the reference
figure is household energy purchasing price [15].
The data was taken from the State Statistical Office:
the average retail electricity price in 2022 for
households was 6.486 MKD/kWh, which is 0.105
EUR/KWHh [16], price quoted includes all taxes and
fees. The general layout of grid-connected small
wind turbine is in Figure 7.

I
L
\Wmd Turbine
Generator
Tower Controller Grid-Tie Inverter
oo = & Meter
Feo
Do
f + + {=——=
°-—>\_’
07'_»\—>

Fig. 7. Layout of on-grid wind turbine system [17]

This type of system is implemented for dimin-
ishing the energy bill of a residence. The small wind
turbine is connected to the power grid via a dedi-
cated inverter which maximizes the power transfer,
via MPPT algorithm or predefined power curve.

J. Electr. Eng. Inf. Technol. 8 (2) 47-56 (2023)
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In Macedonia, prosumers generating electric-
ity for their own use sell excess produced energy to
the grid, necessitating the use of two different elec-
tricity prices in the calculations. The price of the
produced electricity that the supplier takes from the
prosumer is determined in a manner that is estab-
lished according to the Rulebook for renewable en-
ergy sources in the country:

¢ =PCE -2, 1)
Ep

if quantity of produced electricity E, is higher of the
consumed electricity Ei. In case when consumed
electricity E; is equal to or greater than the electric-
ity produced E,, then:

¢ = PCE-0.9. )

PCE is the average price of electricity that the
prosumer pays to the supplier for the purchased
electricity, without compensation for using the net-
work, other fees and taxes within a calculation pe-
riod [18].

According to the State Statistical Office, the
average monthly household electricity consumption
was 410 kwh in Macedonia in 2022. This value was
used with the average retail electricity price to cal-
culate the price of 1.0 kWh for households. The in-
vestment costs for each SWT type are shown in Ta-
ble 2. The cost of energy (COE) was also calculated
for each considered case. COE is a metric used to
assess the costs of electricity generation [19]. For
one year of turbine operation, the formula for COE
is as follows:

CRF-1 TO&M

_l_
AEP AEP

COE =

(EUR/kWh)  (3)

where:
I is investment wind turbine costs (EUR),
AEP is annual energy production (kWh),

TO&M is total yearly operation and maintenance
costs (EUR) (estimated 0.015 EUR/kWh over
the entire lifetime of the SWT [20, 21]), and

CRF is the capital recovery factor. CRF is the yearly
interest [%/year], which depends on interest
rate i = 6% and economic lifetime n = 15 years.
The results of the calculations are shown in Ta-
ble 3.

Furthermore, the return of investment in the
form of payback time (SPBT) was calculated for
each scenario, as follows:

Investment cost

Paybacktime = (years).

Average animal cash flow

(4)

The result is the time (in years) after which the
amount of money saved from the use of a small
wind turbine will exceed the amount of funds in-
vested in the project. To assess economic efficiency,
appropriate calculations were used to determine
whether the investment is profitable and after what
period of use the wind power plant will start to gen-
erate profit.

If the COE values form Figure 8 are analyzed,
it can be concluded that payback time for Berovo,
Mogila and Sopiste location are very pessimistic,
which will be discussed more thoroughly in the next
section.

Cost of energy
0,8 - X
0,7 N é
0,6 -
=
= 05 1 u - 4 Py
=
=z 04 | ]
B 0,3 -
0,2 1
0.1 - * + + +
0
0 1 2 3 4 5
Type of SWT
® Berovo Mogila M Sopishte + St. Nagorichane Sv. Nikole

Fig. 8. Unit cost of energy production for each SWT at the tested locations
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5. RESULTS AND DISCUSSION

When choosing to invest in an alternative
source of energy for a household, the most im-
portant consideration is the economic aspect. The
most desirable outcome is return of investment fol-
lowed by the time after which the investment will
start to yield a profit. By one Amendment in the
Rulebook of RES, by the Macedonian Ministry of
Economy, it is assumed an average rate of return on
prosumer PV installations of 5 — 6 years. The initial
idea for writing this paper was not to compare the
profitability of different alternative sources, but to
examine the sustainability and cost-effectiveness of
SWTs for currently available commercial models.

Knowing the wind conditions at all sites, the
motivation was to investigate the feasibility of
SWTs at the first three sites (Berovo, Mogila and
Sopiste). While performing the analyses for annual
energy production, then COE and at the end the pay-
back time it was suggestively asserted that the same
calculations should be performed for locations with
better windiness, as Sv. Nikole and St. Nagori¢ane.
Although it is known in advance that St. Nagori¢ane
location is also eligible for the exploitation of wind
energy from large scale wind farms.

The results of the simulations of energy pro-
duction at the five selected locations for the period
2012-2014 are shown in Table 3, accompanied by
CFs values. Based on the calculated total energy
produced, location St. Nagoric¢ane is the most ef-
fective location, with more than three times greater
energy production compared with either of the other
locations. CF provides information about the per-
formance of the turbine and the utilization of its po-
tential under the given conditions. The value ob-
tained for Sv. Nikole is good, but CFs for St.
Nagori¢ane are optimal and indicate relatively good
adaptation of all four types of SWTs to the wind
conditions. However, for the first three locations,
the indicator reached a very low level and it can be
concluded that none of the selected turbines are suit-
able for use under these conditions.

Figure 8 shows the trends in the costs of elec-
tricity generation at the five analyzed locations.
Costs vary greatly depending on the location of the
SWT, and location 4 is clearly the most cost-effec-
tive. Comparing the four types of SWT, slightly
lower cost are calculated for type 4 — Redriven 50
kW (0.11-0.47 EUR/kWh), compared to type 3 —
Hz 30 k (0.1-0.51 EUR/KWHh). The cost is the
lowest at St. Nagoric¢ane for the analyzed period,
with an average cost of 0.1225 EUR/kWh, in
contrast to average costs of 0.24 EUR/kKWh at Sv.

Nikole. Average value of COE for Berovo, Mogila
and Sopiste are 0.6; 0.607 and 0.42 EUR/kWh,
respectively. The analysis shows that Mogila is the
most expensive — this can already be deduced from
the value of the AEP index, which is the lowest at
all four types of SWT. The cost calculations show
the same for all locations, so if the least amount of
electricity was produced during the year, the highest
cost of electricity generation per kWh is gained.

A wide range of investment payback periods is
obtained, highlighting the importance of a proper,
in-depth analysis of location in the preliminary de-
sign of SWT installations and before the start of the
investment. In the Rulebook for renewable energy
sources for North Macedonia, it is clearly noted that
a facility for the production of electricity from a re-
newable energy source can be build, since it uses the
electricity produced for its own consumption, and
the surplus of the electricity produced is handed
over to the electricity distribution network only if:

i) the installed power of the facility should not
exceed 6 kW, for household use,

ii) the installed power of the facility should not
be greater than 40 kW, for a small budget company.

Due to these limitations, for the SWT type 3
and type 4 (with installed power of 30 kW and 50
kW, respectively) in the calculations, very small, al-
most none money returns are obtained from the de-
livered electricity (Eq. 1), so the calculated payback
time is over 95 years. The best result was obtained
for SWT type 2 (Skyline sI-30.3 kW) which is 15.99
years for the payback period, certainly at St.
Nagoricane location.

If the profit was the main objective, the instal-
lation of a SWT is not the best option for house-
holds. Maybe it is reasonable to analyze the opera-
tion of the SWT under isolated conditions from the
power grid, when it is unprofitable and unreasona-
ble to connect a particular facility to the grid.

Another option can be a turbine with a
shrouded rotor (diffuser). Despite extensive study,
shrouded turbines are not yet widely used due to
their complexity and high design and manufacturing
costs. The diffuser acts as a wind gathering and ac-
celerating device, allowing the turbine to achieve
higher aerodynamic efficiency than allowed by the
Betz limit [22].

6. CONCLUSION

The basic knowledge necessary for deciding to
invest in a wind turbine in a given area is local wind
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energy resources. The results of the present paper
emphasize the potential for large differences in av-
erage annual speed among measurement points and
hence the importance of measurement of wind char-
acteristics for decision-making. Wind potential
clearly differs among the selected five locations and
therefore consequently the per unit cost of electric-
ity follows these differences.

Based on the results of this analysis, the fol-
lowing conclusions can be withdrawn:

i) The wind characteristics in the analyzed lo-
cations Berovo, Mogila and Sopiste have a similar
windiness trend, so we analyze them in one separate
group. Sv. Nikole has slightly better wind regimes,
but undoubtedly St. Nagoric¢ane has the most de-
sired wind regimes.

ii) The per unit cost of electricity generation is
clearly different in each ,,group”. This proves the
necessity of thorough verification of the surround-
ings before investing in a SWT.

iii) The most favorable location for SWT in-
stallation from analyzed five locations is St.
Nagoricane location.

iv) The conducted analysis gives an overview
of the costs of wind resources in different parts of
the country, but it is not truly complete as the au-
thors did not have all the required data for calcula-
tions, and therefore they partly used assumptions
from the literature.

v) Current SWTs are promising solutions for
use in sparsely populated areas where there is no ac-
cess to electricity from the distribution grid.

vi) The addition to SWTs of equipment such as
diffusers to tunnel the rotor could increase SWT ef-
ficiency and promote further growth of the wind en-
ergy industry. Rotor tunnelling can also ensure effi-
cient wind turbine operation, even in areas with less
than ideal wind conditions.
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