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Abstract: Contrary to the extensive amount of research on large wind turbines, substantial analyses
of small wind turbines are still rare. In the present study, the wind energy potential of three locations
in Poland is analyzed using real wind data from a five-year period and the parameters of the selected
turbine model. Appropriate simulations are performed to assess the energy efficiency of the analyzed
investments at a coastal, foothill, or lowland site. According to the results, the most favorable
location for a small wind turbine is the coastal site (wind zone I). The payback time at this location
is approximately 13 years, whereas the payback times at the other two analyzed are more than
3 times longer. The payback periods for the latter locations significantly exceed the estimated lifetime
of the wind turbine, ruling out their economic viability. The cost of electricity generation varies
greatly, from 0.16 EUR/kWh at the coastal location to 0.71 EUR/kWh at the lowland location. These
results provide a reference for developing more efficient solutions, such as the use of a turbine with a
shielded rotor, which can increase the power of the turbine by approximately 2.5 times.

Keywords: small wind turbine; economic evaluation; wind energy potential; payback period; Poland

1. Introduction

Tremendous advances have occurred in the renewable energy sector in recent decades,
among which one of the most important is wind energy. As shown in Figure 1, the rate
of growth of global total installed wind power capacity increased annually from 2013 to
2019. Investments in onshore and offshore wind energy worldwide amounted to EUR 128
billion in 2019, compared with EUR 87 billion in 2010, an increase of 38.5% [1]. In Poland,
wind energy is the most dynamically developing branch of the renewable energy sector.
According to the Energy Regulatory Office (ERO), the total capacity of wind turbines
in Poland at the end of 2019 was 5917.243 MW. There are several dozen active wind
farms in Poland, mostly located in the northern and central parts of Poland [2]. The ERO
regularly reports the installed capacity of each type of renewable energy source in Poland
(installations using biogas, biomass, solar energy, wind energy and hydropower). Table 1
shows the installed capacity of all renewable energy source (RES) installations in Poland
in 2010, 2015 and 2019; all types increased in installed energy capacity during this period.
Further details are shown in Figure 2, which presents the installed capacity for wind power
plants over the period 2005-2019. These increases in capacity reflect the expansion of wind
installations, which, according to data from the ERO, increased from 981 at the beginning
of October 2015 to 1207 by the end of 2019 (single turbines and farms) [3]. Table 1 clearly
shows that the highest share of installed capacity at each time point is from wind power
plants. In 2019, wind power plants represented nearly 65% of total installed RES capacity
in Poland [3,4] and produced 13.9 TWh of electricity, an increase of almost 19.1% compared
with the previous year. However, when considered in relation to total domestic electricity
generation, wind energy was responsible for only 8.75% of total energy generated [5].
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Figure 1. Total installed wind power capacity in the world [6].
Table 1. Installed power of renewable energy sources in Poland (years 2010, 2015, 2019) [3].
. Installed Capacity [MW]
Type of RES Installation 2010 2015 2019
Biogas 82.884 212.497 245.366
Biomass 356.190 1122.670 1492.875
Solar energy 0.033 71.031 477.679
Wind energy 1180.272 4582.036 5917.243
Hydropower 937.044 981.799 973.095
Total 2556.423 6970.033 9106.258
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Figure 2. Installed capacity of wind power plants in Poland, 2005-2019 [3].
1.1. Small Wind Turbines

Within the wind energy sector, small wind turbines (SWTs) are a distinct and separate
group of devices. 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 [7]. Wind power
plants in this category are generally designed for small and individual customers such as
households, farms, weather stations, road signals or advertising systems [8]. SWTs are an
excellent energy solution for rural areas or poorly industrialized areas where connection
to the electricity grid is problematic but winds are strong. Individual consumers are also
increasingly investing in SWTs to partially meet household electricity or hot water needs.
This is confirmed by data from a report from the Statista portal [9] showing the capacity of
small wind turbines in the world from 2010 to 2018. Undoubtedly, the values are rising from
year to year, and the interest in the installation of small wind turbines is constantly growing.
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However, many people who use home wind turbines are disappointed with the actual
amount of energy produced, as small wind turbine manufacturers frequently overstate or
provide inaccurate information on the generated amount of energy. Such discrepancies
reduce public confidence in investing in SWTs and slow the pace of development [10].

Despite some hesitation among consumers, the number of operating SWTs is increas-
ing each year. The growing interest in creating private wind farms may reflect increased
awareness of upcoming climate change and the negative aspects of greenhouse gas emis-
sions [11]. By the end of 2014, the total number of SWTs was approximately 945,000 world-
wide, an increase of 8.3% compared with the previous year. The highest number of new
installed units in 2014 was in China, where the majority of SWTs (approximately 72%) are
located [12]. In 2018, the total global installed capacity of SWTs was over 1.73 GW [9].

The growing prevalence of SWTs and the emergence of so-called prosumers within
the electricity grid (the smart grid concept) are expected to have major impacts on the
way power companies deliver services over the next decade, especially in developing
countries [13]. Experts agree that work on the design and architecture of the future grid is
as important as efforts to develop the technologies and products, such as SWTs, needed to
realize the smart grid vision [14]. Generating electricity using SWTs can be an economically
viable solution, but unfortunately the market prices of these solutions are often overstated,
especially for developing countries [11].

The publication [8] provides a broad overview of the performance, design, control
and manufacturing of small wind turbines. This article shows the presence of research in
various aspects of SWT. Among others, experiments were carried out to determine the best
spot on the roof of a building to place a wind turbine. Small wind turbines are usually
associated with mounting on buildings, but this is not a rule, as they can just as well be
installed as stand-alone structures.

SWT profitability is determined by the combination of wind turbine efficiency, cost
and reliability. At the preliminary stage of the SWT design process, there is a need for an
inexpensive, effective and reliable methodology for estimating these factors when consid-
ering design solutions and variants. Given the relatively high cost and time-consuming
nature of wind tunnel or natural environment experimental tests [15], the focus should be
on modern modelling and simulation tools, which are widely used in fields such as me-
chanical engineering. Such techniques have already been used to analyze various aspects
of SWT design [16,17] and have provided highly accurate results (especially in comparison
analyses where the input data for all considered variants are the same) [18]. Of course, the
energy produced by small wind turbines cannot always be predicted. This is the case when
the turbine is installed close to buildings, where the air flow is disturbed, and in turbulent
conditions where reliable measurements are not possible [19,20].

1.2. Motivation

Economic analyses of wind turbines in the literature have adopted a variety of po-
sitions but have mainly focused on large wind turbines. Prior to investing in large-scale
power engineering projects, major corporations always perform detailed economic analy-
ses, including evaluations of the availability of a convenient location for the construction
of a wind farm or the attractiveness of the selected area [2,21,22]. Few such analyses are
available for SWTs. SWTs are distinguished by their ability to be installed by individual
investors. Given that SWTs are installed close to energy collection points and do not require
advanced infrastructure, they may have a real impact on increasing the share of electricity
production from RES and, consequently, delaying negative climate change.

The method and time of collection of wind measurements are key factors in assessing
the energy efficiency of an investment. Poland has a transitional climate, which indicates
the possibility of large differences (deviations) in observations and necessitates long-term
observations. Another important aspect is the analysis of multiple measurement locations,
which allows comparisons and a more extensive evaluation. The ideal number of locations
is not clear due to a lack of relevant publications [23,24]. Usually, one specific measuring
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station or several locations with a narrow range of tests are analyzed. The present article
analyzes measurements in different wind zones at three measurement stations over a
period of five years provided by the Institute of Meteorology and Water Management
(IMWM) of Poland.

Reliable data are essential for a more accurate depiction of turbine performance.
Among previous efforts, sustainable investment in wind farms was examined in Italy [25,26]
via a technical-energy-economic feasibility study of wind energy-based systems that took
into account the importance of incentives to support wind energy. An in-depth analy-
sis of local climatic conditions and the conditions of the immediate surroundings at the
potential investment location is also necessary. In [27], regional heterogeneity in Spain
was considered in relation to the aspect of sustainable development and, in particular,
the implementation of wind energy. The results indicated that SWTs can work well as a
power source for individual electricity consumers, especially in areas where access to the
electricity grid is limited. Moreover, combining SWTs with other types of RES (so-called
hybrid systems), such as solar power, can provide an uninterrupted power supply year
round, regardless of the prevailing weather conditions.

The idea of small wind turbines is very topical in Poland. Last year the National Centre
for Research and Development announced the “Grand Challenge: Energy” competition for
the design of a small wind turbine. The participants’ task is to design a device capable of
capturing energy from the wind and converting it into electricity in the shortest possible
time. Small wind turbines have a promising and wide range of applications. They are
ideally suited to rural areas where there may be problems with access to the electricity
grid, as well as in areas designated mainly for tourism, where electricity is needed to
power individual devices and there is no possibility of supplying electricity in other ways,
e.g., due to areas protected by the Natura 2000 programme. Therefore, there is a great need
for research on small wind turbines as the idea is only just developing in Poland.

In summary, despite the growing literature on SWTs, most studies are based on statis-
tics or forecasts of wind power data, and the use of real wind data to test the effectiveness
of SWTs is rare. This article seeks to address this gap by examining the real parameters
of SWTs, especially data on actual electricity generation and the profitability of power
plant installations. The results will be valuable for economic assessments of wind turbine
investments and for determining the real energy potential of SWTs in Poland.

Our contribution includes analysis of real locations in Poland based on current data
from meteorological stations of the Institute of Meteorology and Water Management of
Poland. The analyses are carried out with a view to maximizing the energy potential of
SWTs, which are now strongly promoted in areas with very low levels of industrialization
and population density. The innovation of this study is that real parameters and criteria
are used to analyze the efficiency and payback period of investments in selected Polish
locations. However, the same methods could be used to perform analyses in other countries
with low population densities or high energy costs due to environmental conditions. The
research carried out in our paper is a great novelty, as we do not know of any studies in
the literature that compare the costs of wind resources in terms of installing small wind
turbines in different regions of Poland.

2. Materials & Methods
2.1. Subject of the Analysis

In this study, a specific turbine of a selected manufacturer that is recognizable in
Poland as well as the European market is used. The company’s scope of activity includes,
among others, the production of SWTs, which are commercial products established on
the market. The turbine used in the analysis has a horizontal axis of rotation, a rotor
diameter of 10.0 m, a nominal power of 12.0 kW and a rotor axis height above the ground
of 15.0 m. Typically, the turbines of this manufacturer have blades with a variable angle of
attack, multiple brake systems, remote monitoring and active wind direction tracking [28].
Figure 3 provides a general view of the considered SWT and a photograph of the analyzed
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wind turbine, which is located at the PAN Research Centre for Energy Conversion and
Renewable Sources.

15m

Figure 3. Analyzed wind turbine, side and front views and photograph [28].

Table 2 provides basic technical data on the selected wind turbine taken directly from
the manufacturer. The price of the turbine is expressed in euros based on the average
exchange rate of 1 EUR = 4.55 PLN (data as of 4 October 2020). The net price of the turbine
includes installation, five-year warranty, warranty service and remote monitoring but does
not include transport and external installations required by the power plant, including the
inverter, foundation, cable connection from the power plant to the network, transformer
station, etc., as they are assessed individually for each location.

Table 2. Technical specifications of the selected turbine [28].

Parameters Value

Measured mast height 15.0m

Rotor diameter 10.0 m

Nominal power 12.0 kW

Number of blades 3

Cut-in speed 3.0 m/s? and 15.0 m/s]. (10 min. average)
Cut-out speed 2.0 m/s? and 20.0 m/s] (10 min. average)

Wind speed for nominal power (rated) 9.0m/s

Rotational speed range 30-125 rpm
Net price of the power plant 173,000.00 PLN = 38,022.00 EUR
Tip speed ratio (TSR) 5.82

The cut-in speed is the minimum wind speed at which the turbine starts delivering
useful power, while the cut-out speed is the maximum wind speed at which the turbine
can produce electric energy. The rated speed is the wind speed at which the nominal power
is obtained, which is the maximum output from an electric generator [29]. An important
parameter of a wind turbine is the tip speed ratio (TSR), which is the ratio of the linear
speed of the turbine blade tip to the wind speed determined by the following formula
(Equation (1)):

w-R
A=22, M
where w is the rotational speed, R is the rotor radius and v is the wind speed.

To correctly calculate the TSR of a wind turbine, the same units must be used for all
components; the resulting value is dimensionless. The TSR of the turbine considered here
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is 5.82. This is a relatively low value and indicates that the turbine is sensitive to weak
winds and sudden gusts and generates low noise levels [30].

Figure 4 presents the energy characteristics of the analyzed wind turbine as a power
output curve, which shows the relationship between the wind speed captured by the rotor
and its electrical output. The power curve allows the amount of electricity generated by the
turbine to be estimated [31] and is an essential component of wind turbine performance
assessment. 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 [32].
This type of analysis is at the core of the present paper.

15

12

Power [kwW]

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Wind speed [m/s]

Figure 4. Power curve of the tested turbine [28].

2.2. Wind Energy Potential in Poland

The best wind conditions in Poland are found on the Baltic Sea coast and the entire
coastal zone, but large areas of central Poland and the southern mountain regions are
also favorable [33]. The technical potential of wind energy is usually related to the spatial
distribution of land of an open character (characterized by a low roughness coefficient
and laminar air flow, without interfering objects) [4]. Some wind conditions are not
favorable for wind turbines, and zones of air turbulence should be avoided because they
can adversely impact performance and weaken the energy potential. The rotor and blades
of the turbine should be in the laminar wind stream zone to avoid exposure to turbulence,
and the location of each turbine should be selected according to local conditions and wind
resources. The weather conditions at a given location should be surveyed continuously for
at least one year, and actual data should be recorded, including any deviations.

The wind data used in the study cover a period of 5 years (1 January 2014 to 31 De-
cember 2018). The input data were provided by the Institute of Meteorology and Water
Management of Poland. The parameter used in the analysis is the wind speed recorded
at hourly intervals, expressed in meters per second. The measurements come from three
synoptic stations in different parts of Poland: Location 1, Location 2 and Location 3.

Based on many years of meteorological observations (the survey was carried out
during the 1971-2000 period), the IMWM has developed a map of the intensity and
magnitude of wind currents in Poland. This map divides the country into five zones that
differ in attractiveness for wind energy power plants. Zone I, the most advantageous, is
located in the coastal zone. Successive zone numbers indicate progressively weaker wind
conditions. Figure 5 presents a map of Poland marked with the five wind zones as well as
the three locations at which the analyzed measurements were obtained.
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Figure 5. Wind energy zones in Poland and locations of the measurement stations (source: IMWM-PIB).

Information on the conditions at each measurement location and its immediate sur-
roundings is important for real observations and evaluating the correctness of the measure-
ments. The synoptic station at Location 1 is located on the outskirts of a city in the area
of the Carpathian Foothills at 329.0 m above sea level and is situated in wind zone III. It
is located on a hill, approximately 70 m above the bottom of the river that flows through
the city. The surroundings are mainly farmlands and meadows. The nearest elevation
is to the northeast (approximately 4 km)-Odrzykon Castle. To the south and north are
the Carpathian Foothills, which are approximately 20 to 50 km away. The measurement
device of the station is located at a height of 10.0 m. The station at Location 2 is located
in the strip of large valleys in the northern part of the South Podlasie Lowland (lowland
area), 152.0 m above sea level. It is also part of wind zone III, and the height of the wind
gauge is 12.0 m. The station is located in the northwestern part of a city in a completely
open area. Immediately to the north, there are farmlands and wastelands, and at a further
distance of 45.0 m there are single trees; towards the east there are small clusters of trees
and buildings. There is a street to the south, and farther on there are allotment gardens.
From west to north there are wastelands and farmlands. The station located at Location
3 is in a coastal area, 3.0 m above sea level. This station is located in the most favorable
area, wind zone 1. The meteorological measurement station is located on a small sandy
dune by the city beach, at the mouth of the river, near the harbor channel. The station is
located in a lighthouse, approximately 60 m from the Baltic Sea coast; the distance from the
coastline depends on the sea level at the given moment. The wind gauge is located at a
height of 23.0 m. The same model of measurement device is used at all three stations: a
WINDCAP W5425 (Vaisala Oyj, Helsinki, Finland). The device documentation indicates
that the wind speed measurement accuracy is £0.135 m/s and the wind direction accuracy
is £2° [34]. All three synoptic stations meet the location requirements recommended by
the World Meteorological Organization (WMO).

In the first stage of the study, wind speeds recorded during the 20142018 period
were analyzed for the three locations. The raw data received from IMWM is in the form
of hourly measurements of wind speeds. Average wind speeds for each month across all
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years studied were calculated separately for each location. Figure 6 presents the results to
facilitate the analysis of trends, differences and relationships. A trend of windiness can be
observed across all 3 locations: windiness is usually higher in the autumn-winter period
than in the spring-summer period, and winter is the windiest season. The graphs also
show a clear difference in monthly electricity generation, as the vast majority of electricity
is generated during the windy winter months. All necessary maintenance operations
as well as routine checks should be carried out during the calm (least windy) summer
months. Seasonal discrepancies in electrical generation can cause problems with continuous

supply [35].
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Figure 6. Distribution of mean monthly wind speeds across the period 20142018 for the three locations.

Figure 7 presents the monthly wind speeds averaged among the three locations for
each year analyzed. The raw data are provided in Appendices A and B. Each year is
different; no two diagrams are identical. Although the individual diagrams intersect and
even overlap, the discrepancies are rather significant and obvious.
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Figure 7. Distribution of average monthly wind speed among the three locations for the period
2014-2018.
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To more accurately depict real achievable wind speeds in Poland, histograms were
prepared to illustrate how frequently specific wind speeds occur at each location. The
histograms were created with instantaneous speeds from raw data recorded at an hourly
interval. The histograms in Figure 8 are for 2018 and clearly differ when Location 3 is
compared with Locations 1 and 2. It can be seen from the graphs that throughout the study
period, wind speeds in Location 1 and 2 mostly reached about 2 m/s, and for Location
3-about 4 m/s. Wind speed analysis is the basis for calculating the annual electricity
production in a given location by a specific wind turbine in this study.

Location 1

Frequency of appearance [%]

i1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Wind speed [m/s]

Location 2

Frequency of appearance [%]

i1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Wind speed [m/s]
28

24 Location 3

Frequency of appearance [%]

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Wind speed [m/s]

Figure 8. Wind speed distribution in 2018.

Figure 9 shows the distribution of wind direction at the three locations in 2018. At
Location 1, there were three dominant wind directions with similar frequencies of approxi-
mately 11%: northwestern, eastern and southern. At Location 2, the wind directions were
less diverse, with no wind direction exceeding 10%, but were most often from the north
and southeast. At the coastal Location 3, the most frequent wind direction was southern,
with a frequency of 14.62%, reflecting the strong influence of the sea breeze. The average
annual wind speeds for each location are shown in Table 3 and Figure 10. At each location,
the average wind conditions were similar throughout the study period, with slightly higher
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wind speeds in 2017. Compared with the other two stations, Location 3 clearly features
much more favorable wind conditions, consistent with its location in Poland’s wind zone I.
Locations 1 and 2 are located in wind zone III and thus exhibit similar wind speeds and
similar disparities compared with Location 3.

N
NNw 16% NNE
NW
WNW ENE
Location 1
\Y E Location 2
Location 3
WSW ESE
SW
SSW SSE
S

Figure 9. Wind frequency distribution at each location in 2018.

Table 3. Average wind speeds (m/s) at the tested locations between 2014 and 2018.

2014 2015 2016 2017 2018
Location 1 2.99 3.07 2.98 3.14 2.95
Location 2 2.67 2.66 2.81 2.99 2.63
Location 3 4.81 5.24 5.01 5.39 4.73
6,00 -
5,00 -
@ i
= 4,00
£l
@ 300 \
o8
[}
ol _
z 2,00
=
1,00 -
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2014 2015 2016 2017 2018
Location 1 Location 2 Location 3

Figure 10. Average wind speeds at the tested locations in 2014-2018.

2.3. Economic Analysis

In the second stage of the study, the annual energy production (AEP) was calculated for
each surveyed year for each station 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 successively multiplying
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the power for each wind speed from the turbine power curve by the measured wind
frequency distribution and the number of hours per year [36]. 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 taken into account. The results are summarized in
Table 4 and illustrated in Figure 11.

Table 4. Simulation results for energy production at the tested locations between 2014 and 2018.

Amount of Electric Energy Produced [kWh]

Total
2014 2015 2016 2017 2018 2014-2018
Location 1 6946.0 8089.0 7287.0 8661.0 6831.0 37,815.0
Location 2 5333.0 5481.0 5945.0 6898.0 4933.0 28,590.0

Location 3 23,375.0 28,963.0 26,519.0 31,403.0 23,416.0 133,676.0

32000 -

28000 -

24000 +

20000 -~

16000 ~

Energy [kWh]

12000 -

8000 -
0 -

Location 1 Location 2 Location 3

m2014 m2015 m2016 2017 m2018

Figure 11. Energy yield comparison among the three locations.

The main object of the analysis is the distribution 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 production of a wind power plant is estimated. After dividing the
entire range of measured values into intervals, the measured data are grouped, allowing
for a number of classes #; to be determined, i.e., the number of wind speed occurrences in
each i-th class. Related to the notion of abundance is the frequency f;, defined as the ratio
of the abundance to the total number of measured data N (Equation (2)):
fi= @
The time ¢; for one year (T-basic measurement period: one year), of the wind at a
given speed in the i-th interval (Equation (3)):

ti = fi-T. 3)

To calculate the energy produced by the power plant in one year in the next i-th
class interval E,;;, multiply the value t; by the power of the power plant expressed by the
corresponding turbine power curve P (Equation (4)):

Eyi = P-t;. 4)

The total energy produced per year by the power plant will be the sum of the compo-
nent energies of all class intervals c (Equation (5)):



Energies 2021, 14, 3706

12 of 18

Ei=Y"  Ewi. ()

In order to obtain the AEDP, it is necessary to add up the energies produced E;, consid-
ering the five-year test period k [37] (Equation (6)):
_ L
= sl ©)

In the next step, a number of calculations were performed for which the cost of
electricity in Poland was required. The data were taken from Eurostat’s statistical database:
the average retail electricity price in 2019 for households was 0.1343 EUR/kWh, and the
market price was 0.1233 EUR/kWh [38]; prices quoted include all taxes and fees. In Poland,
prosumers generating electricity for their own use sell excess produced energy to the grid,
necessitating the use of two different electricity prices in the calculations. According to the
Central Statistical Office, the average household electricity consumption was 3797.0 kWh in
Poland in 2018 [39]. This value was used with the average retail electricity price to calculate
the price of 1.0 kWh for households; for the rest of the annual energy production, the market
price was used. The cost of wind turbine construction (investment costs) obtained directly
from the manufacturer was estimated at EUR 38,022. The cost of energy (COE) was also
calculated for each considered case. Finally, the return of investment in the form of simple
payback time (SPBT) was calculated for the three sites. The results of the calculations are
shown in Table 5.

AEP

Table 5. Economic comparison of selected locations—simulation results.

. Payback Time for
. AEP COE Capacity SPBT . .
Location [KWh] [EUR/KWh] s [EUR/Year] Factor [Years] a Turbme with a
Diffuser [Years]
Location 1 7562.92 0.53 974.23 0.07 44.2 17.7
Location 2 5718.02 0.70 746.75 0.05 57.5 23.0
Location 3 26,735.28 0.16 3338.18 0.25 12.9 5.2

COE is a metric used to assess the costs of electricity generation [40]. For one year of
turbine operation, the formula for COE is as follows (Equation (7)):

CRF'I n TOM @)
AEP AEP’

where COE is the cost of energy [EUR/kWHh], I is investment wind turbine costs [EUR],
AEP is annual energy production [kWh], TOM is total yearly operation and maintenance
costs [EUR], and CRF is the capital recovery factor. CRF is the yearly interest [%/year],
which depends on interest rate i and economic lifetime 7 (Equation (8)):
i(1+1)"

1+)" -1

Data related to the costs of maintenance and operation of SWTs are very difficult
to obtain, as the small companies or individuals operating SWTs do not publish such
information or may not even record it. This lack of data hinders detailed and accurate
economic analyses of SWTs. Values of parameters for which data were not available were
therefore taken from the relevant literature concerning SWTs. The CRF value is derived
from an article by G. ]J. W. van Bussel [40]. If we assume an interest rate of 6% per year
and an economic lifetime of the turbine of 15 years, then CRF will be 0.103. We do not yet
have information on the operating costs of the investment, so we use the claim by K. R.
Rao [36] that the estimated TOM is 0.015 euros per 1.0 kWh of wind energy produced over
the entire life of the turbine. Subsequently, the AEP was multiplied by the average retail
electricity price according to Equation (4). The product is the monetary savings resulting
from a year of operation of the SWT at the specific location (Equation (9)):

COE =

CRF = ®)
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s = AEP-c, )

where s is the savings in one year and c is the price of 1.0 kWh; c = 0.1343 EUR/kWh and
0.1233 EUR/kWHh. The last and key stage was the calculation of SPBT. SPBT describes the
profitability of an investment in a simplified manner, as it does not take into account the
entire lifetime of the project and the operating costs [41]. However, to obtain a more accurate
assessment, we modified the formula by deducting the operating and maintenance costs
of the turbine from the monetary savings earned in one year from the renewable energy
system. Thus, in this study, SPBT is determined by the following formula (Equation (10)):

I
SPBT = ————. 10
s —TOM (10)
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 invested 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

generate profit.

3. Results

The results of the simulations of energy production at the three selected locations for
the period 2014-2018 are shown in Table 4 and Figure 11. Based on the calculated total
energy produced over a period of five years, Location 3 is definitely the most effective
location, with more than four times greater energy production compared with either of the
other two locations.

Table 5 presents the economic parameters associated with the results of the simulation
studies; the key indicator is SPBT. A wide range of investment payback periods is obtained,
highlighting the importance of a proper, in-depth analysis of location in the preliminary
design of SWT installations and before the start of the investment. The table also shows
the value of the capacity factor, calculated for the five-year study period for each case.
It provides information about the performance of the turbine and the utilisation of its
potential under the given conditions. The value obtained for Location 3 is optimum and
indicates relatively good adaptation of the turbine to the wind conditions. However, for
Locations 1 and 2 the indicator reached a very low level and it can be concluded that the
selected turbine is not suitable to use under these conditions.

Figure 12 shows the trends in the costs of electricity generation over the period 2014—
2018 at the three analyzed locations. Costs vary greatly depending on the location of the
SWT, and Location 3 is clearly the most cost-effective. The cost is lowest at Location 3
for the five-year period analyzed, with an average cost of EUR 0.16/kWh, in contrast to
average costs of 0.53 EUR/kWh and 0.70 EUR/kWh at Locations 1 and 2, respectively. The
analysis shows that Location 2 is the most expensive-this can already be deduced from
the value of the AEP index, which is the lowest of the three cases. We have the same cost
assumptions for all locations, so if the least amount of electricity was produced in Location
2 during the year, then we get the highest cost of electricity generation per kWh.
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Figure 12. Unit cost of energy production at the three locations in 2014-2018.

4. Discussion

When choosing to invest in an alternative source of energy for a household, the most
important consideration is the economic aspect. The most desirable outcome is return of
investment, followed by the time after which the investment will start to yield a profit. In
an amendment to the RES Act, the Polish Ministry of Energy (currently the Ministry of State
Assets) assumes an average rate of return on prosumer PV installations of 10 years [42].
Among the locations analyzed in this study, the return of investment for Location 3 is
closest to that of PV panels. However, a period of 10 years before providing profit is still a
long period of return of investment for the ordinary prosumer. If earning money was the
main objective, the construction of a small wind power plant is not the best option. On the
other hand, if the aim of the investment is to reduce electricity bills and CO, emissions, in
the long run, an SWT is a very beneficial solution for a household.

However, the investment return times are not satisfactory for all analyzed locations,
which should motivate a search for more efficient solutions. One such solution is 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 accelerating device, allowing the turbine to achieve
higher aerodynamic efficiency than allowed by the Betz limit. Reference [43] describes the
occurring dependencies related to the Betz limit in more detail. Subsequent work has found
that it is possible to increase the efficiency coefficient by approximately 2.5 times [44,45],
which would increase the power of the turbine by the same amount. Using advanced
numerical methods to significantly improve turbine performance and reduce turbine costs
compared with existing designs, a 1:2 scale prototype of an SWT with a diffuser optimized
for wind conditions typical of Poland has been constructed. The turbine’s aerodynamics
were optimized based on wind tunnel tests and reliable weather data obtained from the
Weather Research & Forecasting (WRF) numerical model [15,46]. These findings were
used in the present study to calculate the possible increase in efficiency of an SWT due to
rotor shielding and the expected payback period, which is shown in the last column of
Table 5. However, this assessment does not take into account the costs resulting from the
complexity of the new design, such as the need to redesign the hub structure, manufacture
the diffuser or add or change the support structures, and thus is not fully reliable.

The basic knowledge necessary for deciding to invest in a wind turbine in a given area
is local wind energy resources. The results of the present study emphasize the potential for
large differences in average annual wind speeds among measurement points and hence the
importance of measurements of wind characteristics for decision-making. Wind potential
clearly differed not only among the three selected locations but also among the analyzed
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years, indicating that long-term wind measurements are necessary to avoid seasonality. The
recorded measurements and calculations can also be used in further economic analyses.
As shown in Figure 12, the unit cost of electricity generation clearly differs among the
locations studied. This is an important parameter for assessing the energy efficiency of a
turbine. The results show that the most favorable location for the installation of an SWT is
Location 3, which is located in the coastal strip (wind zone I). The estimated service life
of a wind turbine is usually 20-25 years [47]. Similar data are not available for SWTs, and
therefore we use this estimated service life. According to the calculations, the return of the
planned investment at Location 3 in the Baltic Sea will occur after approximately 13 years.
This result is satisfactory compared with the cost-effectiveness of the other locations. The
investment at Location 1 in the Carpathian Foothills will pay for itself after a period over
3 times longer (44 years and 2 months), and the least profitable place to build a wind
turbine is Location 2, located in the lowlands of Poland, as the return of investment costs
will not occur until 57 years and 5 months. The payback periods obtained for Location 1
and Location 2 significantly exceed the estimated wind turbine lifetime. Due to the poor
wind conditions at these two locations, investments in SWTs in these areas are pointless, as
the costs incurred during wind farm installation will far exceed the expected profits and
payback time. Accordingly, these locations can be excluded from investment based on a
lack of economic viability. The next stage of this research will be to analyze the operating
costs of SWTs in cooperation with potential turbine manufacturers. The values from the
literature used here will be replaced with actual price data of individual elements and
exploitation stages in order to complement and extend the present overview of SWTs.

5. Conclusions
Based on the results of this analysis, the following conclusions can be drawn:

e  The wind characteristics in the analysed locations have a similar windiness trend,
as the windiness in autumn-winter period is higher than in spring-winter period in
each location.

e  The unit cost of electricity generation is clearly different in each location studied in
different regions of Poland. This proves the necessity of thorough verification of the
surroundings before investing in a small wind turbine.

e The most favourable location for SWT installation in Poland is Location 3, which is
located in the coastal belt (I wind zone).

e  The conducted analysis gives an overview of the costs of wind resources in different
parts of Poland, but it is not truly complete as the authors did not have all the required
data for calculations, and therefore they partly used assumptions from the literature.

e  Current SWTs are promising solutions for use in sparsely populated areas where there
is no access to electricity from the distribution grid.

e  The addition to SWTs of equipment such as diffusers to tunnel the rotor could increase
SWT efficiency and promote further growth of the wind energy industry. Rotor
tunnelling can also ensure efficient wind turbine operation, even in areas with less
than ideal wind conditions.
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Appendix A

Table A1. Distribution of mean monthly wind speeds from 2014 to 2018 at the three locations.

Wind Speed [m/s]

January  February March  Aprii May  June July August  September  October ~ November December

Location 1 3.59 3.23 3.26 3.24 2.77 2.68 2.55 2.40 2.69 2.96 3.25 3.71

Location 2 3.49 2.9 2.96 291 233 231 235 2.14 2.26 2.87 3.02 3.40

Location 3 5.44 4.84 4.80 5.45 4.62 4.79 4.81 4.44 4.87 5.32 4.98 6.07
Appendix B

Table A2. Distribution of average monthly wind speed at the three locations for the period 2014-2018.

Wind Speed [m/s]

January  February = March  April May June  July  August September  October = November December
2

Location 1 3.92 3.32 3.37 2.82 3.02 2.74 2.32 2.40 43 2.67 3.28 3.60
Location 2 4.25 2.89 2.98 2.49 2.52 2.03 2.28 2.13 215 2.38 2.82 3.05
Location 3 5.28 4.61 5.24 4.86 5.20 4.80 4.58 4.78 4.75 4.15 3.62 5.78
2014 4.49 3.61 3.86 3.39 3.58 3.19 3.06 3.11 3.11 3.07 3.24 4.14
Location 1 3.97 2.90 3.44 341 2.74 2.54 2.55 2.34 3.13 2.73 3.16 3.90
Location 2 3.60 2.50 3.06 2.83 2.00 1.94 2.26 2.03 2.27 2.46 3.26 3.71
Location 3 6.52 5.01 5.26 6.27 4.94 4.71 5.29 3.91 5.08 3.70 5.86 6.35
2015 4.70 3.47 3.92 417 3.23 3.07 3.36 2.76 3.49 2.96 4.09 4.65
Location 1 3.34 3.86 2.79 2.93 2.63 2.47 2.74 2.66 2.03 3.04 3.78 3.52
Location 2 3.08 3.59 2.94 2.68 2.20 2.39 2.54 2.26 1.82 3.36 3.34 3.64
Location 3 4.94 5.41 4.42 5.03 4.29 4.07 4.65 4.67 4.04 5.86 6.02 6.71
2016 3.78 4.29 3.38 3.55 3.04 2.98 3.31 3.20 2.63 4.09 4.38 4.62
Location 1 2.94 3.51 3.53 3.45 2.80 3.20 2.58 2.53 3.12 3.31 2.98 3.80
Location 2 3.05 3.50 3.11 3.28 2.58 297 2.36 2.31 2.79 3.55 291 3.56
Location 3 5.52 5.06 4.72 5.91 5.04 5.60 5.08 4.25 4.96 7.02 5.37 6.18
2017 3.84 4.02 3.79 4.21 3.48 3.92 3.34 3.03 3.62 4.63 3.75 4.51
Location 1 3.76 2.58 3.17 3.60 2.63 242 2.58 2.09 2.71 3.04 3.05 3.72
Location 2 3.47 2.47 2.74 3.28 2.37 2.23 2.31 1.98 2.27 2.62 2.76 3.05
Location 3 4.96 4.12 4.35 5.18 3.64 4.78 4.44 4.59 5.53 5.85 4.01 5.32
2018 4.06 3.06 3.42 4.02 2.88 3.14 3.11 2.89 3.50 3.84 3.28 4.03
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