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Abstract: Wind energy has been operating in Poland for over 20 years, but many opinions on its
profitability are based on publications from other countries and simulations prepared by manufactur-
ers. However, the truth is that the climatic specificity of various countries and price relationships,
especially energy prices and subsidies, significantly differentiate this profitability depending on the
country. The publication aimed to look at the profitability of wind farms in Poland from three per-
spectives: financial analysis, NPV (Net Present Value) calculation for older wind farms (2006-2014),
and break-even price of energy for these farms (for a non-negative NPV). The research hypothesis
set out in the publication stated that wind farms from this period require higher energy prices than
current market prices in Poland to achieve a return on invested capital. An element of novelty was
calculating the energy price range that would provide an opportunity for at least some of the older
farms operating in the green certificates scheme to achieve a positive NPV. We also attempted to
demonstrate that the loss of control over the prices of green certificates, which took place in 2014-2017,
led to such a decrease in energy prices that the 2006-2014 wind farms suffered a net loss.

Keywords: wind energy; wind farm performance; Poland

1. Introduction

In recent years, the European Union has actively promoted renewable energy sources,
including wind energy [1]. It was a major element of low-carbon development, which was
also very important for countries such as Poland [2]. This subject has been considered
in many publications, in which the authors not only pointed to the economic aspects
of low-emission development, but also the potential of using various renewable energy
sources [3-7]. Wind farms are said to be financially profitable investments simultaneously
serving environmental protection. However, in recent years, many older wind farms have
recorded financial losses. In this publication, we want to examine the extent to which these
losses resulted from too low renewable energy prices.

This article focuses on wind farms created in the years 2006-2014 in Poland, where
at this time there was no auction system for contracting energy, but only a system of
green certificates. We calculated the NPV (Net Present Value) break-even prices of energy
(together with prices of green certificates) for wind farms established in 2006-2014 and
compared them with the current price levels of energy. Assuming the absence of other
forms of government assistance other than green certificates, we will demonstrate that
in many years, these market prices were lower than the minimum necessary for these
farms to maintain a presence on the market (which was partially caused by the changes
of the legal system). It was due to the lack of proper oversight and corrections to the
green certificates quotas (in other words, the situation required modifications in the legal
regulations governing the renewable energy market).

Wind energy has been operating in Poland for over 20 years, but its profitability has
shifted over time for various reasons, including due to changing legal regulations. Another
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problem is that opinions about its profitability are often based on publications from other
countries and simulations drafted by manufacturers. The publication aimed to look at the
profitability of wind farms in Poland from three perspectives: financial analysis, the NPV
calculation for older wind farms (2006-2014), and break-even prices of energy for these
farms (for a non-negative NPV). The research hypothesis set out in the publication stated
that wind farms from this period require higher energy prices than current market prices in
Poland to achieve a return on invested capital. An element of novelty was calculating the
energy price range that would provide an opportunity for at least some of the older farms
operating under the green certificates scheme to achieve a positive NPV. We also attempted
to demonstrate that the loss of control over the prices of green certificates, which took place
in the period 2014-2017, led to such a decrease in energy prices that the 2006-2014 wind
farms suffered net losses.

The structure of the article is as follows. The first subsection discusses the reasons
for the financial problems of older wind farms in Poland (with references to Europe).
The second subchapter describes the results of previous research on wind energy prices
sufficient to allow wind farms obtain a positive NPV (for various years and countries).
The research method is discussed in the third section. The results of our calculations are
presented in the fourth section, while the fifth section provides a discussion and conclusions
for renewable energy policies.

2. Economic, Political, and Social Problems of Wind Farms in Poland

Prices of energy are dropping due to rapid technological development in the field of
wind energy [3,4,8,9]. This can be best illustrated with the changes in capacity factors and
installation costs. Research shows that between 2009 and 2017, capacity factors (efficiency at
which farms use the wind to generate power) increased on average from 30% to 35% [10-12].
This means that a newer wind turbine (which has higher capacity factors due to higher
hubs and rotor diameters) can now generate 16.67% more energy than 10 years ago in the
same location. Table 1 shows the improvement in Poland’s capacity factors; calculations
were based on all new wind farms built in 2005-2019. Table 1 illustrates the median
theoretical (assumed by manufacturers of wind turbines) capacity factors for new wind
turbines installed in Poland in a given year. For example, the values for 2017 represent
the median theoretical capacity factors (for different wind speeds) for turbines at farms
launched in 2017. It can be calculated that the capacity factors between 2005 and 2017
increased (depending on the wind speed) by 19 to 30% (percentage increase between the
years 2005 and 2019 for different assumed wind speeds).

Table 1. Theoretical median capacity factors of new wind turbines installed in Poland in 2005-2019 (%) for wind speeds of

6m/s,7m/sand 8 m/s.
Year of Opening Median Capacity Factor (Weibull(A Median Capacity Factor Median Capacity Factor
=6m/s, k=2)%) (Weibull(A =7 m/s, k =2) %) (Weibull(A =8 m/s, k =2) *)
2005 20 29 37
2006 18 25 33
2007 18 25 33
2008 18 25 33
2009 21 30 38
2010 22 30 37
2011 21 30 39
2012 21 30 39
2013 22 30 37
2014 22 30 37
2015 21 30 38
2016 27 36 45
2017 24 33 42
2018 15 22 30
2019 26 36 44

A—scale parameter (represents the average wind speed), k—shape parameter (the popular setting is k = 2, which represents a relatively
constant wind; the typical empirical range is 1.5—2.5). Source: data on years of opening and turbine types used in every wind farm were
taken from the wind energy database [https:/ /www.thewindpower.net/ (accessed on 10 January 2021)]; parameters of wind turbines were
taken from the manufacturer’s websites and an online calculator [https:/ /wind-data.ch/tools/powercalc.php?Ing=en (accessed on 10
January 2021)]. * The Weibull distribution of these parameters describes the manufacturers’ performance estimates.


https://www.thewindpower.net/
https://wind-data.ch/tools/powercalc.php?lng=en
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At the same time, the average investment costs per kW of power dropped from
1470.17 EURO/kW in 2010 to 1315.77 EURO/kW in 2019 [at constant prices from the
year 2019] [13]. The high financial efficiency of new wind energy installations (which
achieve a positive NPV for much lower energy prices than older wind farms) reduced
the wind energy prices from 0.065 EURO/kWh in 2010 to 0.047 EURO/kWh (in constant
2019 prices) [10,12,14]. In other words, new wind turbines can produce electricity much
cheaper than older technology because they transform wind power into electricity much
more efficiently. As a result, newly opened, more modern wind farms sell their energy
at low prices, which in effect decreases the market prices of wind energy (the additional
supply of cheaper energy affects the average market prices).

In Poland, the decrease in revenues from the sale of energy received by wind farms
(operating under the green certificate scheme) in 2012-2017 resulted not only from the
technological changes described in the previous paragraph but also the oversupply of
green certificates.

The green certificate system has been in force in Poland since 1 October 2005. In
the initial period of the system’s operation, i.e., in 20062011, there was a structural
shortage of green certificates on the market. As a result, the prices of green certificates
grew (denominated in the Polish currency), which triggered an investment boom—there
appeared a lot of new wind farms, which increased the supply of green certificates on the
market after starting operation (more or less from 2012). The increased supply caused a
drop in the prices of green certificates from 2012.

As demonstrated in Table 2, there was a drop in market prices of green certificates in
Poland from a relatively stable level of 69.95 EURO/MWh in 2009 to 9.48 EURO /MWh
in 2017 (in constant 2019 prices), and only after changes in the quotas started to increase
and in the year 2019 reached 30.75 EURO/MWHh (in 2019 prices). As a result, the sum of
the market energy price plus the price of green certificates (that is, the potential sum that
would be received by wind farms provided they were selling their energy at market prices)
decreased from 123.24 EUR/MWh in 2009 to 49.43 EURO/MWHh in 2017 and only the last
two years have seen a return of these prices to 87.84 EURO/MWh in 2019.

Table 2. Estimated oversupply of green certificates and market costs of energy and green certificates in Poland, years

2006-2019 [15].

Itemized

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Difference between production and
demand for green certificates in TWh

Price of green certificate * in
EUR/MWh [2019 prices]

Market price of energy in EUR/MWh

[2019 prices]

Market price + green certificate price

in EUR/MWh [2019 prices]

-02 -0.69 —-199 -153 —-163 032 343 217 3.5 43 3.8 2.1 na. na.
69.68 76.64 8199 6995 77.05 7293 5791 39.81 3494 3113 1789 948 2492 30.75
39.71 4292 5355 5329 5574 5277 5070 45.17 40.82 4281 4123 3996 46.64 57.09

109.39 119.56 135.54 123.24 132.78 125.70 108.60 84.97 75.76 7394 59.12 4943 7156 87.84

* Estimates based on averaged market prices and indexes (translation into EURO was based on the average foreign exchange rate from the
year when the price was observed and then adjusted for inflation in the euro area to obtain fixed 2019 prices).

On top of this, in 2016, the Polish government introduced the Distance Act [16,17],
which required wind turbines to be located at least 10 times their height from the nearest
households. The Distance Act limited the number of plots available for wind farms,
especially new and large turbines. In turn, the new act increased the rental prices of such
parcels for new wind farms and almost stopped the development of wind technology in
Poland [18,19].

As a result (mainly due to the oversupply of green certificates), 70% of Poland’s wind
farms in 2017 ended the fiscal year with a net loss. In 2019, the government adopted a looser
stance (it adjusted the quotas for green certificates and lessened distance requirements),
which immediately impacted market trends. Nevertheless, many wind farms in Poland still
generate losses (the oversupply of green certificates decreased, but it still existed in 2019).
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Not only Poland is experiencing such problems. Numerous publications describe the
presence of the same issues, i.e., declining prices, shrinking government support [20], and
harsh legal regulations all over Europe—for example, the suspension of support schemes
for large installations by Cyprus and Portugal, the suspension of the existing support
schemes for promoting (only) new energy installations in Spain, the abolishment of the
Feed-in Tariffs scheme in the Czech Republic, the adoption of special taxes over the new
and existing wind turbines in Wallonia, limitation of the maximum power generation of
wind farms in Bulgaria, imposition of a levy on the gross income of all operating RES
projects in Greece, slashing mandatory quotas for green certificates in Romania [21]. The
year 2018 was the lowest year for new installations since 2008 [22], and the situation did
not improve in 2019 [23].

As if falling prices, political infighting, and faulty government support systems [24]
were not enough, there is still a resistance against wind power (popularly called the NIMBY
syndrome—Not In My Back Yard) [25-28]. Political reluctance towards wind turbines is
believed to stem from the ties to conventional energy interests and fears of grid stability
if conventional power plants are put at a disadvantageous position. As a consequence,
countries all over Europe want (and try) to get rid of subsidies for renewable energy.

Government support is not only shrinking, but the weak sides of every support system
are becoming more and more evident. Green certificates systems did not consider the
possibility of excess supply, which reduced their prices to deficient levels (power plants
burn straw and coconut shells and produce cheap renewable energy, so they do not need
green certificates). Feed-in-tariffs (FIT) guarantee the selling price, but it is tough to set
this price (or premium) right (although many researchers argue that FIT encourages small
entrants to participate in auctions (all they need to do is bid honestly to avoid losses)).
They also have a slow reaction time. With feed-in-premiums, similarly to FIT, there is a
risk of over- or under-compensation in FIP schemes since they are set by an administrative
decision of adequate authorities. The same problem arises if the FIP scheme involves
setting a minimum and maximum remuneration level or regression mechanism [28]. FIP
schemes work best with dispatchable RES such as biomass or geothermal farms or RES that
allow for energy storage, with the wind energy FIP scheme requiring the procurement of
balancing services [29]. Auction systems [30] guarantee the winner a fixed energy price for
15 or 20 years. Still, they are often based on government-specified large baskets of energy
and technology requirements, which must be offered by the energy producers (and if the
market energy prices exceed the auction price, the wind farm pays back the difference).
Usually, large corporations find it much easier to meet these criteria than prosumers or
small local companies [31]. Tax incentives, which were the first system of government
support, also failed: they often led to the construction of poorly designed and inefficient
wind farms, many of which did not operate. Capital grants made all involved parties
(manufacturers and wind farms) lose interest in efficiency and market usefulness [32].

Wind farms also suffer from a social aversion towards wind turbines [33]. Local
communities are afraid of infrasound [34] and the possible negative environmental impact
that wind turbines are perceived to have on the immediate local environment (such as the
deaths of birds [35,36] and bats [37]) and how rural spaces generally should be [38]. Even
the authors who do not find physical evidence of infrasound affecting nearby houses con-
firm that wind turbine noise elicits annoyance that may affect health [39]. Surveys among
villagers confirm that fear of wind turbines may impact land availability for installations
and significantly increase land rental prices [40,41]. The Polish Distance Act reflects the
importance of this argument. Introduced in 2016, the Distance Act in Poland requires any
wind turbines to be located at least 10 times their length from the nearest household (Wind
Farm Investments Act of 20 May 2016 [16]; this condition is difficult to meet in Poland for
onshore wind farms). Windfarm aversion increases the costs of new installations, especially
with large turbines.

If we look at the data provided by the WindEurope 2018 report [22] for 12 EU countries,
in 2018, there were no new wind turbines installed in: Bulgaria, Croatia, Cyprus, Estonia,
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Finland, Hungary, Latvia, Luxembourg, Malta, Romania, Slovakia, and Slovenia. Less than
a 5% increase in capacity was encountered in Poland, Lithuania, and the Czech Republic.
As can be seen, most emerging economies in the EU had none or minimal investments in
wind energy in 2018. Low investment expenses are accompanied by the low profitability of
wind farms all over Europe. The situation improved in 2019, but general trends are not
optimistic [42].

Table Al (in Appendix C) shows the number of wind farms analyzed in this study.
We downloaded financial statements from the Orbis database. Table A2 (in Appendix C)
illustrates the average return on equity for the analyzed financial statements (relation of
net financial result to own capital).

Table A2 illustrates an important fact: the average return on equity for the analyzed
sample every year was negative. In Hungary, Finland, France, Italy, Latvia, the Netherlands,
Poland, Romania, Slovenia, and Sweden, the average return on equity was negative for
almost the entire period 2009-2017.

To find out how many farms ended the accounting year with net losses, we calculated
the percentage of farms with a negative financial result as a percentage of all wind farm
reports for a given year that have been examined in this study (broken down by years and
by country). Table 3 presents the percentage of investigated wind farms that ended the
accounting year with net losses. As shown in Table 3, in countries such as Croatia, Estonia,
Germany, Greece, Hungary, Italy, Latvia, Poland, Romania, Slovenia, and Sweden, it is not
uncommon for half of the analyzed sample of companies to generate net accounting losses
at the end of the year. Extreme, unprofitable wind energy cases can be observed for France,
Hungary, Italy, Latvia, Poland, Slovenia, and Sweden.

Table 3. Share of wind farms with net loss, years 2009-2017 (in %) (the number of wind farms with a
net loss divided by the total number of wind farms for which income statements for a particular year
were available) [43].

Country 2009 2010 2011 2012 2013 2014 2015 2016 2017
Austria 100 25 0 0 0 25 13 33 0
Belgium 24 50 20 22 29 34 23 29 17
Bulgaria 20 20 57 32 36 45 18 4 10
Croatia 75 67 83 38 67 40 30 36 46
Czech Rep. 43 22 22 22 22 25 22 11 0
Denmark 45 28 44 38 42 41 43 49 31
Estonia 67 64 55 30 50 33 29 57 27
Finland 15 27 41 43 41 49 50 54 52
France 82 81 67 49 48 47 44 59 50
Germany 66 68 45 49 47 54 30 41 29
Greece 47 59 27 43 56 42 38 55 33
Hungary 86 58 70 62 38 56 50 52 49
Ireland 36 43 14 29 25 36 36 55 15
Italy 80 81 73 71 69 67 66 55 42
Latvia 33 38 52 48 47 52 55 55 55
Lithuania - 0 100 - 0 33 0 0 -

The Netherlands 7 50 8 0 23 36 44 33 100
Poland 86 77 82 75 79 73 67 78 59
Portugal 41 37 29 15 22 26 23 24 26
Romania 31 53 62 49 53 52 55 62 67
Slovakia - - - 0 0 0 0 0 0
Slovenia - 100 100 100 50 50 100 67 50
Spain 50 46 38 35 40 58 42 52 45
Sweden 37 42 41 54 60 61 60 77 72
United Kingdom 24 30 24 25 20 26 16 29 17
Total 60 60 53 49 50 52 46 54 44
Canada n.a. 57 62 73 45 55 64 50 29

USA n.a. 24 26 26 22 25 22 35 29
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It seems that despite the progress in wind turbine technology [44], many wind farms
did not break even in recent years. Among emerging economies, only the Czech Republic
and Estonia were doing relatively well. One of the extreme cases of negative profitability
of wind farms was Poland.

The main reason for the low profitability of wind farms in Poland was a significant
decrease in renewable energy prices. Simultaneously, there are numerous publications
claiming that wind farms in 2018 could do with very little government support, but this
applies to new technology being currently developed, not the wind farms created in the
years 2006-2014. Their assumed total prices of energy (in their business plans) fell in the
range of 96-109 EURO/MWh (in 2019 prices), which was meant to be the fixed price for
the entire exploitation period.

3. Review of Previous Studies

A standard measure of RES financial self-sufficiency is the so-called Levelized Cost of
Electricity (LCOE), calculated as the quotient of the sum of costs throughout the investment
(power plants) divided by the amount of electricity received at that time. The sum of the
cash flows generated by a power plant is calculated as the discounted sum of investment
outlays, operating and maintenance costs of the power plant, and the energy needed to
generate new electricity. The same discount rate as for nominator (we assumed a discount
rate of 10% [45] but also considered 5% and 7%) is also applied to the denominator’s values
representing the energy quantities produced in all the years of the plant’s life as costs and
inputs [46]. Comparing the LCOE of wind farms with that of a conventional power plant,
it is evident which technology is cheaper.

The LCOE equation has many drawbacks. Firstly, it can include the value of additional
payments, RES subsidies, and carbon emission penalties, making the calculus include
political attitudes towards various energy sources [47]. Therefore, it should be carefully
checked what costs and revenues were included in the calculation of the LCOE and which

were not:
y L+ Mi+F—Di—G+ Py
t=1 (1+r)t (1)
n Et

=1 (1)

LCOE =

where I (t)—capital expenditures in year t, M (t)—operating and maintenance costs of the
power plant in year t, F (t)—energy expenditure needed for the operation of the power
plant in year t, D (t)—subsidies in year t, G (t)—the price of emission certificates in year t,
P (t)—carbon emission penalties, E (t)—electricity generated in year t, and n—expected
number of years of operation of the power plant in years.

The second problem with the LCOE formula is that it is simplified. According to Shah
and Bazilian [48], the levelized cost of electricity masks regional variability when used as the
average LCOE across different countries. According to Burenstam-Linder, the LCOE may
lead to misleading comparisons due to the possible high variation of projected utilization
rates, the existing resource mix, and capacity values across regions [49]. According to
Aldersey-Williams and Rubert [50], problems with the LCOE “center on the discount rate,
inflation effects and the sensitivity of results to uncertainty in future commodity cost.”
According to Branker et al. [51], “LCOE may be providing an incorrect reflection of the time
effects associated with matching electricity production to demand.” According to Gonzales
et al., the LCOE approach also does not allow the non-linear behavior of variables [40,52].

All mentioned above reasons do not make the LCOE a recommended method for
determining the profitability of a concrete plant. For this purpose, we must calculate
the NPV of the project or create a real-life simulation. Very often, it is not clearly stated
whether the costs and revenues of government intervention were included in the calculation.
Different calculation formulas and projections lead to varying results concerning the costs
of various sources of energy (all calculations in this paper for LCOE for coal energy plants
include the CO, emission penalties).
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For example, in 2018, the Institute for Solar Energy Systems ISE (in Germany) pub-
lished a report [53] in which the LCOE was estimated for new coal-fired power stations
in a price range of (in 2019 prices) 64.45-101.27 EUR/MWh (brown and hard coal range,
for 5350-7450 FLH [in hours/year]), for onshore wind power 40.92-83.87 EUR/MWh, and
offshore wind power 76.73-141.17 EUR/1 MWh (according to authors, heat offtake was not
taken into account in order to preserve the basis for comparison with the LCOE of other
technologies, so the given prices only concern electricity sales, MWh,).

In 2015, the Department for Business, Energy & Industrial Strategy in the UK [54]
gave the following LCOE ranges for new power plants: the cost of energy from hard coal
should fall in the ranges of 157.99-217.87 EURO/MWh (in 2019 prices), while the cost
of onshore and offshore wind energy, respectively, in the ranges: 59.88-96.83 (onshore)
and 114.67-146.52 EURO/MWHh (offshore) (in this study, the authors assumed that the
heat-to-power ratios were adequate for every technology and that power plants have
continuous heat offtake agreements at prices based on the avoided boiler cost approach
and included such revenues in the calculation of the LCOE [55,56]).

The US government’s Office of Energy Analysis (EIA) reported that in 2022, new
coal-fired power plants will have an LCOE at the level (in 2019 prices) of 86.28-164.17
EURO/MWh, and onshore and offshore wind power, respectively, of 36-70.33 EURO/MWh
and 114.76-178.41 EURO/MWh (in the report [57], the authors indicated that they did not
include heat offtake agreements in the calculations for new coal power plants).

Nevertheless, all the LCOE calculations suggest that the financial results of wind farms
should be outstanding because they can produce energy cheaper than coal-fired power
plants (but only if a decent carbon price is included). However, this applies to power plants
to be created in the future, not the existing power stations, and it is rather an estimate than
a correct calculation of the costs and prices of a wind farm.

Another evidence suggesting that wind energy might still be more expensive com-
pared to carbon power plants is the level of subsidies and tax credits offered to investors
who decide to build a wind farm. A study by the University of Texas [31] projected that
U.S. energy subsidies per megawatt-hour in 2019 (in 2019 prices) would be 0.45 EURO for
coal, 0.89-1.79 EURO for oil and natural gas, 13.4-50.92 EURO for wind, and 38.41-285.84
EURO for solar energy (on top of the market price of energy). Another evidence suggesting
that the wind industry continues to be unable to operate without government support is
the simple fact that US experience shows that when temporary tax credits on wind energy
expired, installations nearly ground to a halt [44,58,59]. Shrinking government support
in the EU in 2017 and 2018, resulting in low investment in wind farms, also proves this
point. In Poland, in 2017, there were complaints reported by wind farms that they might
be forced to bankruptcy if the prices of green certificates remain at the historically lowest
levels (in 2017).

4. Materials and Methods

In order to look at the profitability of wind farms in Poland, we performed three types
of analyses. The first consisted of comparing the profitability ratios already presented
during the initial discussion between countries and over time. As demonstrated by those
ratios, a large part of wind farms in Poland suffered losses in the analyzed period. The
second analysis calculates the wind farm NPV [60] based on the average daily readings of
wind force from meteorological stations. Unfortunately, we did not have detailed hourly
data; hence, we estimated electricity production using a simplified formula based on the
average wind force. We chose this solution after consultations with practitioners because
the application of the average daily wind speed (instead of hourly wind speed) allows
to estimate the Weibull distribution [61], since: “although it produces correct average
wind speed, [it] underestimates standard deviation” [62]. Therefore, we used a simplified
approach (presented in the following subchapter) which, according to practitioners, can
produce an error in the range of 10-15% of total energy output.
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The simulation used average energy prices in Poland and extrapolated costs (from the
available business plans and the financial statements of wind farms). Admittedly, in theory,
there is usually a correlation between the amount of energy produced by wind farms and
energy prices (that is, a correlation between the time of a day of wind and prices of energy),
but we assumed that it is not very high as the daily production pattern is unclear and also
because seasonal patterns are reflected by the average daily prices. That is why we decided
that we would not introduce a big error in the calculations using the average daily prices.
For the given location of the station, the simulation produced the overall NPV if there was
truly a wind farm there.

The third and final part of the research consisted of using information about the type
of wind turbines in various wind farms in Poland and the estimated energy generated
daily by these farms (data from thewindpower.net for 2016) to calculate at which energy
sale prices these farms would have a positive NPV (we took the load factors for these farms
for the year 2016 and multiplied them by the farm’s nominal power, which gave us the
annual energy production of every analyzed farm—we used the load factors for the year
2016 as it was a good representation of the load factors of these farms). All calculations
were estimates, i.e., they were based on the average wind strength, average investment
outlays, or average operating costs for a given year, but they coincide with publications in
the press regarding the minimum transaction prices of energy necessary for wind farms.
Our goal was to make such estimates credible using calculations. We are aware of the
imperfections of our calculations. Still, in our opinion, even an approximate calculation is
better than providing the amounts without any justification or informing that they were in
fact calculated, without explaining how [63].

Erlang’s simulation took 20 years of data from a weather station (if these data were
unavailable, the simulation filled the missing years with the available data) on the average
wind force for a given day. Then, using the formulas presented below, the farm generated
sales revenues and costs for each site. The simulation allowed us to analyze any number of
turbines and the differences in wind strength between them. We assumed these differences
at the level of 20%. The simulation also moved the repair teams and randomized which
turbines were damaged (two types of damage were possible—large failure and small
failure; the amounts and frequencies of failures were estimated based on statistics available
on manufacturers’ websites). Ultimately, the simulation computed the overall NPV of the
simulated farm [64]. States diagrams and description of processes used in simulation are
presented in Appendices A and B.

4.1. The Simplified Approach Used in the Erlang Simulation

The purpose of the simulation was to give a reliable estimate of the energy production
costs generated by a wind farm constructed in 2006-2014. We also wanted to calculate the
NPV of such a project for the energy prices (total, with green certificates) that these farms
assumed in their original business plans (0.065 EURO/kWh, 2019 prices).

4.1.1. Calculation of the Wind Energy Generated by the Turbine

Since the available wind data were limited to daily averages (no other information
was useful), the energy calculation was based on simplifying the formula. The variable W
represents the wind speed at the height of the wind turbine. It must be calculated based on
the wind measurement, which was done at the height of 10 m (h). Formula (2) calculates
the average wind speed at the height H:

W = A*(H/h)"alpha @)

where W—wind speed at height H [m], A—wind speed at the measurement height h [m],
and alpha—terrain area factor; alpha = 0.143 (default value; it could be changed in the
configuration file: for an undeveloped area « = 0.143, built-up area « = 0.27 and urban
o =0.35).
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Formula (3) calculates the height of the wind turbine’s rotor (the height at which the
rotor is located on the wind turbine tower):

H =radius_of rotor *w 3)

where H—height of rotor, radius_of_rotor—radius of the rotor, and w—height coefficient,
default value = 2.5 (the usual coefficient used when constructing wind turbines).
Formula (4) shows how to calculate the wind’s power in Watts based on the wind
speed W [in m/s]:
P=05*Ro*W3*Pi*R*R 4)

where P—wind power in Watts, Ro—air density ratio = 1.23 [kg/ m3], Pi = 3.14, and
R—radius of the rotor.
Formula (5) shows the calculation of wind power in kWh:

Pf =P *24/1000 (5)

where Pf—wind power in kWh.
Formula (6) shows how to calculate R, which is the average performance ratio (it is
the product of the Betz limit and yield losses):

Rt=B*YI (6)

where B—Betz limit = 16/27 = 0.59 (default value), Yl—yield losses = 50% (default value),
and the default value of Rt = 0.3 (as a product of B*YI).

Formula (7) shows the calculation of the generated power, which includes losses (due
to technical imperfections of the wind turbine):

L=Pf*Rt @)

where L—power with included losses [kWh], Pf—wind power [kWh], and R—performance ratio.
Formula (8) shows the calculation of the power generated by the wind turbine (it is
the product of the capacity factor and a turbine’s maximum power, including losses):

Pt=L*C (8)

where C—capacity factor (in relation to angles of attack, turbulences, annual wind distribu-
tion, cut in, cut out) = 50% (default value) and Pt—the power which can be generated by a
turbine with kWh =L * C.

Formula (9) shows the calculation of the revenue from the sale of energy. For the
third part of the analysis (break-even prices of onshore wind energy), we used a different
approach. The power produced by turbines (wind farms) was calculated as the product
of empirical load factors multiplied by the nominal power of these turbines (we used
empirical load factors from the year 2016 as an approximation for the analyzed period). In
other words, for break-even prices estimation we used Formulas (8)—(27):

Revenueslturbine = Pt/1000 x price 9)

where price—the average price assumed in the business plans of wind farms analyzed
by us: 0.065 EURO/kWh (1000 x 0.065 EURO/MWh), calculated as the original business
plans” market price + green certificate price. For the third part of the analysis, we calculated
the price (break-even price) for which the overall NPV of the wind farm is equal to zero.
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4.1.2. Calculation of the Present Value of the Initial Investment in the Wind Farm

Values used in the simulation concerning the length of the wind farm’s productive life
are based on manufacturers’ expected life of wind turbines: 20 years. We assumed that the
construction period lasts for another five years (before the wind farm becomes operational):

AverageLifeOf AWindFarm = 20 years (depreciation of turbines) (10)

InvestmentPeriod = the first five years in equal parts of the initial investment  (11)

Based on the parameters of wind turbines used in the years 2006-2014 in Poland and
the available business plans, we estimated the total investment cost per kW of maximum
turbine capacity (for turbines above 1 MW of power, smaller turbines cost approximately
33% less). This approach is used by the International Renewable Energy Agency (IRENA),
which provides the annual investment costs per kW of wind energy. Our estimated
investment costs were similar to the averages provided by IRENA; however, they were, on
average, 23% lower. Table 4 shows IRENA estimates; for our simulation, we took these
values decreased by 23% (for wind farms with the power of 1 turbine above 1 MW, for
small turbines, we took 67% of the investment cost for large turbines).

Table 4. Estimated International Renewable Energy Agency (IRENA) total investment costs of
onshore wind turbines (above 1 MW of power, 2019 prices) [63,64].

Year EURO per kWh
2005 * 2327.92
2006 * 2183.54
2007 * 1865.82
2008 * 1687.15
2009 * 1680.78

2010 1691.84

2011 1540.40

2012 1686.55

2013 1492.87

2014 1442.45

2015 1575.60

2016 1547.27

2017 1476.41

2018 1296.60
2019 * 1296.11

* extrapolation.

Formulas (12)—(14) were used to estimate the depreciation of the wind turbines (the
investment period assumed in the calculations lasted five years, which means that we took
that the construction of a wind farm lasted on average five years):

DepreciationPeriod = (AverageLifeOfaWindFarm — InvestmentPeriod) (12)

Annuallnvestment1Turbine = Investmentlturbine/InvestmentPeriod (13)

DailyDepreciationlturbine = (Investmentlturbine/AverageLifeOfAWindFarm)/365 (14)

4.1.3. Annual Costs Calculation

Operating costs were estimated based on business plans of wind farms currently
operating in Poland and their financial statements. Formula (15) shows how we estimated
the tenancy costs (the formula is based on business plans that were available). Based on
the data of wind farms, we assumed that tenancy costs were equal to 1000 USD per acre of
land, and the area needed is calculated as rotor area x 49/10,000 (square meters required
for one turbine and appropriate distance from the next turbine):
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AnnualLandTenancy1Turbine = 1000 x (2 x radius_of_rotor x 7) x (2 x radius_of_rotor x 7)/10 000 (15)

Formula (16) shows the calculation of the daily local taxes (the formula is based on
business plans that were available):

DailyTaxes1Turbine =1% x Investment1Turbine/365 (16)

Formula (17) shows the definition of the annual maintenance costs. The model also
assumed repair teams that fixed random minor and major failures of wind turbines on top
of scheduled maintenance (the formula is based on business plans that were available)

Maintenance(Yearl) = 10% of the initial investment.

Maintenance (t + 1) = Maintenance(t) + 1.5% (17)

where t—the year of the wind farm’s operation; t=1, ... ., 20.

Random failures of wind turbines were estimated using the data from publications
dedicated to running wind farms [1,65] and producer’s data sheets for wind turbines (and
business plans of wind farms from this period).

Table 5 shows the estimated probabilities and costs of the 2 MW turbine (for larger
turbines, these costs were proportionally higher to the turbine power). Based on the
presented data (only type 4 and 5 failures require intervention of the repair team), we
assumed that the probability of a minor failure for each turbine is 100%, and its value is
18,800 EURO. For a significant failure, the probability is 10%, and the cost of such a repair

is 188,245 EURO.

Table 5. Estimated repair costs and failure rates for 2 MW wind turbine (in EUROs, fixed 2019 prices).

Maintenance Description Annual Failure Rate Cost in EUROs
bearing replacement (drivetrain) 0.00025 58,655
repair of pitting, misalignment (drivetrain) 0.02 7821
gearbox replacement (drivetrain) 0.001 410,582
gear replacement (drivetrain) 0.01 181,829
gear tooth repair (drivetrain) 0.1 2933
shaft replacement (drivetrain) 0 293,273
minor repair, alignment adjustment (drivetrain) 0.02 489
lubrication change (drivetrain) 0.1 2933
hydraulic pump part replacement (hydraulic system) 0.165 4888
hydraulic valves/pipes replacement (hydraulic system) 0.165 978
brake calipers/pads replacement of worn components (braking system) 0.05 7821
brake discs replacement (braking system) 0.05 5865
yaw actuator part replacement (yaw) 0.004 4888
yaw actuator minor repair (yaw) 0.075 489
yaw bearing/gear complete replacement (yaw) 0.00025 178,897
yaw bearing/gear tooth repair (yaw) 0.003 978
yaw bearing/gear corrective repair (yaw) 0.08 196
yaw brake replacement (yaw) 0.08 2933
pitch actuator part replacement 0.01 13,686
pitch actuator minor repair 0.1 489
pitch bearing/ gear tooth repair/replacement 0.01 59,632
pitch bearing/gear corrective repair 0.1 196
hub replacement (rotor) 0.007 8798
hub minor corrosion repair (rotor) 0.09 196
blade replacement (rotor) 0.01 150,547
blade minor repair (patching, sealing) (rotor) 0.1 22 484
generator part replacement (power) 0.07 2933
generator complete replacement (power) 0.0015 190,628
frequency converter part/complete replacement (power) 0.15 37,148
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Table 5. Cont.

Maintenance Description Annual Failure Rate Cost in EUROs
transformer part/complete replacement (power) 0.15 4888
tower replacement (structure) 0.0003 351,928
tower corrosion repair (structure) 0.02 4888
nacelle replacement (structure) 0 48,879
nacelle—loss of section, crack repair (structure) 0.02 978
foundation replacement (structure) 0 97,758
foundation corrosion/repaint/remove marine growth (structure 0.02 4888

Formula (18) shows the calculation of the daily management and supervision costs.
All the estimates represent values from the financial statement and agree with other
publications and business plans analyzed by us (median) [52-54,66-69]. In the same way,
we calculated daily insurance costs and daily energy balancing costs:

DailyManagementAndSupervisionCost1Turbine = Pt/1000 x ManagRate/365  (18)

where ManagRate—estimated rate of supervision costs as a function of energy produced in
kWh, assumed to be 0.6 [EURO/MWHh] (constant 2019 prices).

DailyInsuranceCost1Turbine = Pt/1000 x InsuRate/365 (19)

where InsuRate = 1.0 EURO/MWh (default value), which is the estimated rate of insurance
costs [USD/kWh].

DailyEnergyBala = Pt/1000 x EnergyBalaRate/365 (20)

where EnergyBalaRate = 4.25 EURO/MWh.
Formula (21) presents how a subtotal of the daily costs of a wind farm should be
calculated. It is a sum of all previous daily costs:

SubtotalDailyCosts1Turbine = AnnualLandTenancylTurbine /365 +
DailyTaxes1Turbine + DailyRepairs1Turbine + DailyManagementAndSupervisionCost1Turbine + (21)
DailyInsuranceCost1Turbine + DailyEnergyBalancingCost1Turbine

Formula (22) shows the calculation of daily own energy consumption of one turbine

(based on business plans):
DailyOwnEnergyConsumptionCost1Turbine = SubtotalDailyCosts1Turbine x 2.7% (22)
Formula (23) shows the formula for other operating costs of a wind farm. We calcu-

lated it as a percentage of the total operating costs from Equation (21) (we used business
plans to estimate this percentage factor of 3%):

OtherCosts1Turbine = SubtotalDailyCosts1Turbine x 3% (23)

Total daily costs of one turbine were calculated as the sum of all operating costs. The
net financial result (DailyResult1Turbine) is the difference between daily revenues and
total operating costs. Finally, Equation (24) shows the calculation of the free cash flows:

FCFFonlTurbine = DailyResultl Turbine x (1 — IncomeTaxRate) + DailyDepreciation1Turbine (24)

where IncomeTaxRate = 19% (default value).

4.1.4. Calculation of the Net Present Value

The calculation included costs of maintenance and all necessary repairs. We distin-
guished between two cases—a small failure and a big failure. Costs depended on the size
of the wind turbine. They were calculated based on the producer’s statistics and costs
of parts (the costs of repair teams were estimated based on labor hours; we took twice
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the average salary in Poland). To calculate the net present value of cash flows, we used
the FCFF approach; we applied adjusted discount factors for daily values. The discount
formula is as follows:

PV(CFI) = 1/(1 + annualCostO f Capital InReal Terms ) (CrrentYear=baseXear) 55

where currentYear—he year for which wind is simulated, baseYear—the initial year of the
simulation, and annualCostOfCapitallnReal Terms—the cost of capital = 10%.

The present value calculation method for the investment outlays assumed a five-year
construction period, and it is given in Formula (26). It is the formula for the present value
of the investment outlays:

PV (InvestmentOutlays) = (—1) x Investment1Turbine/InvestmentPeriod x (1 —
1/(1 + AnnualCostofCapitalinReal Terms)"InvestmentPeriod) / (AnnualCostOfCapitalinReal Terms) /(1 + (26)
AnnualCostOfCapitalInRealTerms)"(AverageLifeOfaWindFarm — InvestmentPeriod)

Finally, Formula (27) shows the net present value calculation for every wind turbine:
NPV =PV (InvestmentOutlays) + sum of all PV (CFI) (27)

4.2. Estimation for the Break-Even Price of Enerqy for the Existing Wind Farms in Poland
Established in 20062014

For the calculations, we used the Formulas (6)—(21) presented earlier. The amount of
energy produced was obtained from daily data for one year published at https:/ /www.
thewindpower.net/ (accessed on 10 January 2021) (where the exact types of turbines used
in a given location are also given). Then, we calculated for which level of NPV energy
prices for these farms would be 0.

5. Results

We illustrated the results of the simulation in Table 6. Every row represented results for
a different meteorological measurement point in Poland. We simulated the wind farm for
5,10, and 15 wind turbines. All turbines were assumed to run on default values described
in the paper. The columns of Table 6 include the average and median wind force in the
analyzed period, the standard deviation of the wind force from the average value, the
name of the city and province where the measuring point is located, and three NPV values
measuring the profitability of the potential farm if it were to be built in the area covered
by the wind force measurement. The NPV1 column shows the investment result for a
farm of five turbines, the NPV2 column shows the investment result for a wind farm with
10 turbines, and the NPV3 column shows the investment result for a farm with 15 turbines.
Calculations were repeated for the real cost of capital of 5%, 7%, and 10%.
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Table 6. Results of the simulation for 5, 10, and 15 wind turbines (NPV1, NPV2, and NPV3), per thousands of EURO (2019 prices), with a real discount rate of 5%, 7%, 10%.

1D av.Wind Median.Wind std.dev.Wind NPV1 (5%) NPV1 (7%) NPV1 (10%) NPV2 (5%) NPV2 (7%) NPV2 (10%) NPV3 (5%) NPV3 (7%) NPV3_10 City Name Voivodship
100.0 2.7 23 13 —2290 ~1991 ~1658 —4537 —3660 —3263 —6195 —5474 —4275 Kotobrzeg ~ zachodniopomorskie
105.0 32 2.9 15 —2024 —1725 ~1392 —3996 —3438 —2665 —4955 —4386 —3873 Koszalin zachodniopomorskie
115.0 52 46 24 1692 1367 1144 3057 2611 2433 5679 5563 5560 Ustka pomorskie
120.0 46 41 24 522 502 495 1279 1107 926 2066 1737 1354 Leba pomorskie
125.0 33 3 17 ~1843 —1544 ~1211 —3360 —2831 —2227 —4534 —3882 ~3151 Lebork pomorskie
135.0 39 3.6 15 —1541 —1242 —909 —2820 —2243 —1666 —3900 —3120 —2353 Hel pomorskie
140.0 46 43 1.9 -129 —104 —87 —211 —180 —168 —246 —241 —241 Gdarisk-Port pomorskie
155.0 41 38 15 —1475 ~1176 —843 —2847 —2122 —1555 —4142 —3440 —2354 g&?{)‘i‘; pomorskie
160.0 33 3.1 14 ~1908 —1609 —1276 —3455 —3107 —2357 —5269 —4306 —3463 Elblag- warmifisko-
Milejewo mazurskie
185.0 35 33 16 —1475 ~1176 —843 ~2700 —2151 ~1632 —4178 —3456 ~2269 Ketrzyn warmifisko-
mazurskie
195.0 36 34 16 —1779 —1481 —1148 —3290 —2864 —2163 —4940 —4208 —3061 Suwatki podlaskie
200.0 33 29 17 -1773 —1474 —1141 —3380 —2677 -2173 —4795 —4039 -3127 Swinoujscie  zachodniopomorskie
205.0 338 35 16 —1687 —1388 —1055 —2838 —2337 —1937 —4098 —3536 —2693 Szczecin zachodniopomorskie
2100 22 2 11 —2507 —2189 —1856 —3979 —3912 —3494 —5870 —5586 —4830 Sﬁejﬁio zachodniopomorskie
230.0 23 23 1.0 —2500 —2181 —1848 —4414 —4148 —3630 —6116 —6033 —5097 Pita wielkopolskie
235.0 3.7 34 15 ~1753 —1454 —1121 —3249 —2849 —2064 —4734 —4162 —3015 Chojnice zachodniopomorskie
250.0 25 24 1.0 —2437 —2138 —1806 —4786 —4207 —3558 —6820 —5888 —4685 Torun kujawsko-pomorskie
270.0 35 3.1 15 ~1872 ~1573 ~1240 —3435 —2864 —2307 —4936 —4141 —3297 Mtawa mazowieckie
2720 29 28 12 —2241 —1942 —1609 —4133 —3658 —3031 —6279 —5769 —4492 Olsztyn Vr"rf:f‘ulr‘;il:g
280.0 31 29 13 —2120 —1821 —1488 —4139 —3575 —2920 —5505 —4580 —3934 Mikotajki ~ kujawsko-pomorskie
295.0 25 23 11 —2424 —2125 -1793 —4747 —4340 —3455 —6839 —5713 —4840 Biatystok podlaskie
Gorzéw
300.0 26 25 1.0 —2404 —2105 ~1772 —4354 —4098 —3376 —6582 —5633 —4593 Wielkopol- lubelskie
ski
3100 2.7 25 13 —2276 -1977 —1644 —4368 —4033 —3199 —5997 —5382 —4285 Stubice lubuskie
3300 36 34 17 —1669 —1370 —1037 —3054 —2639 —2000 —4442 —3808 —2787 Poznart wielkopolskie
345.0 39 38 17 ~1580 —1281 —948 —2949 —2248 —1727 —4594 —3736 —2604 Koto wielkopolskie
360.0 33 3 14 —2007 ~1708 —1375 —4027 —3360 —2679 —5076 —4120 —3557 Plock mazowieckie
375.0 35 33 1.6 —1765 —1466 -1133 —3335 —2692 —2226 —4601 —3929 —3006 Warszawa mazowieckie
385.0 3.0 2.8 14 —2177 —1878 —1545 —3939 —3398 —2784 —6046 —5505 —4274 Siedlce mazowieckie
399.0 27 26 12 —2322 —2023 —1690 —3989 —3646 —3075 —6122 —5212 —4646 Terespol lubelskie
400.0 3.0 28 11 —2253 —1954 —1621 —4732 —3811 —3179 —6339 —5246 —4337 chl)‘;;‘a lubuskie
405.0 26 24 14 —2284 —1985 —1652 —3989 —3683 —3057 —5813 —5246 —4317 Zgorzelec dolnoslaskie
415.0 33 3 17 —1860 —1561 —1228 —3633 —2906 —2412 —5070 —4088 —3421 Legnica dolnoslaskie
418.0 34 3 16 ~1879 ~1580 —1247 —3540 —2865 —2274 —5072 —4430 —3474 Leszno wielkopolskie
4240 31 29 14 —2075 ~1776 —1443 —3807 —3217 —2637 —5840 —5151 —3890 Wroctaw dolnoslaskie
435.0 3.7 34 16 ~1709 —1410 —1077 —3178 —2709 —2093 —4743 —4091 —2992 Kalisz wielkopolskie
455.0 29 2.8 12 —2231 -1932 —1599 —3893 —3356 —2923 —5694 —5003 —4428 Wielust lubelskie
465.0 33 3 15 —1955 —1656 -1323 —3905 —3141 —2456 —5033 —4141 —339% Lodz 16dzkie
469.0 34 3 17 ~1775 ~1477 —1144 ~3179 —2552 —2088 —4812 —3882 —3053 Sulejow 16dzkie
488.0 28 26 13 —2263 —1964 ~1631 —4546 —3805 —3116 —5483 —4903 —4253 Kozienice mazowieckie
495.0 29 26 14 —2168 —1869 ~1537 —4106 —3627 —2877 —5363 —4719 ~3956 R&g:&?éc lubelskie
497.0 3.7 35 16 —1671 -1372 —1039 —3353 —2717 —2007 —4690 —3600 —2802 Wiodawa lubelskie

500.0 23 2 1.5 —2340 —2041 —1708 —4461 —3840 —3162 —6797 —5875 —4714 Jelenia Géra dolnoslaskie




Energies 2021, 14, 1239 15 of 28
Table 6. Cont.

D avWind Median.Wind std.devWind NPV1(5%)  NPV1(7%) NPV1(10%) NPV2(5%) NPV2(7%) NPV2(10%) NPV3(5%)  NPV3(7%) NPV3_10 City Name Voivodship
510.0 12.1 111 6.1 19,757 15,250 12,312 38,277 30,444 27,150 75,288 68,097 63,541 Sniezka dolnoslaskie
520.0 2.8 23 18 —1990 —1691 —1358 —3778 —3198 —2513 —5650 —4784 —3665 Klodzko dolnoslaskie
530.0 25 23 11 —2397 —2098 ~1765 —4702 —4269 —3488 —6702 —6013 —4850 Opole opolskie
540.0 32 29 16 —1949 —1650 ~1317 —3751 —3221 —2474 —5168 —4057 —3371 Racibérz slaskie
550.0 25 23 11 —2416 —2117 —1785 —4611 —3747 —3313 —6545 —5661 —4972 Czestochowa slaskie
560.0 25 23 13 —2354 —2055 —1722 —4489 —3910 —3153 —6041 —5151 —4647 Katowice slaskie
566.0 29 26 1.6 —2033 —1734 —1401 -3717 —3306 —2555 —5276 —4907 —3797 ngt‘c"e” matopolskie
570.0 2.8 25 14 —2249 —1950 —1618 —4241 —3640 —3076 —5760 —5419 —4496 éﬂiffv $wietokrzyskie
575.0 17 1.6 0.9 —2620 —2321 —1988 —4764 —4329 —3782 —7348 —6040 —5563 Tarnéw malopolskie
580.0 3.7 34 1.8 —1522 —1224 —891 —2763 —2215 —1651 —3797 —3068 —2276 1};:12?1:; - podkarpackie
585.0 32 3 12 —2142 —1843 —1510 —4005 —3688 —2894 —5752 —5039 —4176 Sandomierz swietokrzyskie
595.0 37 35 1.9 —1465 —1166 —833 —2927 —2277 —1531 —4043 —3333 —2301 Zamosé lubelskie
600.0 2.8 24 18 —1983 —1684 —1351 —3717 —3144 —2581 —5092 —4447 —3464 B;;I:é"' slaskie
625.0 2.8 24 18 —1982 —1683 —1350 —3620 —3015 —2435 —5041 —4061 —3505 Zakopane matopolskie
650.0 6.4 59 31 6345 5158 4096 10,824 9610 9102 29,231 22,938 20,790 K‘a/\s[gr‘zyy malopolskie
660.0 17 14 11 —2581 2282 —1949 —4633 —4110 —3599 —6751 —6074 —5030 Nowy Sacz matopolskie
670.0 32 3 14 —2055 ~1756 —1423 —3692 —3242 —2619 —5353 —4574 —3766 Krosno podkarpackie
690.0 25 21 13 —457 —391 —320 —873 —745 —59% —1286 —1083 —856 Lesko podkarpackie
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As illustrated in Figures 1-3, at energy prices of 0.065 EURO/kWh (total price of green
energy) assumed in business plans of the analyzed wind farms, the minimum average
wind speed necessary for a wind farm to pay back on its initial investment was 4.3 m/s
at the height of 10 m. After the recalculation to 100 m towers, the average wind speed is
equal to 6 m/s. In reality, in recent years, the problem has been that green energy prices
fell significantly below this limit (see Table 2). Tables 7-9 show the final results of the
simulation for 3 different discount rates: 5%, 7% and 10%. Figures 4-9 illustrate graphically
the results presented in Tables 7-9.
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Figure 1. Graphical representation of the dependency between the wind speeds and NPV of a wind
farm (in thousands of EUROs in 2019 prices); real discount rate 5%.
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Figure 2. Graphical representation of the dependency between the wind speeds and NPV of a wind
farm (in thousands of EUROs in 2019 prices); real discount rate 7%.
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Figure 3. Graphical representation of the dependency between the wind speeds and NPV of a wind
farm (in thousands of EUROs in 2019 prices); real discount rate 10%.
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Table 7. Minimum, maximum, median, and average NPV break-even energy prices for wind farms
opened in 2006-2014 (EURO/MWh, fixed 2019 prices); real discount rate 5%.

Median Average Minimum Maximum
Year Break-Even Break-Even Break-Even Break-Even
Price Price Price Price
2006 98.5 97.0 93.9 98.4
2007 94.1 94.7 86.5 100.0
2008 86.3 84.8 68.0 90.9
2009 105.8 105.2 98.2 115.7
2010 97.9 96.2 82.8 111.0
2011 99.5 97.1 81.9 111.3
2012 100.6 97.5 75.9 106.6
2013 88.9 90.9 83.3 113.8
2014 88.4 89.3 78.9 104.1
All years 97.9 94.7 68 115.7

Table 8. Minimum, maximum, median, and average NPV break-even energy prices for wind farms
opened in 2006-2014 (EURO/MWh, fixed 2019 prices); real discount rate 7%.

Median Average Minimum Maximum
Year Break-Even Break-Even Break-Even Break-Even
Price Price Price Price
2006 103.4 102.3 100.0 103.4
2007 100.4 101.1 91.7 108.7
2008 93.8 91.1 73.4 97.8
2009 112.2 111.0 103.2 120.6
2010 104.0 101.3 87.1 114.7
2011 105.5 102.7 86.1 116.5
2012 104.6 103.3 79.7 111.0
2013 95.0 96.5 88.7 117.2
2014 93.2 94.3 84.3 110.9
All years 103.4 100.4 73.4 120.6

Table 9. Minimum, maximum, median, and average NPV break-even energy prices for wind farms
opened in 2006-2014 (EURO/MWh, fixed 2019 prices); real discount rate 10%.

Median Average Minimum Maximum

Year Break-Even Break-Even Break-Even Break-Even
Price Price Price Price
2006 112.46 111.55 109.15 112.58
2007 109.75 110.05 99.53 116.09
2008 100.13 98.32 77.28 105.54
2009 121.78 119.97 112.16 125.30
2010 109.45 107.95 93.51 119.34
2011 112.46 110.35 92.61 123.13
2012 111.85 108.55 85.09 114.20
2013 102.23 104.34 96.52 121.51
2014 100.43 102.53 91.71 115.28

All years 109.75 108.4 77 125.3
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Figure 4. Minimum, maximum, median, and average break-even prices for wind farms opened in
years 2006-2014 in Poland (EURO/MWHh); discount rate 5%.
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Figure 5. Average market prices of renewable energy in Poland compared with mean and median
break-even prices of wind farms opened in 2006-2014, years 2006-2018; discount rate 5%.
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Figure 6. Minimum, maximum, median, and average break-even prices for wind farms opened in
years 2006-2014 in Poland (EURO/MWh); discount rate 7%.
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Figure 7. Average market prices of renewable energy in Poland compared with mean and median
break-even prices of wind farms opened in 2006-2014, years 2006-2018; discount rate 7%.
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Figure 8. Minimum, maximum, median, and average break-even prices for wind farms opened in
years 2006-2014 in Poland (EURO/MWh); discount rate 10%.
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Figure 9. Average market prices of renewable energy in Poland compared with mean and median
break-even prices of wind farms opened in 2006-2014; years 2006-2018, discount rate 10%.

As it can be seen from Tables 7, 8 and 9and Figure 4, Figure 6, and Figure 8, the average
NPV break-even price for all analyzed years fell in the range of 94.7-108.4 EURO/MWh—
(2019 prices, depending on the discount rate). The median break-even price was found to
range from 94.7 to 109.75 EURO/MWHh (depending on the discount rate). Let us compare
these prices with Figure 5, Figure 7, and Figure 9. It is evident that starting from 2012, the
average break-even prices of the analyzed farms were higher than the average market prices
of energy (including green certificates). This may explain the poor financial performance
of wind farms in Poland.

6. Discussion and Conclusions

In Poland, similarly to other emerging markets (and developed economies) in the
EU, there is an extensive discussion about the level of government support that should be
offered to wind farms. The results of this simulation demonstrate that for the majority of
locations in Poland for which we accessed data, energy prices in recent years (including
green certificates) were not sufficient to achieve payback on the initial investment for the
currently operating wind farms established in 2006-2014. After introducing the auction
system in 2015 [69], 1/3 of the farms which initially participated in the green certificates
scheme won the auctions, left the green certificates system, and received price guarantees
for the next 15 years, but 2/3 of them will remain on the green certificates scheme.
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Practitioners indicate that these farms assumed in their business plans energy prices
(including green certificates) at levels in the range 96-109 EURO/MWh (in 2019 prices).
This is confirmed by our simulation, as the bare break-even prices (but for the entire
investment project, not only for non-negative operating profit, for a very long period of
20 years) that we derived were in the range of 68-125.4 EUR/MWh (in 2019 prices).

In our calculations, we assumed that wind farms did not receive any financial support
except for green certificates and that they did not have contracted prices with any power
plant (we did not find any information on how many farms participating in the green
certificate scheme had contracts with a fixed price for the sale of energy and certificates to
electricity suppliers, in the case of a lack of such contracts, the legal system in Poland at the
time did mandate the mandatory purchase of renewable energy, but at prices set by the
President of the ERO based on market prices). In general, the simulation confirmed that
old wind farms operating in the green certificates scheme might have financial problems if
the average market energy prices decrease below 108.25 EUR/MWh (0.065 EURO/kWh,
2019 prices).

The Polish government has solved the problem of bankruptcy risk of old wind farms
by adjusting the green certificates quotas, which (at least partially, because this process
of reducing oversupply continued in 2019) removed the oversupply from the market and
eventually increased the prices of wind energy. However, the continuing oversupply shows
that the supervision over this market is rather ineffective.

The paper concludes that, perhaps, wind technology achieved a point where its
LCOE is lower than that of conventional power plants [70], but this does not apply to old-
generation wind farms, as we showed in the paper. We also doubt whether small prosumer
wind turbines can break even without receiving support (no economies of scale or scope
effects, inferior technology, poorer access to energy auctions, etc.). Therefore, constant
supervision of their financial situation and regulations on this market are necessary [71].

Our simulation suggests that no one could have expected 15 years ago how much the
energy costs would drop in the future. Now, we have to expect the same situation to be
repeated in the future. IRENA [12] projections show that by 2030, the initial investment for
onshore farms will drop to (in 2019 prices) 1070 EURO/kW, and the energy prices from
the current 0.065 EURO/kWh will decline to 0.04 EURO/kWh in 2030. Theoretically, the
auction system guarantees the financial safety of new wind farms. Still, dramatic changes
in the legal procedures, foreign exchange rates, and technology require supervision to
determine whether financial support is adequate.
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Timesource—creation of the process

:

Timesource sends its first tick

.

Timesource waits for feedback from processes that they

finished calculations and that it can send the next tick

A
A 4

Timesource sends the next tick

Figure A1. Diagram of statuses for the “TimeSource” process.
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Dispatcher enters the sleep mode (answer

about its state is sent to the process which

asks about it), waits for tick

Figure A2. Diagram of statuses for the “Dispatcher” process.
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Figure A4. Diagram of statuses for the “Turbine” process.
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have it little different)
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Wind enters the await mode (sends

information about its state to any process that
asks about it), wait for tick

Creation of the turbine process

A 4

Receives a tick from the Time Source

A4
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Figure A3. Diagram of statuses for the “Wind” process.
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Repair team —creation of the process

|
A 4

Receives tick from Time Source

v

Receives repair request from Dispatcher

v

Calculates time to get to the turbine and time to decide
whether it is a minor or major failure, sends this information

to Dispatcher

v

On its way to the designated turbine

v

Communication with turbine to determine whether failure is

minor or major

v

Sends information to Dispatcher and Time Source what type
of failure it is and how much time it is going to take to repair

it

v

Enters the waiting (sleep) mode, answers about its state to

any process that asks about it, wait for the next tick

Figure A5. Diagram of statuses for the “Repair team” process.

Chronicler—creation of the process

v

Chronicler awaits the tick from the Time Source (it

needs time to index information which it receives)

Chronicler collects information about
(1) Creation of processes

(2) events in these processes

A 4

Re-calculation of energy, revenue, costs and the net income of

the farm

Enters the waiting (sleep) mode, answers queries about

its state, waits for the next tick

Figure A6. States diagram for the “Chronicler” process.

Appendix B

Every process in the simulation runs concurrently with other processes. The Erlang
programming language allows for a straightforward implementation of concurrency. Below,
we briefly described the organization of the code, which was divided into files.

-> actor.erl—actor represented any processes used in the simulation. Every actor could
receive and send messages. There were two types of messages, one was the query and received
answer concerning the status of the actor, and the second type was event processing.

-> breakdown.erl—the file included mostly functions which calculated the probability
of the minor and major failure of the turbine.
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-> chronicler.erl

- the file uploaded the inputs of the model into memory (concerning the behavior
of actors).

- it runs the loop with a function which reads messages from actors and collects
information; there is a list of possible events and reactions to each one.

-> constants.erl—file where the user can set values of the input variables.

-> dispatcher.erl

- the file contains functions which decide when the repair teams should go and where
to go (to which turbine), collect events and locations of repair teams and turbine states,
decide when the teams should move and where to, collect events and locations of repair
teams and turbine states, and send messages to repair teams where they should go (to
which turbine).

- dispatcher functions collect and save a big part of messages from actors (receives it).

-> events.erl

- this file contains functions which create and manage the array which keeps records
about events (registers what the actors do).

- in this file, there is a description of who sends and who collects various messages.

- it defines functions which create multiple messages.

- it is a library for actors to send messages.

-> general.erl

- the file “general” contains general functions that did not match other libraries.

- it re-calculates time and distances.

->model.erl

- it runs the entire simulation, spawns actors and processes.

- is activates actors, which depending on its type use functions from other modules.

-> shared.erl

- keeps shared global variables in the table (array).

- it takes values and puts them there.

- a library of functions, used by other processes.

-> teams.erl

- functions used by the Repair Teams processes.

- this library contains all functions connected with the operation of repair teams.

- it works/operates in a loop: it collects calls for repair teams, in the meantime, it
communicates with Dispatcher and turbines.

-> timesource.erl

- functions used by Time Source process.

- it searches the table (array) called “event,” and when it finds the closest event, it
moves the time of the simulation to this moment and sends a message about this event to
the actors.

-> turbines.erl

- functions used by Turbine processes.

- it works in a loop: it changes statuses between working, failure (Time Source sends
message to the turbine), communication with Dispatcher and Repair Team.

- this library contains a function which calculates the next failure, information is sent
to the table (array) “events” which is managed by the dispatcher.

->wind.erl

- describes functions used by the wind.

- data from the wind strength function are used to calculate how much the turbines
have earned.

- The Time Source process sends the signal to the Wind process that the wind should
change.

- the Wind process saves the wind strength in “events.”

- the Time source reads this information and sends a message to the Wind process that
it has to change.
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Appendix C

Table A1. The number of available financial reports of wind farms in 20092017 in selected EU countries, Canada, and the

USA [43].
c Total no. of Wind Number of Available Financial Statements by Year and Country

ountry Farms in 2017 2009 2010 2011 2012 2013 2014 2015 2016 2017
Austria 283 1 4 6 4 4 4 8 6 3
Belgium 275 17 24 25 27 31 35 40 41 42
Bulgaria 77 5 5 28 28 28 22 22 24 21
Croatia 25 8 6 6 8 9 10 10 11 13
Czech Rep. 91 7 9 9 9 9 8 9 9 5
Denmark 3258 11 18 25 24 181 196 198 200 201
Estonia 40 12 11 11 10 8 9 14 14 11
Finland 225 13 15 22 28 51 57 70 54 48
France 1394 364 392 398 396 372 367 381 404 397
Germany 8528 70 78 109 121 136 129 147 131 28
Greece 252 17 22 22 14 16 12 8 11 3
Hungary 50 49 45 66 58 47 50 50 46 39
Ireland 276 11 7 7 7 8 14 22 22 13
Italy 646 241 289 286 291 283 311 316 302 243
Latvia 34 3 26 31 33 34 33 33 31 33
Lithuania 74 n.a. 1 1 bd 2 3 3 2 n.a.
Netherlands 723 14 18 12 13 13 11 9 3 2
Poland 330 57 91 114 128 165 172 178 105 32
Portugal 446 92 92 87 74 82 90 88 90 85
Romania 108 32 47 52 49 43 42 38 39 6
Slovakia 3 n.a. n.a. 1 1 1 1 1 1 1
Slovenia 4 n.a. 1 1 1 2 2 2 3 4
Spain 1157 189 183 160 163 172 178 189 176 151
Sweden 1100 243 267 344 365 405 408 417 415 391
United 1088 91 125 146 168 187 203 245 243 239
Kingdom
Total X 1547 1776 1969 2020 2289 2368 2499 2384 2012
Canada 344 n.a. 14 13 11 11 11 11 8 7
USA 1618 n.a. 29 27 31 32 32 32 31 28

Table A2. Average return on equity for wind farms in 2009-2017 in selected EU countries, Canada,

and the USA (in%) [43].

Country 2009 2010 2011 2012 2013 2014 2015 2016 2017
Austria -3 0.2 12.3 21.6 6.7 4.4 4 -1.9 8.7
Belgium 11.6 —-245 -—-74 247 16.5 1.7 —49 5.8 20
Bulgaria 134 5.5 —-0.9 0.2 —-58 33 20.7 7 8.1
Croatia -309 —228 -—-337 -—-388 -—-21.8 3.8 -2 16.4 2.4
Czech Republic 9.2 6.5 12.3 11.7 6.4 12.8 26.9 0.7 17.8
Denmark 15.3 202 —-102 -0.1 4.6 4.7 —122 -21.8 103
Estonia -227 73 9.5 25.1 6.2 10.3 9.2 11.8 11.3
Finland -17 —-3.8 255 —67 =271 -195 -50.1 —-479 -126
France —-569 —669 —-36.7 59 -14 3.3 16.7 —-176 —-11.2
Germany —264 —241 0.2 —-04 3.9 —2.3 7.6 5.6 9.3
Greece —34.1 -20.1 —-6.8 6.5 —5.9 3.5 8.3 —55 135
Hungary —69.7 —-58 277 302 5.5 -312 —-24 —-131 -3.8
Ireland 56.7 —10.1 233 38.6 53.9 15 18.4 —-82 569
Italy —51.8 —45 —411 -—-224 -253 -—-19.7 37 —12 —-9.7
Latvia 206 —223 —209 286 —303 14 —36.3 3 —16
Lithuania n.a. 9.1 —25.7 n.a. 21.7 —4.1 19.2 6.2 n.a.
Netherlands -2 -9 14.5 26.6 -5 —69 5 3.2 -3
Poland —689 —403 -—-331 -—-232 —453 -289 —-239 -523 -10.1
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Table A2. Cont.

Country 2009 2010 2011 2012 2013 2014 2015 2016 2017
Portugal -7.8 20 —142 408 279 238 248 242 258
Romania 29.1 3.2 -45.6 299 214 -366 —-276 —82 256
Slovakia n.a. n.a. 12.5 22.1 2.2 0.2 49 18 9.7
Slovenia n.a. -2 -50.8 —-3.7 371 141 -219 -16.8 -13.6
Spain 7.3 2.1 9.7 2.8 5.5 -3.5 1.6 —5.6 3.8
Sweden -112 -79 -51 -31.8 -331 -296 -206 -389 —284
United Kingdom 9.5 5.9 20.1 9.7 23 162 548 8.4 27.5
Total —27.7 —256 —168 —64 —96 —91 —-3.7 -—15 -3
Canada na. —953 —436 -—-1542 —658 —6.70 —16.79 —3.48 —5.02
USA na. 2413 2593 258 21.88 25 21.88 3548 285
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