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Abstract: Hydropower as stable power installations play an important role among renewable energy
sources. Yet, their share in renewable energy is small. Currently, it is only 10% of energy from
renewable energy sources (RES), compared to 27% in 2010. Therefore, the aim of this paper is to
assess the RES support schemes in Poland related to hydropower, such as green certificates, auctions
and FIT, with the use of the Levelized Cost of Electricity (LCOE) analysis in order to determine which
support scheme is best incentivizing hydropower development. The evolution of the hydropower
support scheme in Poland is presented. The total LCOE and possible revenues from support systems
for various segments of hydropower installations are graphically analyzed for two analysis periods
(15 and 50 years) and for two discount rates (7% and 11.4%). The analysis shows the great importance
of the support schemes in the profitability of the hydropower plants investments. The LCOE graphical
analysis proves to be suitable for showing sensitivity analysis of capital and operating costs of various
sizes of hydropower plants. The analysis shows that the LCOE in micro-power plants is usually
higher than the support and revenues available in the green certificates or auctions or FIT schemes
in Poland.

Keywords: hydropower; support scheme; auctions; feed-in tariffs; green certificates; levelized cost of
electricity LCOE

1. Introduction

Obligations in the field of energy policy of EU member states and the resulting ambi-
tious plan for the development of energy based on renewable energy sources (RES) requires
support from investors in order to increase the attractiveness of this type of investment
ensuring its profitability [1,2]. The dynamic development of wind energy and photovoltaics
brought a significant decrease in investment costs. Currently, in many countries, wind
energy and photovoltaics offer prices that are already close to the market prices of electricity.
However, a number of technologies, such as hydropower or biogas energy production, still
require support as the costs of energy production are far higher than market prices. This
is the first premise for differentiating support systems for individual RES technologies.
The second reason for the different approach to different technologies is their role in the
energy system. Energy production in wind and solar farms is highly variable over time
and depends on weather factors. The energy system must be flexible and have the ability
to balance production. Such a possibility is provided by hydroelectric power plants that
can act as intervention producers and are also a RES. Hence, the policy of many countries
is implemented in two sub-areas: (1) development of wind and photovoltaic energy as
the cheapest and most willingly undertaken investments by investors, (2) development of
stable RES (hydropower, biogas), but much more expensive to build. Due to the different
level of actual costs of energy production and the structure of the energy system, as well as
different visions of energy policy, the support systems for individual technologies should
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be different. There are a lot of schemes to support energy production from RES in Europe.
The European Commission does not impose any solutions on the member countries and
enables them a free selection of a support system. However, there is one condition, an
applied system needs to be simple, efficient and cost-effective. Support schemes, which
pose an operational support for producers of energy from RES, usually take the form of
guaranteed tariffs (feed-in-tariff FIT and fit-in premium FIP), green certificates, auctions
(tenders) and financial incentives (loans, subsidies, donations).

The EU countries implemented the development of RES technology in various ways,
and the installed capacity was almost doubled (from 255 to 449 GW—an increase of 77%)
in the last 10 years (Table 1). It was achieved mainly thanks to investments in wind
installations (increase in capacity of 112%) and solar installations (287%), with a slight
increase in the renewable capacity of hydropower of only 6% (Table 1).

Table 1. The capacity generated by selected RES technologies in form of power plants and other installations in the
EU countries.

Total RES Capacity
[MW]

Wind Energy
[MW]

Solar Energy
[MW]

Renewable
Hydropower [MW]

2010 2019 2010 2019 2010 2019 2010 2019

1 Austria 16,177 20,627 1016 3159 89 1578 12,895 14,554
2 Belgium 3041 9318 912 3780 1007 4531 118 112
3 Bulgaria 2707 4482 488 699 25 1065 2184 2524
4 Croatia 2218 3014 79 606 0 69 2129 2200
5 Cyprus 97 299 82 158 7 129
6 Czechia 3400 4349 213 339 1727 2070 1049 1092
7 Denmark 4916 9012 3802 6117 7 1079 9 9
8 Estonia 256 694 108 320 0 107 6 7
9 Finland 5127 8062 197 2282 7 215 3155 3287
10 France 31,717 52,928 5912 16,260 1044 10,571 23,617 24,086
11 Germany 56,545 125,476 26,903 60,840 18,006 49,018 5407 5595
12 Greece 4756 9805 1298 3547 202 2763 3215 3409
13 Hungary 862 2153 293 329 2 1277 53 57
14 Ireland 1664 4555 1390 4172 1 36 237 237
15 Italy 29,507 55,315 5794 10,758 3597 20,906 17,563 18,960
16 Latvia 1622 1801 30 78 0 3 1576 1565
17 Lithuania 278 850 133 546 0 103 116 117
18 Luxembourg 126 356 44 136 29 150 34 34
19 Malta 1 158 0 0 1 154
20 Netherlands 3032 12,075 2237 4463 90 6725 37 37
21 Poland 2178 9326 1108 5917 0 1300 936 968
22 Portugal 9607 14,082 3796 5233 134 842 5106 7249
23 Romania 6791 11,190 389 3040 0 1386 6382 6621
24 Slovakia 1803 2330 3 3 19 472 1600 1612
25 Slovenia 1133 1450 0 5 12 222 1074 1164
26 Spain 42,246 54,592 20,693 25,553 4605 11,065 16,086 16,781
27 Sweden 22,707 30,984 2017 8888 11 644 16,624 16,431

27-UE 254,512 449,286 78,937 167,228 30,622 118,479 121,208 128,707
Capacity change 2019/2010 177% 212% 387% 106%

Source: own selection based on [3].

The development of installed hydropower capacity exceeded 5% only in eight coun-
tries presented in Table 2 below, whereas in Poland the increase was approx. 3%. As
countries can support the development of RES technologies in different ways, Table 2
presents the support mechanisms used in the countries that have achieved greater success
in the development of hydropower than Poland (capacity increase above 5%).
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Table 2. Existing mechanisms supporting energy production in hydropower plants in EU countries where the increase in
hydropower capacity is the highest.

Country Share of Hydropower in
RES Capacity in 2019

Hydropower Capacity
Change 2019/2010 Type of Support of Hydropower

1 Portugal 52% 42% FIT
2 Estonia 1% 22% FIP, Tenders
3 Bulgaria 56% 16% FIT until 2018, FIP from 2018
4 Austria 71% 13% Subsidies, FIT
5 Slovenia 80% 8% Loans, Subsidies, Tenders

6 Italy 34% 8% FIP, Tax regulation mechanisms
(Reduction in real estate tax)

7 Hungary 3% 7% FIT& FIP, Loans, Subsidies

8 Greece 35% 6% FIT, Net-Metering, FIP, Subsidies, Tax
regulation mechanism (Development Law)

Poland 10% 3% Tenders, FIT & FIP from 2019, Green
certificates, Loans, Subsidies

Source: own selection based on [4–8].

The purpose of the support scheme is to provide conditions for the development of
RES installations, and as a result, to achieve the targets set in the country’s energy policy
and commitments to the increasing share of renewable energy in final energy production.
FITs were widely used over the last dozen or so years. Their effectiveness has been proof of
the increase in hydropower capacity in all countries mentioned in Table 2, but also above
all, the very dynamic increase onshore installation capacity in many EU countries, e.g., in
Germany and Spain.

In Poland, FITs were introduced only in 2019, previously from 2005, the main support
scheme was a system of green certificates. The collapse of the green certificates’ market
in 2012 forced the Polish government to introduce changes in the support scheme. From
2016, an auction system has been the main support mechanism. Auctions carried out in
2016–2018 revealed many deficiencies of the tender system, which was finally corrected
and supplemented with feed-in-tariff (FIT) and fit-in premium (FIP) in 2019.

In this paper, Polish support mechanisms and their impact on the implementation
of energy policy and on the efficiency and prospects of hydropower development are
presented. For the assessment of efficiency of the support scheme, the Levelized cost of
electricity method (LCOE) is used. LCOE is estimated and compared to prices and revenues
obtained in different existing support schemes.

2. Materials and Methods
2.1. Development of Hydropower in Poland

In Poland, the initial slow but steady growth of energy production from RES was ob-
served in the years 2010–2015. However, it decreased after the year 2015. As a consequence,
in Poland, the share of electricity generation from RES does not keep up with the set policy
goals and legal obligations [9,10]. According to the obligations of “Package 3 × 20%”,
Poland should have achieved, by the year 2020, 15% share of RES in gross final energy
consumption. However, by the year 2019, it was 12.2%. According to the country’s plans,
presented in Table 3 below, the legal obligation of share of RES in electricity generation in
the year 2019 was at the level 18.5% whereas, in reality, it reached 15.5% [9].
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Table 3. Existing and planned electricity generation by source [TWh], Poland.

Specification 2010 2015 2016 2017 2018 2019 2030 5 2040 5

Wind 1.7 10.9 12.6 14.9 12.8 15.1 38.3 55.2
Biomass 5.9 9.0 6.9 5.3 5.4 6.4 11.6 10.3
Hydro 2.9 1.8 2.1 2.6 1.7 1.7 3.0 3.1
Biogas 0.4 0.9 1.0 1.1 1.1 1.1 3.9 5.8

Photovoltaics 0.0 0.1 0.1 0.2 0.3 0.7 6.8 14.8
Others RES 1 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.5

Total RES 10.9 22.7 22.8 24.1 21.6 25.4 59.6 88.4
Share of electricity generation from RES 2 6.9% 13.8% 13.7% 14.2% 12.7 15.5 31.8% 39.7%

Legal obligation of share of RES in electricity generation 3 - 14.0% 15.0% 16.0% 17.5 18.5
Share of RES in gross final energy consumption 4 9.3% 11.9% 11.4% 11.1% 11.5% 12.2% 23.0% 28.5%

1—municipal and industrial waste; 2—according to Statistic Poland [9]; 3—according to the rules in force [10]; 4—according to the rules in
force [11]; 5—according to the National Energy and Climate Plan for the years 2021–2030 [12]. Source: own selection based on [9,11–13].

In this paper, the evolution of the hydropower support scheme in Poland is presented.
The aim of the paper is to assess the RES support schemes in Poland related to hydropower,
such as green certificates, auctions and FIT, with the use of the Levelized Cost of Electricity
(LCOE) analysis.

Hydropower, despite its small share in renewable energy (currently it is only 10%
of energy from RES, compared to 27% in 2010), plays a significant role, because these
are installations with stable power, which are an important regulatory element during
peak energy demand hours. This role is also taken into account in the country’s energy
policy. In the current Polish Energy Policy of 2009 [14], the government envisaged the
development of hydropower, which resulted in an increase in production in 2010–2020 by
almost 30%, so as to reach the level of 3.2 TWh in 2020. It was assumed that the installed
capacity of hydropower plants would grow from approx. 960 MW to 1135 MW in 2020
and ultimately to 1150 MW in 2030. Unfortunately, the unstable policy of supporting
investments, coupled with the required high level of investment outlays, meant that
investments in the hydropower sector have not increased at such a pace. Investments
carried out in recent years allowed for the achievement of a capacity of approx. 968 MW at
the end of 2019. The National Energy and Climate Plan for the years 2021–2030 developed
in 2018 [12] and the Draft of The Energy Policy of Poland until 2040 [15] released in 2020
keep the development of hydropower at the level of 1150 MW in 2030 and 1230 MW in 2040.
The increase in power from 968 MW to 1150 MW in the year 2030 and to 1230 MW in 2040
means the implementation of investments with a total capacity of 260 MW over 20 years
(13 MW/year), while in the last 10 years only 36 MW were implemented (investment
rate from the last 10 years is app. 4 MW/year). This means an almost 3-fold increase in
investments. Therefore, for the assumptions to be realized, the investment supporting
scheme in the hydropower sector must be much stronger than in the last 10 years.

2.2. Levelized Cost of Electricity

Levelized cost of electricity (LCOE) is a popular indicator, applied to assess economic
efficiency of the electric energy production. The LCOE includes current costs and capital
expenditures distributed into the entire life time of a project. Hence, LCOE is also a
profitability limit price (so called break-even price), assuring coverage of all expenditures
from sale of generated energy [16–24].

The LCOE is an average price, and it is calculated as a quotient of costs and effects
expressed in a current value (discounted) [24–27]:

LCOE = p =
∑n

t=0
(It+Ot)

(1+r)t

∑n
t=0

Et
(1+r)t

, (1)

where
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p average price of the electric energy in the time of the analysis,
It capital expenditures in a year t,
Ot operational expenditures in a year t,
Et production of the electric energy in a year t,
r discount rate (the weighted average cost of capital WACC),
t time in years from 0 to n,
n analysis period.

In addition, it is assumed for analysis purposes that capital expenditures are incurred
in year 0, and the operational expenditures and energy production are constant. Con-
sequently, the discounted totals: the sum of operational expenditures and the sum of
generation volumes may be replaced with the formula for the present value of an annu-
ity [28].

LCOE =
I0 + O (1+r)t−1

(1+r)t ·r

E (1+r)t−1
(1+r)t ·r

, (2)

Capital and operational expenditures are frequently given as the cost per unit of
installed capacity. Costs per unit are determined and used due among others to a strong
correlation between the amount of capital and operational expenditures on the one hand
and the installed plant power on the other hand. The annual volume of electric energy
generated also depends on the installed capacity and operation time. The time of operation
of a power plant within a year is known as the capacity factor in the literature on the subject
and is usually given in time units (hours of operation in a year).

LCOE =
CAPEX·M + OPEX·M (1+r)t−1

(1+r)t ·r

C f ·M (1+r)t−1
(1+r)t ·r

, (3)

where

M installed capacity [MW],
CAPEX unit capital expenditures [EUR /MW],
OPEX unit operational expenditures [EUR /MW],
Cf capacity factor [h],

other, as above.
The equation may be simplified to obtain the following formula:

LCOE =
CAPEX + OPEX (1+r)t−1

(1+r)t ·r

C f (1+r)t−1
(1+r)t ·r

. (4)

The last simplification is given by the following final formula for LCOE:

LCOE =
1

C f (1+r)t−1
(1+r)t ·r

CAPEX +
1

C f
OPEX. (5)

3. Results
3.1. Estimation of LCOE in Hydropower Plants in Poland

For needs of analyses, average values of unit capital expenditures were assumed
(CAPEX) acc. to the draft of the Polish Energy Policy for 2040 [15]—the latest governmental
publications regarding costs of RES investments (incl. hydropower). The data have
been adjusted on the basis of the literature regarding the costs of hydropower to IRENA
report [29] and data from Poland [15,22,30]. The data are broken down by power plant
capacity: (1) till 1 MW—these are installations that can benefit from FIT, and installations
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with a capacity of up to 20 MW, which can benefit from the support system in the form of
auctions divided into small and large power plants with significantly different construction
and operating costs (2) up to 5 MW and (3) power above 5 MW. Minimal and maximal unit
expenditures were adopted as 50% and 150% of the average cost. The values are presented
in Table 4.

Table 4. Unit operational expenditures CAPEX calculated for the analyses.

Specification

CAPEX
Micro Hydropower

(<1 MW)
[EUR 2019/kW]

CAPEX
Small Hydropower

(1–5 MW)
[EUR 2019/kW]

CAPEX
Mid Hydropower

(5–20 MW)
[EUR 2019/kW]

CAPEXmin = 50%CAPEXavg 2000 1600 1200
CAPEXavg 4000 3200 2400

CAPEXmax = 150%CAPEXavg 6000 4800 3600

average EUR /PLN exchange rate in 2019: 1 EUR = 4.2980 PLN. Source: own elaboration.

Annual unit operational expenditures (OPEX) are frequently defined as percentage of
the capital expenditures. Typical expenditures fluctuate from 1% to 3% [29–32]. For micro,
small and mid hydropower plants OPEX costs are assumed respectively 3%, 2.5% and 2%
CAPEX. Minimal and maximal unit expenditures were adopted as 50% and 150% of the
average cost (Table 5).

Table 5. Unit operational expenditures OPEX used in the analyses.

Specification

OPEX
Micro Hydropower

(<1 MW)
[EUR 2019/kW]

OPEX
Small Hydropower

(1–5 MW)
[EUR 2019/kW]

OPEX
Mid Hydropower

(5–20 MW)
[EUR 2019/kW]

OPEXmin = 50%OPEXavg 60 40 24
OPEXavg 120 80 48

OPEXmax = 150%OPEXavg 180 120 72

average EUR /PLN exchange rate in 2019: 1 EUR = 4.2980 PLN. Source: own elaboration.

Other data required for the LCOE analysis are: the life time (or analysis period), the
capacity factor and a discount rate. In the case of hydropower plants, the life time, that is
the life of the installation, is very high and equals 40–100 years [33–35]. Since determination
of the LCOE means, among other things, distribution of capital expenditures into the life
time/analysis period, correct and conscious estimation of the analysis period (time) is very
important. Acceptance of a period shorter than the life time is usually applied in order to
calculate the price, which enables return from the investment in such a shorter time. For
instance, an investor, who finances erection of a power plant from credit, with a re-payment
term equal to 10 years, is interested in LCOE for 10 years. There will be LCOE analysis for
selected periods: 15 years (the duration of public support) and 50 years (a life time).

The next important variable, which affects the LCOE, is the capacity factor reflecting
the number of operation hours of a power plant in a year. Therefore, the variable describes
the energy production output (and therefore, incomes of an investor). The capacity factor
arises, from one hand, from natural hydrologic conditions and from the other hand, from
a role played by power plants in a domestic electric-energy system (e.g., essential power
plants, peak demand power plants, auxiliary power plants). In order to estimate the LCOE,
the capacity factor was adopted at the level equal to 40% (3504 h annually).

A discount rate is the most frequently estimated as a mean cost of capital, and it
depends on costs of sources of investment funds (a weighted average cost of capital
WACC). Financing costs have a significant impact on the LCOE [36–39]. To compare, in
analyses of various technologies, LCOE is often used as average capital cost of technology—
usually at the level of 7–8%, e.g., in the latest reports, LCOE was used by IRENA at the level
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of 7.5% [29], and by NEA at the level of 7% [38], by the European Commission at the level
of 7% [40]. In the national analysis commissioned by the Ministry of Energy [41], LCOE
was indicated for all technologies using WACC at the level of 7% (without research on the
cost of capital, the adopted value was 7% based on the NEA publication from 2015 [42]).
However, assuming the same WACC for all technologies when calculating LCOE may
result in significant errors because an average cost of capital varies according to technology
and regions [36,43]. Bachner et al. analyzed the cost of capital in EU-28 member states plus
Norway, Liechtenstein and Iceland. Analyzed countries were aggregated to four regions
(Eastern Europe, Northern Europe, Southern Europe and Western Europe) and separately
two countries (Austria and Greece) were analyzed [43]. WACC rates were estimated for
eight technologies (including mean WACC) in a given region/country. From the point
of view of regional variability, the lowest WACC rates estimated in Greece (mean WACC
4.8%) and the highest for the region of Western Europe—mean WACC 11.7%; for the region
of Eastern Europe, WACC changes from 7.7% for Photovoltaics to 11.4% for Hydropower
and Nuclear energy, with an average at the level of 10.3%.

In this paper, two WACC levels are implemented: 7.0% as used in the country gov-
ernmental analyses and 11.4% as a real value for hydropower technology in the Eastern
Europe region determined on the basis of current and extensive research across regions
and technologies [43].

In summary, four variants of calculations will be carried out:

• For two periods of analysis: 15 and 50 years;
• For two discount rates: 7 and 11.4%.

Estimation of the LCOE was carried out on the basis of the formula (5) and the
outcomes are presented in Table 6.

Table 6. LCOE.

Micro Hydropower
(<1 MW)

Small Hydropower
(1–5 MW)

Mid Hydropower
(5–20 MW)

Min Mean Max Min Mean Max Min Mean Max

CAPEX [EUR 2019/kW]

2000 4000 6000 1600 3200 4800 1200 2400 3600

OPEX [EUR 2019/kW]

60 120 180 40 80 120 24 48 72

life time = 50 years; WACC = 7%
LCOE [EUR 2019/MWh]

58 117 175 45 89 134 32 63 95

life time = 15 years; WACC = 7%
LCOE [EUR 2019/MWh]

80 160 239 62 123 185 44 89 133

life time = 50 years; WACC = 11.4%
LCOE [EUR 2019/MWh]

82 117 82 45 82 134 82 63 82

life time = 15 years; WACC = 11.4%
LCOE [EUR 2019/MWh]

98 197 295 76 153 229 56 111 167

Source: own elaboration.

LCOE values were also calculated for the remaining CAPEX and OPEX values in the
ranges appropriate for the analyzed types of hydropower plants. The results are shown
in Figure 1 showing the LCOE calculations for the life time of 50 years. Horizontal and
vertical axes demonstrate unit costs, accordingly, CAPEX and OPEX, while the LCOE is
presented by means of colors in the diagram. On its left there is a legend assigning LCOE
values to particular colors. The figure also shows three black frames, which illustrate the
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assumed ranges of CAPEX and OPEX for micro (<1 MW), small (1–5 MW) and medium
(5–20 MW) hydropower plants.
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The first (from the right side) purple fields in the diagram represents the LCOE below
EUR 60/MWh—this level of LCOE can be achieved with CAPEX of less than EUR 2600/kW
and correspondingly low OPEX. For example, for CAPEX of EUR 2000/kW, OPEX can
be up to EUR 65/kW. This LCOE range can reach medium hydropower (>5 MW) where
CAPEX is in the range of EUR 1200–2500/kW and the corresponding OPEX level. Small
hydropower plants defined through the middle frame (1–5 MW) have little chance of
achieving such LCOE values—their CAPEX and OPEX costs tend to be higher (av. CAPEX
for small hydro is EUR 3200/kW). The range of SHP (1–5 MW) lies mainly in the blue
fields (LCOE in the range of EUR 50–130/MWh). Micro hydropower plants (<1 MW)
cannot reach LCOE below EUR 60/MWh—their CAPEX and OPEX ranges defined by
corresponding black frames are outside the purple fields.

The next blue fields in the diagram pictures the LCOE of EUR 60–120/MWh—this
level of LCOE can be achieved with CAPEX below EUR 5500/kW and correspondingly
level of OPEX. For example, for CAPEX of EUR 4000/kW OPEX can be up to EUR 130/kW,
in case of higher CAPEX for example EUR 5000/kW OPEX can be up to EUR 60/kW. This
LCOE range can mainly be achieved by typical medium and small hydropower plants—
frames (>50 MW) and (1–5 MW) representing their CAPEX and OPEX ranges are located
on these blue fields. Micro hydropower plants (<1 MW) can also reach this LCOE level,
but only with CAPEX and OPEX below their typical average values.

Micro hydropower plants (<1 MW) tend to reach LCOE levels of EUR 80–160/MWh
(the blue and green fields) and in the case of CAPEX and OPEX levels above the averages
the LCOE values may exceed EUR 120/MWh (the green fields).

However, the analyzed life span, 50 years, is not the time that investors take into
account. Typically, investors analyze performance over a shorter period of time—closer to
the actual expected payback period for the investment. The calculations for a period of
15 years are shown below and represent a much higher LCOE for all types of power plants.

In Figure 2, LCOE calculations are presented for an analysis period of 15 years.
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As shown in the chart above, the LCOE values are about two times higher than
previous. In this case, the medium hydropower plants mostly reach LCOE around
EUR 100/MWh. Small and micro hydropower plants can achieve LCOE values of EUR
100–200/MWh—their CAPEX and OPEX ranges defined by the respective black boxes are
almost in the blue and green fields.

The next figure (Figure 3) presents LCOE calculations for higher WACC value (11.4%)
and two analysis periods (15 and 50 years).
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For the lifetime of hydropower plants (50 years) for micro and small power plants,
LCOE EUR 100–200/MWh is about twice as much as for WACC = 7%, where LCOE was
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in the range of EUR 60–120/MWh. Similarly, about 1.5 times higher values occur for the
15-year analysis period.

3.2. Evolution of RES Support System in Poland
3.2.1. Green Certificates

In Poland, from 2005 to 2015, the main support system was a system of transferable
origin certificates, so called green certificates. In the green certificates system, producers
of the electricity from renewable resources, apart from profits from sale of energy, acquire
additional profits from sale of certificates of origin. Certificates of origin of the electric
energy from RES are issued by the President of the Energy Regulatory Office (URE).
Proprietary rights arising from the renewable energy certificates can be re-sold to energy
companies, which are obliged to hold percentage-specified quotas of green energy in their
annual electric energy sale. Instead of purchasing and cancelling the green certificates, it is
possible to make a replacement fee, the amount of which is established by the President
of the URE. Failure to perform this obligation results in a penalty imposed on a company.
Quantitative share of the electric energy from the certificates of origin in sale of total electric
energy is unstable, and it follows an adopted in an energy policy of the country, growing
share of the RES in production of the final energy, which has been growing annually by 1%,
from 12% in 2013 to planned 21% in 2021. Green certificates are traded at the commercial
sessions and at non-session transactions at Towarowa Giełda Energii S.A. (TGE S.A.). The
system of green certificates has functioned in Poland since 2005. At the preliminary time,
their prices were similar to the amount of a unit replacement price. However, from 2012,
the situation has changed because of over-supply of the certificates in the market and
implementation, since 2016, of a new auction system intended to support the RES (prices
from last years are presented in Figure 4).
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Figure 4. Prices of the green certificates 2010–2020 (in current prices). Source: own elaboration based on TGE S.A.

Prices of the green certificates stayed at the level of the replacement fee only at the
initiation of the system, until January 2012. In 2012, prices started to drop. In particular,
rapid drops were observed from July 2012, and in January 2013, the certificates of origin
were sold at a price equal to EUR 25/MWh. In subsequent months, the prices have been
gradually going up to EUR 58/MWh, but they still fluctuated a lot. In the following years,
2014–2017, a regular price drop took place, up to the EUR 6/MWh level. Collapse of prices
at the certificates market from 2012 to 2017 was caused by many factors, mainly by:

• Significant investments and growth of an installed power of the RES installations, in
particular, wind power plants and bio-mass power plants;
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• In 2012–2015 there was too low growth of obligatory share of the green energy in total
annual sale of the electric energy (in 2012—10.4%; 2013—12.0%; 2014—13.0%, 2015—
14.0% [44]), while, after investments made recent years, the production capability of
the RES installations gained the level in: 2012—13.2%; 2013—13.3%; 2014—15.3%;
2015—17.7% [45];

• The effect of uncertainty in the market of green certificates caused by amendments of
the law (the draft in subsequent versions was presented to the public by the Ministry
of Economy in 2011–2014), the final draft was submitted to the Sejm in July 2014, in
subsequent versions it was planned to introduce FIT tariffs and auctions of green
certificates instead of tariffs.

The most severe crisis in the market of green certificates exploded after the Act on
the RES [46] came into force. The Act implemented the auction scheme as the main RES
support tool. In particular, it is observed since mid-2016, when prices of the certificates
went down to a low level not exceeding EUR 10 /MWh, e.g., at the TGE session dated 29
June 2017 the lowest price was EUR 5.3/MWh.

3.2.2. System of Auctions

As mentioned above, the Act on the RES [46] established the auction system in 2015.
In the framework of this solution, owners of the RES installations sell manufactured electric
energy at auctions, which are attended by energy companies and other entities obliged
to keep the required level of the green energy in total sale of electric energy. Auctions
are organized by the President of the URE (URE = Energy Regulatory Office), where
bidders–manufacturers of RES energy submit their bids including price and quantity
of manufactured energy for a time equal to 15 years. The system in question has one
advantage, which the system of the green certificates was deprived of, namely, this is
the support stability. A price guarantee for 15 years assures “companies a long-term
security necessary to make investments in the renewable energy sector” [47,48], and such
requirements are imposed by the European Union’s regulations in this field. Auctions are
divided into separate baskets and the baskets give consideration to the size of an installation
(separate auction for small installations of capacity ≤1 MW and larger installations, of
installed power >1 MW), as well as the type of installation (separate auctions for energy
manufactured in installations using an agricultural biogas only, and installations, which
produce energy in a stable and predictable way). Offers of manufacturers must meet certain
requirements set out in the Law [46] and the offered price must not exceed the referential
price. Moreover, announcements concerning auctions include quantitative and amount
limits arising from the annual Ordinance of the Board of Ministers on maximal quantity
and value of the electric energy from renewable sources of the energy, which can be sold
at an auction in a particular year. Referential prices for main certain RES installations are
presented in Table 7.

Table 7. Selected referential prices of the electric energy originating from the RES in 2016–2020.

Type of RES Installation
Referential Price

[EUR /MWh]

2016 2017 2018 2019 2020

Hydropower
≤0.5 MW 109 112 128 128 144
0.5–1 MW 109 112 116 116 130

>1 MW 112 112 112 112 124
Solar energy ≤ 1 MW 108 105 98 90 84
Solar energy > 1 MW 104 99 93 85 79

Onshore wind ≤ 1 MW 70 74 74 74 74
Onshore wind > 1 MW 90 81 81 66 58

Source: own elaboration based on [49–54].
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The first auctions, announced and conducted in 2016, were to concern more than
7300 GWh (total in four baskets); however, the number of offers satisfied just 38% of this
amount. Just in the framework of one of the baskets (auction no. 3/2016 comprising
bids of photovoltaic and wind power plants), energy producers submitted more bids
than permitted by the ordinance quantity of the energy to be sold, in the framework of
this auction. In addition, the auction for installations consuming agricultural biogas, of
power exceeding 1 MW, did not take place because the number of bids was too small
(smaller than 3). The remaining two auctions, for the energy from the agricultural biogas,
from installations of power not exceeding 1 MW, and auction no. 4/2016 including small
hydropower plants, could not be called auctions since the no. of bids was too small;
they satisfied accordingly 39% and 32% of estimated energy volume, so all the bids were
accepted. In June 2017, two other auctions took place. The situation observed in 2016
repeated itself. The auction 1/2017 attended by wind power plants and photovoltaic power
plants was a subject of great interest; the quantity of the energy offered at the auction
exceeded the one permitted by the ordinance, so bids needed to be competitive. In turn,
the second auction, attended by owners of hydropower plants satisfied the quantity limit
only to the 21% extent. In 2018, 13 auctions were organized, but seven of them did not
have enough bidders. Offers in total met around 30% of volume announced. Hydropower
could take part in two auctions for small capacities up to 1 MW (auctions did not take place
due to the lack of offers) and one auction for capacity above 1 MW (the amount of energy
offered at 15% of the allowable quantity in the auction). Results regarding the quantity of
energy sold at the auctions are demonstrated in Table 8.

Table 8. Results of the RES electricity auction announced in 2016–2020.

Auction No.
Description of Installations Admitted to the Auction (Installation
Capacity: ≤ or >1 MW, CO2 Emission: ≤ or >100 kg/MWh; Annual

Operation ≤ or >3504 h)

Quantity of the Energy Sold at the
Auction [MWh]

Planned Real

1/2016 agricultural biogas, ≤1 MW 2,113,887 824,629
2/2016 agricultural biogas, >1 MW 2,309,382 0 1

3/2016 installation: ≤1 MW, CO2 > 100 kg/MWh, ≤3504 h 1,575,000 1,567,289
4/2016 installation: ≤1 MW, CO2 < 100 kg/MWh, >3504 h (incl. hydropower) 1,306,870 416,554
1/2017 installation: ≤1 MW, CO2 > 100 kg/MWh, ≤3504 h 4,725,000 4,720,962
2/2017 installation: ≤1 MW, CO2 < 100 kg/MWh, >3504 h (incl. hydropower) 1,484,764 312,441
1/2018 other biogas, biomass/waste, CHP, >1 MW 33,864,470 0 1

2/2018 agricultural biogas, >1 MW 1,467,617 0 1

3/2018 hydropower, bioliquid, offshore, ≤1 MW 1,475,211 0 1

4/2018 agricultural biogas, ≤1 MW 1,149,296 0 1

5/2018 other biogas, biomass/waste, CHP, ≤1 MW 915,336 0 1

6/2018 onshore wind, photovoltaics, >1 MW 45,000,000 41,996,772
7/2018 other biogas, biomass/waste, CHP, >1 MW 57,699,309 972,000
8/2018 agricultural biogas, ≤1 MW 13,311,000 0 1

9/2018 onshore wind, photovoltaics, ≤1 MW 16,065,000 8,169,917
10/2018 hydropower, bioliquid, offshore, ≤1 MW 3,750,000 0 1

11/2018 agricultural biogas, ≤1 MW 11,700,000 3,489,766
12/2018 hydropower, bioliquid, offshore, >1 MW 5,400,000 816,000
13/2018 agricultural biogas, >1 MW 3,510,000 717,280
1/2019 other biogas, biomass/waste, >1 MW 33,864,470 0 1

2/2019 agricultural biogas, >1 MW 1,467,617 219,837
3/2019 hydropower, bioliquid, offshore, ≤1 MW 1,475,211 0 1

4/2019 agricultural biogas, ≤1 MW 1,149,296 0 1

5/2019 other biogas, biomass/waste, CHP, ≤1 MW 1,120,000 0 1

6/2019 onshore wind, photovoltaics, >1 MW 113,970,000 77,837,230
7/2019 other biogas, biomass/waste, CHP, >1 MW 14,190,000 972,000
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Table 8. Cont.

Auction No.
Description of Installations Admitted to the Auction (Installation
Capacity: ≤ or >1 MW, CO2 Emission: ≤ or >100 kg/MWh; Annual

Operation ≤ or >3504 h)

Quantity of the Energy Sold at the
Auction [MWh]

Planned Real

8/2019 agricultural biogas, ≤1 MW 140,400 0 1

9/2019 onshore wind, photovoltaics, ≤1 MW 11,445,000 11,436,780
10/2019 agricultural biogas, ≤1 MW 1,341,821 0 1

11/2019 hydropower, bioliquid, offshore, ≤1 MW 594,000 0 1

12/2019 agricultural biogas, >1 MW 1,170,000 0 1

1/2020 agricultural biogas, >1 MW 2,500,000 501,214
2/2020 other biogas, combustion of biomass/waste, >1 MW 10,950,000 319,606
3/2020 hydropower, bioliquid, offshore, ≤1 MW 540,000 0 1

4/2020 other biogas, biomass/waste, CHP, ≤1 MW 375,000 0 1

5/2020 hydropower, bioliquid, offshore, ≤1 MW 1,080,000 0 1

6/2020 agricultural biogas, >1 MW 1,800,000 0 1

7/2020 onshore wind, photovoltaics, >1 MW 46,290,000 41,939,089
8/2020 onshore wind, photovoltaics, ≤1 MW 11,760,000 11,747,068
1—The auctions were not conducted because attenders submitted less than 3 bids meeting the requirements. Source: own elaboration
based on [55].

The course of auctions, and more accurately, insufficient no. of bids at certain auctions,
which resulted in a situation where bids are not competitive, obviously affected prices
obtained at these auctions. Prices at auctions “without competition”, that is bids at auctions
concerning agricultural biogas installations and hydropower plants, reached prices higher
compared to the bids at the auction which was attended by wind and photovoltaic power
plants. Prices were presented in Table 9.

Table 9. Auction prices of the electric energy from the RES in 2016–2020.

Auction No. Description of Installations Admitted to the Auction Prices [EUR /MWh]
Minimum Maximum Average

1/2016 agricultural biogas, ≤1 MW 117 117 117
3/2016 photovoltaic, onshore wind, ≤1 MW 59 95 82
4/2016 hydropower, biogas and biomass, ≤1 MW 7 1 109 87
1/2017 photovoltaic and onshore wind, ≤1 MW 45 93 87
2/2017 hydropower, biogas and biomass, ≤1 MW 67 110 86
6/2018 onshore wind, photovoltaics, >1 MW 37 50 46
7/2018 other biogas, biomass/waste, CHP, >1 MW 93 93 93
9/2018 onshore wind, photovoltaics, ≤1 MW 67 85 82
11/2018 agricultural biogas, ≤1 MW 125 133 131
12/2018 hydropower, bioliquid, >1 MW 97 112 108
13/2018 agricultural biogas, >1 MW 115 120 118
2/2019 agricultural biogas, >1 MW 144 147 146
4/2019 agricultural biogas, ≤1 MW 149 155 153
6/2019 onshore wind, photovoltaics, >1 MW 38 54 49
7/2019 other biogas, biomass/waste, CHP, >1 MW 93 93 93
9/2019 onshore wind, photovoltaics, ≤1 MW 63 76 74
1/2020 agricultural biogas, ≤1 MW 146 152 150
2/2020 other biogas, biomass/waste, CHP, >1 MW 88 95 90
7/2020 onshore wind, photovoltaics, ≤1 MW 44 58 52
8/2020 onshore wind, photovoltaics, ≤1 MW 52 63 60

1—Acc. to information obtained from Small Hydropower Association, the price equal EUR 7 arises from an editorial mistake–a misprint
made by the manufacturer, who submitted the bid, and who wanted to place a bid equal EUR 70. It is very probable since nobody would
place a bid below the market price of the energy, which, in fourth quarter 2016 equaled approx. EUR 40. Source: own elaboration based
on [55].

Prices reached in the auctions in years 2016–2018 by owners of the hydropower plants
equal EUR 70–110/MWh, and they are 70–170% higher than the average market electricity
price, which was approx. EUR 40/MWh in the period of 2016–2018. The price of energy in
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2019 was much higher approx. EUR 57/MWh [56], in such market conditions, the prices
achieved at the auction are not so favorable.

Despite the greater profitability in the auction system compared to the system of green
certificates, few entities took part in the auctions. A significant reason for the limited share
of hydropower plants at the auctions in 2016 and 2017 is a requirement worded “capacity
factor exceeding 3504 MWh/MW/year”. It means that a power plant must use the installed
power at 40% of its capacity level (quantity of energy possible to be manufactured from
1 MW of its power for 365 days a year and 24 h during a day & night cycle is 8760 MWh). As
mentioned above, to a large extent, because of hydrologic conditions, hydropower plants
use installed power at the level of 35% (an average for 2005–2015; max. in 2010—42%, min.
in 2015—29%). Penalties for failure to utilize the power, a smaller quantity of manufactured
energy, were serious at 50% of the offered price; for instance, a manufacturer, who won an
auction with the price equal to EUR 100/MWh, in case of failure to satisfy the utilization of
the power, pays EUR 50 per every 1 MWh of non-manufactured energy.

Experiences arising from previous auctions, showing imperfections of the auction
system, made the Ministry of Energy prepare a novelty of the Act on the RES (in 2017),
which aims, among others, to take into account the dependency of the hydropower plants
on a hydrologic situation. Presently, failure to meet the condition of minimal energy
utilization factor resulted in serious penalties, and they were not imposed only in the event
of a natural disaster in the meaning of the Act on natural disasters [57]. Unfortunately,
the Act in question defines natural disaster very restrictively which means, that from the
moment it was passed (2002), the natural disaster emergency has never been announced
despite the fact that droughts, which heavily affected the possibility to manufacture the
energy, occurred three times since then. According to amendment of the Act on the RES [46],
the owner of the hydropower plant, entering into an auction, will declare the capacity factor
(higher or not higher than 3504 MWh/MW/year), but after verification of the real power
utilization factor, it is possible to take into account the occurrence of “changes in hydrologic
flow, exceeding 25% of an average flow from a multi-annual period (SSQ), confirmed by
hydrologic data of the Institute for Meteorology and Water Management”. It means that
announcement of a natural disaster is no longer a necessary condition; occurrence of small
flows, confirmed by the mentioned Institute, will be enough.

At 39 announced auctions, tenders were held at 20 auctions and hydropower plants
entered 3 auctions in years 2016–2018. From 2019, also as a result of an analysis of the
attractiveness of support systems for hydropower, another amendment to the law was
initiated, which resulted in the implementation of another support tool—feed-in tariffs.

3.2.3. Guaranteed Tariffs

The second change in the governmental amendment of the Act on the RES [46],
substantial for owners of small hydropower plants, is the implementation, apart from the
auction system, of an additional supportive tool in the form of guaranteed tariffs (feed-in-
tariff FIT and fit-in premium FIP). Owners of micro hydropower plants (capacity up to
50 kW or 50–500 kW) will be able to sell manufactured energy at a regular price equal to
80% of the referential price without entering into the auction’s system. Owners of such
installations, in order to sell the energy, must submit a sale declaration to the President of
the URE and meet the requirements defined in the Act. A guaranteed price equals 80%
of the referential price and acc. To the data presented in Table 7 equals to EUR 102 in
2018–2019. This price is lower than the maximum and average prices (EUR 112 and EUR
108) obtained at the auction in 2018.

Poland is one of a few EU countries which have not implemented a system of guaran-
teed tariffs. The guaranteed tariffs systems (FIT and FIP) are a commonly applied model
of operational support in the European Union’s countries. In 2005 the guaranteed tariffs
were applied in 18 Union’s countries, while the green certificates in 7 countries [58]. As
mentioned above, stable, long-term support in the form of guaranteed prices resulted in
rapid growth of share of the RES (mainly wind power plants, photovoltaics plants and
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biomass powered power plants) in total production of the electric energy in Germany, Den-
mark and Spain. Presently, member countries, on the basis of the European Commission’s
recommendations regarding public aid in the field of RES [59,60] are giving up guaranteed
tariffs (they will be left only for micro and small installations of power not exceeding
500 kW) and promote such market instruments as auctions or other tender procedures.

The implementation of the FIT/FIP feed-in tariff system resulted in the fact that every
year investors build several micro-power plants of this type (Table 10).

Table 10. Investments in micro and small hydropower plants in years 2019–2020.

Micro HP (Up to 50 kW) Micro HP (Capacity 50–500 kW)
Number of Plants Total Capacity [MW] Number of Plants Total Capacity [MW]

31 December 2018 281 8.06 346 54.37
31 December 2019 292 8.36 349 54.46
31 December 2020 298 8.53 351 54.73

Source: own elaboration based on [61].

After implementation of additional FIT tariffs system, Poland has support schemes,
which should stabilize the situation in the RES energy market, decrease the investment
risk and consequently, translate into the development of investments in this field. In
justification of the Act, it was written that proposed solutions are made in order to support,
among others, the hydropower sector: “proposed new regulations concerning FIT and FIP
contribute to performance of goals in Strategy for Responsible Development” [62]. In the
field of hydropower, new regulations will enable performance of a strategic project meaning
“increase in utilization and development of the hydro-energy industry, by elimination of
administrative barriers in the area of the hydropower sector, development of the industry
manufacturing devices for needs of the water energy and management or re-construction
of existing dams owned by the treasury, for needs of production of the electric energy” [63].

3.3. Evaluation of Support Systems Using LCOE

Based on the above analysis, the LCOE diagram is presented to compare support
schemes. The spotted lines depict potential income from the three support schemes:

• green certificates, income at the level approx. EUR 87/MWh (market energy price
EUR 57/MWh (2019) + price of green certificates EUR 30/MWh),

• the average price from auction system (2018): EUR 108/MWh,
• guaranteed prices FIT: EUR 102/MWh.

The calculated LCOE costs (indicated by the black frames) is compared with the
possible revenues from particular support schemes (the colored spotted lines illustrating
the level of incomes that can be achieved in systems of: green certificates—green line,
auctions—yellow and FIT—red) in Figure 5.

All support systems are very attractive for medium-sized power plants—the rectangle
showing this type of power plant marked “>5 MW” lies mainly in the purple and navy
blue field, which shows the LCOE cost at the level of 40 to 80 EUR/MWh. The “>5 MW”
rectangle lies almost entirely to the right of the lines representing all support systems—so
medium-sized power plants have LCOE below the support offered by all systems. This
means that an investor using the green certificate system or auctions (FIT is not available
for medium-sized power plants) generates profits (revenues exceed both operating and
investment costs).
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Figure 5. The total cost LCOE and possible revenues from support systems (green certificates,
auctions, FIT), analysis period 50 years, capital costs 7%. Source: own elaboration.

Small power plants, the rectangle showing this type of power plant marked “1–5 MW”
lies mainly in the blue and navy blue field, which shows the LCOE cost at the level of 60
to 120 EUR. The rectangle “1–5 MW” lies halfway to the right of the lines depicting all
support systems. This means that an investor using the green certificate or auction scheme
(FIT is not available for small power plants) can profit if his CAPEX is below EUR 3700/kW
and OPEX is sufficiently low as shown in the figure below:

• Figure 6a for CAPEX EUR 3700, OPEX can be at most at the level of EUR 40, but with a
lower construction cost, e.g., EUR 3200, OPEX even at the level of EUR 77 still ensures
LCOE on the border of revenues from green certificates (87 EUR/kW);

• Figure 6b for CAPEX EUR 4700, OPEX can be at most at the level of EUR 40, but
with a lower construction cost, e.g., EUR 4000, OPEX even at the level of EUR 92 still
provides LCOE at the limit of revenues from the auction (108 EUR/kW).
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Micro power plants—the rectangle showing this type of power plant labelled “<1 MW”
lies mainly in the green and blue boxes which show the LCOE cost between 80 and 160 EUR.
Only a small part of this rectangle lies to the right of the lines showing all support systems.
This means that the LCOE in micro-plants is usually higher than the support/revenues
available in the green certificates/auctions/FIT system. For example, an investor may
profit if his CAPEX and OPEX are sufficiently low as shown in the figure below:

• Figure 7a for CAPEX EUR 4400, OPEX can be at most at the level of EUR 60, but
with a lower construction cost, e.g., EUR 4000, OPEX even at the level of EUR 90 still
provides LCOE at the limit of revenues from the auction (108 EUR/kW);

• Figure 7b for CAPEX EUR 4000, OPEX can be at most at the level of EUR 60, but with
a lower construction cost, e.g., EUR 3000, OPEX even at EUR 135 still ensures LCOE
on the border of revenues from FIT (102 EUR/kW).
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Results presented in Figures 5–7 and discussed above show the total cost distributed
into 50 years, which is a case when an investor gets the capital back within such time.
However, typically if an investor expects a return on investment within a shorter period
of time, then LCOE is much higher. In Figure 8, there are calculations of the total cost
of energy production LCOE in case of return from the investment in the time period of
15 years, which corresponds to the duration of the support—all systems provide support
only for this period.

Shortening of the analysis time, which means for an investor the shortening of the
capital return time up to 15 years, results in a substantial increase in the LCOE. Micro and
small hydropower plants hardly have the ability to reach this level of LCOE. This means
that these investments have no chance of returning on investment in such a short period;
they would have to be built at a cost lower than EUR 3000/kW and then operated at a
sufficiently low OPEX cost (e.g., for CAPEX EUR 2500, OPEX must be less than EUR 105 in
the auction system and EUR 85 in the FIT system).

Therefore, recently another change in the support systems has been proposed—
extending the support period from 15 to 20 years for the hydropower sector, which would
increase their attractiveness for investors and encourage them to undertake these costly
and long-paying investments.

Figure 9 shows the LCOE for the 20-year period and the 7% rate.
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It can be observed that the situation of small power plants 1–5 MW has significantly
improved. In the auction system, there is more than half of the rectangle representing the
CAPEX and OPEX usually occurring in this type of power plants. In terms of micro-power
plants—still only the cheapest-built and operated installations would have LCOE below
the level of revenues in FIT systems and auctions. Most of the investments in micro power
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plants would be unprofitable, which shows how the construction of support systems is
very important in promoting this type of power plant.

4. Discussion

The Act on Renewable Energy Sources dated 20 February 2015 implemented a new
operating support system for the RES industry. The first auctions, which were held in
2016–2018 resulted in many positive and negative effects in the RES market. Total collapse
took place in the market of green certificates—their price dropped to the EUR 5/MW,
which probably will cause total outflow of investors from this support system. For the
hydropower sector, the new auction system has not turned out to be an advantageous
solution, despite prices at the auction assure profitability of investments (averagely EUR
90/MW). Auctions were attended by 10–15% of hydropower plants only; a probable barrier
was requirements that were too restrictive concerning the capacity factor. Experiences from
first auctions made that the Ministry of the Energy prepared an amendment of the Act
on the RES, which aims to mitigate the afore-mentioned barrier, and to implement a new
system of support—guaranteed tariffs FIT and FIP for micro and small hydropower plants.
Although the FIT scheme brings less revenues to the hydropower plants energy providers,
it is more stable and thus reliable for the investors. The low attendance in the auctions
shows a barrier in using this scheme for the hydro energy sector.

Evaluation of different policy frameworks and support mechanisms to promote the
penetration of renewable energy technologies into the energy mix of a country is widely
analyzed in the literature, e.g., [64–66]. Defects of the mechanisms and recommendations
for the viability of the processes are proposed in a case-by-case manner depending on
the country, the RES type and technology. For example, the effectiveness of auctions in
India can be improved by ensuring competition, improving transmission infrastructure,
providing payment guarantees, using pay-as-bid auctions, including stringent penalties
for delays, and introducing auctions in a controlled manner [66]. In the case of FIT scheme,
analyzed in relation to photovoltaics, Pyrgou et al. observed that for the prevention of
the collapse of the scheme, the tariff’s value ought to be determined by each country’s
government based on a set of influencing factors including the operational, capital and
investment costs of each renewable energy technology [64]. This view is supported also by
the conclusions reached after the analyses in this paper.

It is worth emphasizing that the experience of EU countries and also countries outside
the EU shows that in the development of small hydropower plants, the support system
based on FIT can bring rapid and significant capacity development, e.g., Vietnam, Malaysia,
Turkey have achieved capacity growth at FIT supported renewable hydropower in the
period 2000–2019 more than 5 times, 4 times and 2.5 times, respectively [3,67].

Another aspect that strongly influences the contemporary structure of the RES sector
in Poland, namely limited development of hydropower with a significant increase in the
use of solar and wind energy, is certainly the environmental impact of the RES installations.
Many researchers emphasize that hydropower has a serious direct negative environmental
impact related to the implementation and operation of hydropower plants, in particular
those related to the construction of reservoirs [68–71]. Frey and Linke emphasize that, apart
from the criterion related to renewability, sustainability is very important and it should be
taken into account in public support systems for particular technologies [68]. In addition,
the analyses of Pata et al. [72,73] and Bildirici and Gökmenoğlu [74] show that hydropower
energy consumption may also increase environmental pollution. Therefore, despite the
fact that hydropower is classified as a renewable energy source, many countries support
and will promote other, more sustainable, non-consumptive technologies, such as PV and
wind power plants.

Total LCOE, including capital expenditures and operational expenditures estimated for
the 15-year return period and the capital cost at 8.6% level, shows that investments in micro
and small hydropower plants can be attractive for investors, however, exclusively in a stable
operational support system. Small and micro hydropower plants, of capacity below 1 MW
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have a total LCOE above EUR 100/MWh. Such price levels can be obtained at auctions,
but there were also a few auctions with lower prices. For sure, the implementation of
guaranteed prices established in 2018 will increase the share of existing hydropower plants
in the support systems as well as contribute to new investments in the hydropower sector.

5. Conclusions

The analysis shows the great importance of the support schemes in the profitability of
the hydropower plants investments. The support scheme is, in fact, the key and crucial
factor when it comes to the decision-making concerning such investments.

The example of Poland shows that rapid changes in support systems may stop the
development of investments, and that not all solutions can be used for small-scale invest-
ments. For instance, the auction system with a complex application system did not work
for micro hydroelectric plants and only the introduction of additional FIT and FIP brought
interest in this type of investment. Moreover, it was adverse to treat different technologies
equally in the certificate system and in the auction system (common auction baskets, little
differentiation of reference prices) because they have completely different investment costs
and energy production costs.

The paper presents LCOE calculations for the hydropower sector with reference to
the offered support schemes (certificates, auctions and FIT tariffs) for various discount
rates and analysis periods. The LCOE graphical analysis proves to be suitable for showing
sensitivity analysis of capital and operating costs of various sizes of hydropower plants.

This type of analysis can be used for the construction of support schemes, in particular
for determining the levels of support for FIT rates, reference prices, as well as periods of
financial support.

The analysis shows that the LCOE in micro power plants is usually higher than the
support and revenues available in green certificates or auctions or FIT schemes constructed
and defined for Poland. When it comes to micro power plants, only the cheapest-built and
operated installations would have LCOE below the level of revenues in FIT systems and
auctions. This means that most of them would be unprofitable and support systems are very
important in promoting this type of RES power plants. Especially when they are playing an
important role in the RES mix due to their stability as in-grid energy providers. Therefore,
the functioning schemes need to be improved in order to provide more incentives for the
investors of this particular RES.
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