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Abstract: In many countries, energy security is treated as a priority for the coming decades, and
at the same time energy production from the vast majority conventional energy sources does not
meet environmental protection criteria. Hence, the need to use renewable energy sources (RES),
which can largely satisfy energy needs. The aim of the study was to identify possibilities of creating
autonomous energy regions (ARE) in Poland, based on renewable energy sources. Attention was
paid to the role and significance of the potential of rural areas in this respect, taking into account the
possibilities of increasing energy production from these sources in individual regions of Poland. The
research was conducted on a regional level (division into voivodships) and on a local level (division
into powiats, which form voivodships). When assessing the potential for constructing ARE based on
RES, the following energy sources were taken into account: water, wind, sun, biogas and biomass. It
was found that the highest RES potential versus energy consumption can be obtained in powiats
where the share of arable land and forests exceeds 80%. The research showed that in most regions of
Poland (powiats, voivodships), there is a large potential for obtaining additional energy from RES,
which would cover over 73% of the country’s demand for electricity. This could be the basis for
building energy independence on a local scale. The results of the study indicated that as many as
seven regions would become self-sufficient in terms of electricity demand.

Keywords: regional potential; rural areas; renewable energy sources; autonomous energy regions

1. Introduction

Energy production, like food production, is of strategic importance to every country.
At the current stage of development, there is an increasing demand for energy, which
affects the socioeconomic development and quality of life of the population [1,2]. In the
report International Energy Outlook, released by the Energy Information Administration
(EIA), it was assumed that by the middle of this century energy consumption will increase
by about 50% [3], and only from 2000 to 2018 global energy consumption increased by
48.2% [4]. At the same time, it was emphasized that energy production, in its vast majority,
is based on conventional energy carriers [5,6], which poses an increasing threat to the
environment [7] and human health, especially children’s health [8]. Increased energy
consumption determines the competitiveness and growth opportunities of businesses and
the well-being of households [9], and as Gielen et al. [10] state, renewable energy can
meet two-thirds of total global energy demand, but this will require new technologies
and innovations.

Herington et al. [11] indicate that billions of people worldwide remain without ac-
cess to modern energy services, most of whom live in rural areas [1,12]. To support the
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deployment of such services, local energy solutions must be taken into account [13]. Hence,
there is a need to look for innovative solutions to meet growing energy demands [14–16],
improving energy security while reducing the negative effects of its production on the
environment [17–20], and thus on the health (quality of life) of people. A solution to this
search is the development of Autonomous Energy Regions (ARE) based on RES, seen
as the construction of energy self-sufficient regions (local development of RES potential,
also sometimes referred to as Municipal Energy Centres) that fit into the socio-economic
conditions of the development of a given area and their sustainable development [21,22].
As energy production based on RES has a spatial character, a special role in the creation of
ARE is played by rural areas, which constitute the dominant part of Poland’s area (93%) [23]
and endogenous potential related to agriculture and the development of nonagricultural
functions of these areas [24,25].

The idea of ARE is in line with the latest global trends of energy distribution based
on locally available energy sources that contribute to increased efficiency of the energy
system [4,7,26]. Undoubtedly, RES-related technologies are a part of smart technologies
and, at the same time, part of the Directive (EU) 2018/2001 of the European Parliament
and of the Council of 11 December 2018 on the promotion of the use of energy from
renewable sources. The directive highlights the coupling of the particular importance of
rural areas in the development of RES and, vice versa, the development of RES for rural
development [27,28].

The need for RES development is widely recognised. The possibility of transmitting
energy from remote areas is even indicated to move towards a sustainable, resource-efficient
and low-carbon energy system [29]. Müller et al. [30] report that the use of renewable
energy sources (RES) in small autonomous (decentralised) power systems can reduce
emissions and increase the cost-effectiveness of energy supply. This is confirmed in a study
by Marchenko and Solonim [31], which indicates the use of renewable energy sources in
autonomous energy supply systems proves to be economically efficient. However, it also
highlights that deployment of renewable energy sources is cost-intensive [32,33].

For some renewable sources, electricity production depends on environmental factors
such as water resources (hydroelectric power plants) or weather (wind and solar power
plants), and, as studies indicate, these resources vary regionally [34–36]. RES, in contrast to
conventional power plants, are characterized by a much wider range of net efficiency: from
9% for photovoltaic panels to about 80% for hydroelectric power plants [37]. This lower
efficiency (except for hydroelectric power plants) translates into higher costs of energy
production in the micro account, which, in the case of RES, should be considered on a
macro scale taking into account the theory of public goods. A special feature of public
goods related to agriculture and rural areas is the fact that they may be an external effect
of agricultural production [38,39], an intentional effect or a common resource held by
society [40]. This is particularly important in relation to the creation of autonomous energy
regions based on energy from RES.

It is worth emphasizing that in recent years there have been many studies focusing
on the description of the renewable energy potential [41] or the dynamics of electricity
production from renewable sources in Poland [42]. Some of the works usually focused
on one of the renewable sources, such as the description of hydropower resources made
by Kowalczyk and Cieśliński at the voivodship level [43] or the energy potential of straw
and hay estimated by Jarosz [44] at the municipal level. Therefore, due to different lev-
els of spatial aggregation and selective presentation of particular issues, a need arose to
describe the entire potential of renewable energy in the era of the upcoming energy trans-
formation. Research in this field is an important contribution to work on improving the
energy policy supporting the development of renewable energy sources as an important
factor in improving the quality of the environment and limiting the causes and effects of
greenhouse effects.

The aim of the paper is to identify potential possibilities of constructing autonomous
energy regions (ARE) in Poland based on renewable energy sources on the basis of diverse
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endogenous potential of regions. The main research problem relates to finding an answer
to the fundamental question of what role do and can rural areas play in the construction of
ARE and in the production of energy from renewable sources in Poland. In particular, we
seek to find out:

- The current role of RES in balancing the total energy production in the regions;
- The possibilities for increasing energy production from these sources in individual

regions of Poland;
- The current balance of energy production and consumption in each region;
- The status and potential for development of energy production: wind, hydro, biogas,

biomass and photovoltaic;
- The potential for energy generation (energy density) from RES per hectare of nonur-

banised land (including agricultural land and forests) and per capita.

The opportunities for the ARE development resulting from varied endogenous po-
tential at regional and local levels are still poorly recognised in Poland. Such recognition
is important from the point of view of the need to build the ARE development strategy,
taking into account the specificity of regions resulting from their endogenous potential as
well as from the point of view of the necessary measures supporting the ARE development.

2. Materials and Methods

The research was carried out on a regional basis in Poland. The spatial scope of the
research covered all voivodships (regional level) of the country and their powiats (local
level). In the projection of the assessment of potential for constructing RES-based ARE, the
study was limited to the main sources, namely energy from: water, wind, sun, biogas and
biomass. The potential of electricity production from these sources was calculated for each
powiat. In the case of biogas and biomass, it was assumed that these raw materials are
burned in cogeneration devices with an overall efficiency factor of 65% (this is the lower
efficiency limit of devices currently available on the market) [45]. Thus, the obtained values
of electricity production from the considered RES were compared with the data included
in the balance report of energy carriers and heating infrastructure (G-02b) prepared by
Statistics Poland in 2018 [46]. The choice of electricity for the assessment of RES potential
and the construction of ARE relates to the fact that it is a form of energy that is significantly
more difficult to produce than heat. Therefore, comparing the potential of electricity
production from renewable sources against its consumption allows for a more detailed
picture of RES potential for individual powiats.

Bearing in mind that some powiats, due to the location of large power plants, may
have a considerable surplus of electricity, in further calculations only the consumption of
electricity was taken into account excluding the energy industry and lignite mining (lignite-
fired power plants and lignite mines are in fact the same complex). The above assumption
made it possible to calculate the demand for energy in each of the powiats, disregarding
the so-called parasite power from conventional utility power plants. The calculation of
electricity production potential was carried out for each renewable energy source separately.
Subsequently, their total potential was compared with the current electricity consumption.

2.1. Calculation of Small Hydropower Potential

In Poland, as in the rest of Europe, the construction of large hydropower plants
(with a capacity of several hundred MW) is impossible, mainly due to the geographical
and ecological conditions. Therefore, the study focuses on the possibility of hydropower
development based on the expansion of MEW, which, according to the terminology used
in Poland are facilities with an installed capacity of less than 5 MW. In contrast to large
hydropower plants, small hydropower plants can be built on existing water stages and
the electricity produced in these installations could be used primarily to meet local needs.
Most MEW can operate on the basis of an Archimedes turbine using a low water drop of
1~10 m and low flow, so it can be easily seen that they fit perfectly into the hydrological
conditions of the country. The potential of MEW was calculated based on Renewable
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Energy Sources Transforming Our Regions (RESTOR) Hydro database, which shows that
there are more than 6000 sites in Poland suitable for MEW construction [47]. In order to
calculate the so-called technical potential, it was assumed that the installations operate with
a net efficiency of 80% for 70% of hours in a year [48]. The calculations of the potential of
small hydropower plants (MEW) were carried out based on the RESTOR Hydro database
taking into account facilities for which the size of the minimum drop exceeds 1.6 m and
the annual average flow is not less than 0.1 m3/s [49]. The facilities that were found in the
inventory materials as dams that once existed and were decommissioned were not taken
into account. In this way, the potential of MEW power was achieved, which was feasible
for economic reasons.

2.2. Calculation of Wind Energy Potential

An analysis of the wind energy zone map prepared by the Institute of Meteorology
and Water Management—National Research Institute shows that about 60% of Polish
territory has favourable conditions for wind energy development [50]. Wind has the largest
share in energy production from renewable sources. Onshore wind power is currently
the cheapest new energy generation technology in Poland [51]. The installed capacity
of wind farms was over 6.7 GW in March 2021 [52]. However, it should be remembered
that a large part of such areas is excluded from the possibility of their use by various
forms of nature protection, e.g., national parks and their buffer zones, landscape parks
and Natura 2000 areas [53]. Buildings or inaccessibility of the terrain (mountainous areas,
swampy areas or dense forest complexes) are also a limitation. The factor of the so-called
roughness of the terrain, which is determined mainly by the proximity of forest complexes
and buildings, is indicated as very important [54]. In practice, the introduction of the so-
called 10H rule [55], under which the permissible distance of a windmill from residential
buildings is to be equal to or greater than ten times the height of the wind turbine measured
from ground level to the highest point of the windmill, including the rotor with blades, has
limited the possibility of building new wind turbines in Poland.

Furthermore, an important aspect recently raised in public discussion is the impact
on human health. Negative factors include the stroboscopic effect [56] and noise caused
by rotor blades in operation [57–59]. The above-mentioned factors make it necessary to
locate wind turbines at a distance of at least 500 m from the nearest buildings or terrain
obstacles. In our calculations, the condition of roughness of the terrain was taken into
account, among other things, by eliminating all cities with powiat rights. An important
limitation is also the accessibility to the energy network and the possibilities of connecting
the power.

Applying the above restrictions, a list of 257 powiats with areas convenient from the
point of view of wind energy was obtained, then only powiats where the wind power
exceeds 750 kWh/m2/year were taken into account (i.e., areas ranging from extremely
favourable to favourable wind energy zones in Poland). As a result, a list of 102 powiats
was obtained in which the construction of wind turbines with the use of current tech-
nologies would be profitable (marked with a windmill symbol in Figure 1). Taking into
account the average power of wind turbines built in Poland so far, ~2.2 MW, and an average
effective onshore working time of up to 22% hours per year (according to PSE—Polish
Power Grid Company), it was calculated that the total value of electricity production would
reach 17,498 GWh, which would cover more than 10.3% of electricity production in 2018.
Subsequently, the potential of wind electricity production was divided by electricity con-
sumption (G-02b report, Statistics Poland), which allowed for a more accurate assessment
of the importance of wind energy at the powiat level.
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2.3. Methods for Calculating Solar Energy Potential

In the case of our country, 80% of the total annual amount of insolation falls on the
spring and summer term, from the beginning of April to the end of September. This means
that the energy obtained from this source will not be evenly distributed over time, and the
highest yield is achieved in the period from spring to autumn. This study focuses on the
possibility of using solar energy to generate electricity (using photovoltaic cells). The most
important value for the potential energy yield is insolation. Monthly sums of insolation for
particular voivodships were used in the calculations, obtained with the help of the solar
radiation potential distribution taken from the Atlas of the Republic of Poland [60]. On
average, in Poland, each square meter of land (horizontal area) receives annually from
950 kWh to 1160 kWh in the form of solar radiation. In the case of direct radiation reaching
directly from the solar disk, the optimal use of the absorbing surface would require that
such surface be oriented perpendicular to the direction of the radiation. In practice, it is
unrealistic in the latitudes of Poland. Therefore, it is necessary to select the installation
inclination in the optimal angle to the incident radiation, which would allow for the highest
energy yields and proper operation of the installation. For the purposes of the calculations,
it was assumed that the inclination of the installation at an optimal angle in relation to the
incident radiation is in the range of 25 to 40 degrees for the southern regions of the country
and from 30 to 50 degrees in the north of Poland, such an arrangement ensures the most
effective use of solar energy [61]. Next, the average cycle of the length of the day in the
following months of the year was taken into account, based on the data of the Central Office
of Measures [62] and the changes in insolation, which are influenced by meteorological
conditions (Institute of Meteorology and Water Management). Moreover, the calculations
take into account the influence of the orientation of photovoltaic modules in relation to the
directions of the world (for the southern orientation, the average energy production reaches
3300 kWh/year, while for the northern orientation it is only 1900 kWh/year) [63]. When
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calculating the technical potential, it was assumed that electricity would be produced by
monocrystalline silicon cells with an average standard efficiency of 15%. In real conditions,
with the panels facing south at the optimal all-year angle, the average annual efficiency is
in the range from 55% to 60% of the normative efficiency. For a monocrystalline silicon cell
with a normative efficiency of 15%, this means an average annual efficiency of about 9%.

When calculating the potential of solar energy, the focus was on the possibility of
generating solar energy on the premises of photovoltaic farms and investigating the po-
tential related to the use of this type of installation in the case of single-family buildings
(so-called microinstallations). Pursuant to the legal requirements, solar farms may be built
only in areas with IV or lower valuation class, as well as on wastelands. In this study, it was
assumed that farms may be located on wasteland, but excluding meadows and pastures,
and in order not to compete with agricultural crops, they should not occupy more than one
tenth of the wasteland [64]. Due to the terrain (e.g., slope inclination, shading, exposure
direction) and the possibility of connecting to the electric network, the area of wastelands
that could be used in each of the powiats was a subject to further restrictions. In the case
of home photovoltaic installations it was assumed that the most frequently used place for
investment is the roof of a building with an area of approx. 25 m2, a slope of 35 degrees
and southern exposure [63].

2.4. Calculation of Biogas Potential

The basis for the calculation of biogas potential was statistical data from Statistics
Poland concerning agriculture and waste management [65]. When calculating the biogas
potential, the possibility of its production from organic waste in landfills, animal and plant
waste in farms and sludge in sewage treatment plants was taken into account. Under
optimal conditions, about 400~500 m3 of biogas can be produced from one tonne of
municipal waste. However, in reality not all organic waste is fully decomposed and the
fermentation process depends on many factors. Therefore, in calculations it is assumed
that a maximum of 200 m3 of biogas can be obtained from one tonne of waste [66].

Livestock farms generate significant amounts of waste that can be used for biogas
production. The potential of agricultural biogas production is determined mainly by the
amount of agricultural waste available [67]. In conducted calculations it was assumed
that from 1 m3 of liquid faeces it is possible to obtain 20 m3 of biogas on average, and
from 1 m3 of manure, 30 m3 of biogas [49]. The analysed data included the livestock by
species (cattle, pigs, horses, sheep, poultry, goats) and performance groups and the average
annual production volumes, natural fertilisers depending on the animal species, its age and
performance and the housing system. In order to calculate biogas emission from manure
originating from individual animal species, a study prepared by the Zootechnics Institute
was used [68].

Sludge from sewage treatment plants is also used for biogas production. In order to
calculate biogas emissions from the treatment plant, it was assumed that 100 m3 of biogas
can be obtained from 1000 m3 of incoming sewage [69].

Another source that can be used for biogas production is agricultural crops [70,71]. In
the calculations, only losses and wastage of agricultural crops were taken into account, such
as: basic cereals with mixtures, potatoes, vegetables, fruit, maize, legumes and oil plants.
Data on losses and wastage of these crops were taken from the Agricultural Statistical
Yearbooks of Statistics Poland [72]. On the other hand, data taken from [73,74] were used
to estimate the amount of biogas obtainable from plant biomass.

2.5. Calculation of Biomass Potential

For the estimation of biomass potential, it was assumed that it would come from crop
production; including straw surpluses, hay surpluses, energy crops, orchards, forestry
production as well as annual prefelling and tending cuts. In calculating the potential
offered by the wood industry, the methodology proposed by Bujakowski [49] was used:
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- One hectare of forest may yield 45 tonnes of wood, this amount is assumed for 1% of
the forest area, furthermore it is assumed that 12 tonnes of wood may be harvested
from one hectare of forest from pre-cutting and tending cuts, and this amount refers
to 5% of the forest area.

- For every 100 m3 of wood mass harvested in the forest, after deducting 36 m3 of sawn
wood for finished wood products, it is assumed that the remaining 64 m3 of wood
mass can be used for energy purposes.

The formula [75,76] was used to assess the surplus straw available for energy use:

N = P − (Zs + Zp + Zn) (1)

where: N—surplus straw for nonagricultural use (tonnes), P—volume of cereal straw
production (tonnes), Zs—straw demand for bedding (tonnes), Zp—straw demand for
fodder (tonnes), Zn—straw demand for ploughing (tonnes).

In calculating the volume of straw production, demand for fodder, litter and plough-
ing, the methodology used in Hrynkiewicz’s work [77] was used. In the case of straw
shortages in individual powiats, it was assumed that they are supplemented by “imports”
from neighbouring powiats having surpluses of this raw material. Then, the estimated
straw surplus was converted into energy, assuming that 1 ton of straw with 15% moisture
content has a calorific value of 13.1 GJ [44].

Despite being less popular, as indicated by Pudełko [78], surplus hay is also a signif-
icant biomass resource, which counts in potential use for energy purposes. In order to
calculate the hay surplus, the statistical data of Statistics Poland covering the harvest of
permanent meadows and permanent pastures, the population of ruminants (cattle, horses,
sheep, goats) and their annual demand for fodder were used [79]. The problem of hay
shortages in individual powiats was solved using the same assumption as for straw. The
estimated hay surplus was converted into energy by assuming that 1 tonne of hay with
15% moisture content has a calorific value of 13.4 GJ [44].

An important role among the potential resources of solid biomass is also played by
energy crops (willow, miscanthus, sida hermaphrodita, poplar). The analysis of the poten-
tial from energy plantations was carried out on the basis of statistical data from Statistics
Poland and information obtained from the Agency for Restructuring and Modernisation
of Agriculture (ARiMR) [80]. The potential of energy crops was calculated using the
equation [44]:

Pw = [Pe + (Pg·we)] · Ye, (2)

where: Pw—potential of perennial energy crops (tonne), Pe—area of existing plantations
of perennial energy crops (ha), Pg—sum of land of the soil quality class V, VI and VIz
bonitation class (ha), we—land use coefficient for perennial energy crops (%), Ye—average
perennial yield (tonne/ha).

In the calculations, the we value equal to 1/10 was assumed as a safe limit eliminating
competition between the production of raw materials and production for food purposes [81].
For the purpose of calculations, it was also assumed that in the case of marginal soils, the
average yield will be at the level of 7.5 tonnes/ha [82], while the energy value was assumed
at the average level of 17 MJ/kg [83]. When calculating the biomass potential, the biomass
obtainable from orchard stand maintenance and replacement was also taken into account;
for the purpose of the calculations, it was assumed that 3 tonnes of dry matter could be
obtained from one hectare of orchard per year [84].

2.6. Ranking of Voivodships

At a further stage of the work, the level of utilisation of renewable energy sources was
assessed using the TOPSIS method (Technique for Order Preference by Similarity to an Ideal
Solution) in positional terms with the application of Weber’s spatial median [85,86]. The
TOPSIS method is based on the idea of constructing a synthetic pattern and antipattern of
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values of diagnostic features and enables synthetic evaluation of a phenomenon described
by many features.

3. Results
3.1. Small Hydropower Potential

Water is essential in the production of electricity. According to Statistics Poland data,
generation and supply of electricity, gas, steam and hot water consumed 6284.4 hm3 of
water in 2018, which accounted for more than 66.5% of the total water withdrawal in
Poland. For comparison, the EU average in 2018 was 13.7% [87]. According to the Energy
Regulatory Office, in 2018, in Poland there were 586 small hydropower plants (SHP) with
an installed capacity of up to 300 kW, 96 hydropower plants with an installed capacity of
up to 1 MW, 68 hydropower plants with an installed capacity of up to 5 MW, and 20 with
a capacity greater than 5 MW. In 2018, the total electricity production of hydroelectric
power stations was 2.387 TWh, which accounted for more than 1.4% of the total electricity
production in Poland. According to some studies, this is only 20% of the energy potential
of Polish rivers. Thus, the maximum use of the energy of falling water would cover about
7% of current electricity consumption [88]. Thus, hydropower in Poland can only play a
supporting role, offering a stable (compared to, e.g., wind or sun) power source.

The results of calculations show that the activation of the SHP potential consisting
of more than 6000 facilities would allow the production of 584 GWh of electricity, which
would account for only 0.34% of energy production in 2018. On the other hand, the
potential of SHP in covering electricity consumption for most powiats in Poland would be
at the level of <1%. The situation was more favourable in the eastern and northern parts
of the country. This was mainly due to low energy consumption in areas where there are
no energy-intensive industries. Thus, as can be seen, the potential of small hydropower
cannot solve Poland’s energy problems, but the development of SHP and construction of
small water reservoirs would have a beneficial effect on increasing water retention. This is
especially important in the central part of Poland threatened by desertification/stagnation,
as pointed out by Kowalczak [89] and Kudlicki [90]. The construction of MEW would
allow, first of all, to rebuild the country’s water resources (the so-called small retention),
greatly needed both by agriculture and the “traditional” coal-burning power industry.

3.2. Wind Energy Potential

In the calculations of wind potential the most important factors limiting the develop-
ment of onshore wind energy were taken into account. Figure 1 presents the differentiation
of Poland’s areas (broken down into powiats) with respect to wind energy production
possibilities by establishing the wind potential in relation to electricity consumption. The
largest wind energy potential is found in the powiats located in the western, north-western
and north-eastern parts of the country. Powiats in Świętokrzyskie and Podkarpackie
voivodships also belong to the group of areas with significant wind energy potential. It
should be noted that the high share of wind energy in meeting the demand for electricity
in individual powiats results not only from favourable natural conditions (high average
annual wind power and low roughness coefficient), but primarily from low electricity
consumption in these powiats.

When broken down by voivodships, the largest wind energy potential is found in
Pomorskie voivodship (2258 GWh/year), while the smallest in Śląskie voivodship. It is
worth noting that, according to PSE data, in the same year wind energy covered over 7.6%
of the electricity demand, while in 2019 it was over 9.2%. Summing up, the results of our
calculations show that the developmental potential of this branch of renewable energy in
the inland part of the country is close to exhaustion, while taking into account the good
wind conditions, it can be seen that the decisions on the location of this type of investment in
the Baltic Sea are perfectly justified. Due to the emergence of new technologies allowing the
storage of energy from renewable sources, the sense of building wind power plants acquires
new importance, as indicated by Watson et al. [91]. A good example is the CO2 methanation
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system for storing electricity through SNG (substitute natural gas) production [92]. It is
indicated that this kind of solution would stabilise the operation of wind turbines through
energy storage [93].

3.3. Solar Energy Potential

The obtained results indicate that, on a national scale, large-scale PV farms could
produce 10,592 GWh of electricity per year), while the potential of domestic PV micro-
installations reached 430.9 GWh per year. The total potential of Polish photovoltaic instal-
lations is estimated at 11,022.9 GWh per year, which corresponds to 6.48% of the electricity
production in 2018 [23]. The results of the calculation by powiats are presented in Figure 2.

Energies 2021, 14, x FOR PEER REVIEW 10 of 23 
 

 

 

Figure 2. Solar energy potential relative to electricity consumption in 2018. Source: own study. 

As can be seen in Figure 2 for most powiats the calculated solar energy potential did 

not exceed 10% of electricity consumption. In the scale of voivodships the leader in solar 

energy potential is still Zachodniopomorskie voivodship (1682 GWh/year), while the 

smallest potential is in Opolskie voivodship (101 GWh/year). However, the potential of 

solar energy is more significant in the northern and northeastern parts of Poland. This is 

partly due to the fact that, with the exception of urban centres, energy-intensive industries 

are mainly located in the central and southern parts of the country. 

3.4. Biogas Potential 

The biogas production potential was calculated according to the methodology pre-

sented in subchapter 2. Further, in order to calculate electricity production, it was as-

sumed that 2.1 kWh of electricity can be produced in cogeneration from 1 m3 of biogas 

[94]. The obtained results were compared with the data of Statistics Poland for 2018 in-

cluded in the balance report on energy carriers and heating infrastructure (G-02b). They 

were further presented in graphical form in Figure 3. 
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As can be seen in Figure 2 for most powiats the calculated solar energy potential
did not exceed 10% of electricity consumption. In the scale of voivodships the leader in
solar energy potential is still Zachodniopomorskie voivodship (1682 GWh/year), while the
smallest potential is in Opolskie voivodship (101 GWh/year). However, the potential of
solar energy is more significant in the northern and northeastern parts of Poland. This is
partly due to the fact that, with the exception of urban centres, energy-intensive industries
are mainly located in the central and southern parts of the country.

3.4. Biogas Potential

The biogas production potential was calculated according to the methodology pre-
sented in subchapter 2. Further, in order to calculate electricity production, it was assumed
that 2.1 kWh of electricity can be produced in cogeneration from 1 m3 of biogas [94]. The
obtained results were compared with the data of Statistics Poland for 2018 included in the
balance report on energy carriers and heating infrastructure (G-02b). They were further
presented in graphical form in Figure 3.
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The results of Table 1 (Chapter 3.6) indicate that on a national scale biogas energy
production could cover more than 11% of electricity consumption, while in the case of the
voivodships, Podlaskie voivodship remains the leader, where biogas energy production
could cover almost 53% of electricity consumption. This is mainly connected with inten-
sive cattle breeding in that region, but also with the lack of energy-intensive industries.
Warmińsko-Mazurskie (27.8%) and Wielkopolskie (21.4%) voivodships also have a high
potential of biogas energy production, which is also connected with intensive agricultural
production in those areas.

The smallest potential in terms of biogas production is shown by Śląskie voivodship
(3.6%), whose biogas production potential is more than double that of Podlaskie voivodship,
but the consumption of natural gas due to the heavy industry located there is more than
11 times higher. When analysing the structure of biogas production sources it can be seen
that natural fertilisers, especially cattle manure, have the greatest potential in its creation,
as also indicated by Sefeedpari et al. [95]. According to our calculations, on a national,
scale cattle manure can cover more than 81% of biogas production from natural fertilizers.
In the case of Podlaskie voivodship even 96%, which results from the highest cattle density
in the country: 93.9 heads/ha [23]. The results of our calculations indicate that in the case
of using biogas for electricity production, only 42 powiats with a developed agricultural
economy could achieve energy independence.
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Table 1. Relative potential to electricity consumption in 2018.

Voivodships

RES Potential [GWh/Year] Share of RES Potential in Total Consumption [%]

WWS
(Water +

Wind + Sun)

Bg
(Biogas)

Bm
(Biomass)

WWSBgBm
(Water +

Wind + Sun
+ Biogas +
Biomass)

WWS/Total
Consumption

Bg/Total
Consumption

Bm/Total
Consumption

WWSBgBm
Total

Consumption

Dolnośląskie 358.75 660.31 3656.89 4675.94 3.45 6.35 35.16 44.95

Kujawsko-
Pomorskie 1012.58 1011.20 2758.11 4781.89 15.78 15.76 42.98 74.52

Lubelskie 1412.84 705.21 3398.27 5516.32 26.67 13.31 64.16 104.15

Lubuskie 1373.73 295.40 2694.20 4363.33 46.63 10.03 91.44 148.10

Łódzkie 2027.25 1000.05 2126.65 5153.95 24.82 12.24 26.04 63.10

Małopolskie 340.43 745.80 1828.58 2914.80 3.41 7.46 18.29 29.16

Mazowieckie 2015.53 2298.34 5157.81 9471.68 8.01 9.14 20.51 37.66

Opolskie 405.93 362.03 1833.81 2601.76 11.65 10.39 52.62 74.65

Podkarpackie 4969.47 351.82 3585.95 8907.23 123.66 8.75 89.23 221.65

Podlaskie 2140.90 1328.49 2145.55 5614.95 85.37 52.97 85.55 223.90

Pomorskie 3259.70 642.14 5198.66 9100.50 48.79 9.61 77.80 136.20

Śląskie 389.06 711.06 1774.33 2874.45 1.99 3.64 9.07 14.70

Świętokrzyskie 240.87 335.64 1536.30 2112.81 5.90 8.22 37.63 51.75

Warmińsko-
Mazurskie 3238.66 797.55 3405.22 7441.43 113.00 27.83 118.81 259.64

Wielkopolskie 2542.59 2147.49 4006.33 8696.40 25.40 21.45 40.01 86.86

Zachodniopomorskie 3353.21 493.99 4053.75 7900.95 80.61 11.88 97.45 189.93

Poland 29,081.50 13,886.49 49,160.41 92,128.40 23.12 11.04 39.10 73.27

Source: own study.

3.5. Solid Biomass Potential

The solid biomass potential was determined according to the methodology presented
in Chapter 2. The results obtained by powiats are presented in graphic form in Figure 4.

As in the case of the renewable sources mentioned above, also in the case of solid
biomass there is a clear tendency for powiats with the highest potential to be located
in the eastern and northern parts of the country, i.e., regions where energy-intensive
industries are found mainly in large urban centres. At the voivodship level, Pomorskie
voivodship remains the leader in terms of solid biomass potential (5198 GWh/year), while
Świętokrzyskie voivodship is characterised by the lowest potential (1536 GWh/year). More
than 63% of solid biomass potential in the country is based on wood that is post-production
waste, the result of cultivation operations or cutting for energy purposes. The second
source, reaching 15% in the scale of the country, are energy crops (e.g., willow, miscanthus).
In this case, according to the methodology used, their potential is related to the area of the
weakest land—the soil quality class V, VI and VIz. The third source on the national scale is
straw (~13.6%), in the case of Opolskie voivodship its share can reach over 45%, while for
Podlaskie voivodship it is only 0.5%, which is due to, inter alia, differences in the intensity
of keeping animals (mainly cattle) in these regions.
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3.6. Total Potential of Renewable Sources

Our calculations showed that mobilising the potentials of wind, sun and water would
cover over 23% of electricity demand, biogas combustion would cover over 11% of demand,
while the use of solid biomass alone could cover over 39% of electricity consumption
nationwide. In total, the renewable sources considered would cover more than 73% of
electricity demand (Table 1).

The results presented in Table 1 indicate that, on a national scale, electricity production
based on biomass resources could cover nearly 50% of demand. The importance of agricul-
ture and forestry in building RES potential becomes more visible at the level of powiats.
The data presented in Figure 5 imply that the biggest RES potential was found in powiats
where the percentage share of agricultural land and forests in the total area of the powiat
exceeded 80%. Out of the total number of 380 studied powiats, as many as 220 (57.9%) had
RES potential exceeding their own demand for electricity. From this group as many as 214
powiats (56.3%) had a percentage share of agricultural land and forests exceeding 80%.
It is worth noting that in the case of 25 powiats RES potential exceeded the demand for
electricity more than 10 times. In Figure 5, powiats from Śląskie voivodship, characterized
by the lowest RES potential (14.7%), are marked with green colour, while powiats from
Warmińsko-Mazurskie voivodship, possessing a high surplus of RES potential (259.64%),
are marked with blue colour.

Powiats from other voivodships are marked in red. As can be seen in Figure 5, only
one powiat (city of Elbląg) from Warmińsko-Mazurskie voivodship would not be able to
cover its total demand for electricity on the basis of RES potential. The situation is different
in the case of Śląskie voivodship, where only one of the powiats shows RES potential
exceeding the electricity consumption. It is worth noting that in the case of most of the
powiats in Śląskie voivodship the share of arable land and forest land did not exceed 80%,
which negatively influences the building of RES potential.

Spatial diversification of RES potential is also presented in Figure 6, where it can be
seen that most of the powiats with low RES potential (<100%) are located in the southern
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and central part of the country (mainly Śląskie, Małopolskie and Opolskie voivodships).
Moreover, the majority of cities with powiats status, regardless of the size of area, number
of inhabitants or type of prevailing economic activity show RES potential below 50%. The
powiats with the highest RES potential are mostly located in the northern and eastern part
of the country.
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Subsequently, a ranking of voivodships was prepared using the TOPSIS method. The
results of the calculations allowed not only to establish the ranking of voivodships using
renewable energy sources in 2018, but also allowed to compare them with RES potential
available for use. When preparing the ranking of voivodships, the following indicators
were taken into account: RES potential in relation to electricity consumption, RES potential
in relation to arable land and forest area, and RES potential in relation to population. The
obtained results are presented in Table 2.

Table 2. Ranking of voivodships according to TOPSIS with renewable energy production and production potential.

Voivodships

Year 2018 Unleashing the Full Potential
Current

Utilisation
of RES

Potential
[%]

Energy
Production from

Renewable
Energy Sources

[GWh]

Topsis

Share of
Renewable
Energy in
Electricity

Consumption [%]

Sun, Wind,
Water, Biogas,

Biomass [GWh]
Topsis

Share of
Renewable
Energy in
Electricity

Consumption [%]

Dolnośląskie 644.3 14 6.02 4675.9 13 44.9 13.8

Kujawsko-Pomorskie 3311.2 2 39.74 4781.9 11 74.5 69.2

Lubelskie 473.3 16 8.29 5516.3 9 104.2 8.6

Lubuskie 655.1 7 17.53 4363.3 5 148.1 15.0

Łódzkie 1466.1 6 17.91 5153.9 10 63.1 28.5

Małopolskie 413.1 15 3.25 2914.8 16 29.2 14.2

Mazowieckie 1450.2 10 5.87 9471.7 8 37.7 15.3

Opolskie 521.6 12 11.03 2601.8 12 74.7 20.1

Podkarpackie 568.8 13 10.43 8907.2 1 221.7 6.4

Podlaskie 717.5 11 23.49 5614.9 6 223.9 12.8

Pomorskie 2104.2 4 27.44 9100.5 2 136.2 23.1

Śląskie 803.1 9 3.96 2874.5 15 14.7 27.9

Świętokrzyskie 1822.1 3 41.32 2112.8 14 51.8 86.2

Warmińsko-Mazurskie 969.2 8 24.79 7441.4 4 259.6 13.0

Wielkopolskie 2092.6 5 18.57 8696.4 7 86.9 24.1

Zachodniopomorskie 3604.8 1 64.27 7900.9 3 189.9 45.6

Poland 21,617.2 x 15.39 92,128.4 x 73.3 23.5

Source: own study.

In 2018, the leaders in terms of electricity production from renewable sources were
the following voivodships: Zachodniopomorskie, Kujawsko-Pomorskie, Świętokrzyskie
and Pomorskie, respectively. On the other hand, in the case of “unleashing” RES po-
tential, the following voivodships would become the leaders: Podkarpackie, Pomorskie,
Zachodniopomorskie and Warmińsko-Mazurskie. In this situation, Świętokrzyskie and
Kujawsko-Pomorskie voivodships would record the largest drops, from third to 14th place
and from second to 11th place, respectively. Thus, the regions that in 2018 were charac-
terised by the best use of RES potential would record the largest decrease, respectively:
86.24% (Świętokrzyskie voivodship) and 69.2% (Kujawsko-Pomorskie voivodship).

According to the ranking of voivodships, which takes into account the activation of the
total RES potential, Podkarpackie voivodship would be the biggest beneficiary (promotion
from 13th place to first place). In the case of this voivodship, RES could jointly cover
over 221%, of which energy from wind, solar radiation and falling water could cover over
123% of electricity consumption. A further 98% of the surplus could come from biomass
and biogas combustion. The situation is similar in the case of Warmińsko-Mazurskie
voivodship, where wind, sun and water could cover more than 113% of electricity demand.
In the case of the remaining voivodships: Lubelskie, Lubuskie, Podlaskie, Pomorskie
and Zachodniopomorskie, achieving self-sufficiency would be possible only through the
activation of all discussed RES.
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3.7. Discussion

The issue of ARE development in Poland at the regional and local level is relatively
poorly recognised. This was pointed out by Maśloch et al. [2] in their publications, that
indicate the lack of proposals for regional development directions in terms of autonomous
energy regions, but their research referred to only one region—Mazowieckie voivodship.
A comprehensive assessment at the level of voivodships was made by a team of experts
led by Wiśniewski [96], drawing the conclusion already in 2011 that regions in Poland have
a huge, only slightly used technical and economic potential of renewable energy resources.
The authors predicted that even taking into account environmental and spatial constraints,
the existing potential makes it possible to cover at least 20% of the country’s energy needs
by 2020, and will ultimately make it possible to ensure 100% of the energy supply comes
from renewable energy resources available in the country. Our research for 2018 indicates
that the existing RES potential would cover more than 73% of the country’s electricity
needs, significantly more than the projections.

The spatial variation of RES potential has also been studied in other countries. In
Romania, research in this area was conducted by Benedek et al. [27]. The results referred to
the potential of three main renewable energy sources—solar, wind and biomass. The au-
thors mapped the renewable energy potential indicating that the use of local RES resources
is a development opportunity for farmers, wood producers, technology providers and
small and medium-sized enterprises. The great importance of wood waste is indicated by
Borzęcki et al. [97] taking into account its spatial distribution and determining the potential
in the NUTS-2 regions of the EU-28. The total potential of this waste is about 7.85% of
the estimated waste biomass and by-products of the European Union, which represents a
significant fraction suitable for recycling or use in biofuel production.

On the other hand, Hartmann and coworkers [98] analysed the issue of wind energy
in Hungary noting the need to find ways to maximise the use of locally available resources.
The authors point out the great importance of local resources due to the emergence of
more and more energy saving buildings and renewable energy resources. The use of
local resources would enable the potential to be used more efficiently, but, as they point
out, geospatial potential for wind energy is not an easy task to accomplish in the absence
of accurate data in remote and extensive areas. The results of this research also show
this problem.

Research on identifying the most favourable locations for wind generators was con-
ducted by Potić et al. [99] in Serbia. The researchers considered the issue of how to select
the best locations for renewable energy investments and minimise environmental impacts.
Similar to our study, they showed that alternative energy sources represent a great potential
as a solution to the energy crisis and their advantage over other energy sources is their
wide availability.

As shown by Godlewska-Majkowska and Komor [100], access to energy and energy
management, especially in rural areas, increase the locational advantages and reduce the
economic risk of farming, which contributes to increasing the sustainability of agricultural
production. This is of particular importance in rural areas in Poland, which in the past were
dominated by state-owned agricultural and cooperative enterprises. The authors showed
the significant influence of the energy factor on investment attractiveness at the local level.

An interesting study was conducted by Scaramuzzino and team [101] grouping the
EU-28 regions and Switzerland into 17 clusters in terms of renewable energy potential. The
results show a heterogeneous distribution of potential across countries, but there are cross-
border similarities in the distribution of renewable energy potential. Poland, the Czech
Republic and the Baltic States were included in cluster 2 forming the East European plain,
with low renewable energy potential. However, our research indicates that the importance
of renewable energy in the Polish economy is growing and the potential is significant,
only the share of RES in energy production is still low. This is important because the use
of renewable resources as energy sources is a factor that improves the security of energy
supply, as indicated by Zhu et al. [102]. This is pointed out by Islam et al. [103] stating
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that renewable energy sources are becoming more common as more electricity generation
is needed and renewable energy sources could provide half of the total energy demand
by 2050.

In recent years, in Western Europe, mainly in Germany, a very rapid development
of biogas plants has been observed (annual production reached 10 billion m3). This
is due to the consistently conducted energy transformation and the need to diversify
supplies (the German economy consumes over 87 billion m3 of natural gas annually) [104].
Poland, with an annual production of ~0.48 billion m3 in 2018, is at the beginning of this
road [105]. According to calculations, the use of such sources as natural fertilizers, plant
production waste, landfills and sewage treatment plants could provide over 6.6 billion m3

of biogas (i.e., approximately 4.3 billion m3 of methane) annually. This would cover
about 25% of the demand for natural gas (according to the Statistics Poland in 2018,
natural gas consumption was 17.2 billion m3). Therefore, it would be a very important
support for the national economy in the era of energy transformation. The results of
our calculations show that this type of energy production would cover over 11% of the
electricity demand in the country (Table 1). According to Statistics Poland, in 2018 for
Podlaskie voivodship, the share of renewable energy in energy production reached 68%,
while for Warmińsko-Mazurskie voivodship, it was over 82%. These voivodships have
become leaders in the development of renewable energy sources in the country, mainly
due to the intensive development of wind energy and solid biomass combustion (Białystok
power plant). Such a large share of renewable energy sources may suggest that they are
close to achieving full energy transformation, however, taking into account the fact that
biogas potential has not been released so far, one can risk a statement that they are only
at the initial stage of transformation leading not only to energy independence (ARE on a
voivodship scale), but also to become exporters of energy/gas. While investigating the
potential of solid biomass, it was noticed that large power plants with units specialized in
biomass combustion can exert a significant influence on the local energy policy aimed at
the use of local resources of solid biomass. A good example is the Połaniec power plant
(Świętokrzyskie voivodship), which burns ~1.4 million tonnes of biomass annually in its
“green unit”, of which 57% in 2016 was imported [106]. However, the remaining 43% of
biomass came from the surrounding powiats. Taking into account the biomass resources
we calculated for Świętokrzyskie voivodship (~0.53 million tonnes), it can be seen that
such a large consumption by one entity may significantly affect local RES development
plans, limiting the possibility of building local biomass-fired cogeneration installations in
favour of the use of other renewable resources. A similar situation occurs in the case of the
Białystok power plant (Podlaskie voivodship), which consumes over 0.4 million tonnes of
biomass annually, while the potential of this energy carrier in the entire region is estimated
at about 0.8 million tonnes.

The results presented in Table 1 indicate the dominant share of biomass in building
RES potential. Both biogas and solid biomass are energy carriers strongly dependent on the
broadly understood condition of agriculture and the condition of forest management. The
amount of polonium depends not only on the degree of mechanization of agriculture, soil
quality or the amount of mineral fertilizers used, but also on the water resources in a given
area. Therefore, in the era of climate change, it would be worth following the changes
that have occurred in the biomass potential in recent decades, with particular emphasis on
drought (2015) and floods (2010) in Poland.

4. Conclusions

Autonomous energy regions (ARE) based on renewable energy sources appear to be
one of the solutions which can ensure coverage of the growing energy needs while at the
same time taking into account measures respecting the environment. In contrast to the
traditional energy industry, RES can be distributed throughout the country. This is due not
only to the “dispersed” character of renewable energies (wind, sun, water), but also to the
fact that almost every powiat has an intensive agricultural and forestry economy. Therefore,
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each examined administrative unit in Poland (voivodship, powiat) may be treated as a
source of biomass, which, supplemented with energy obtained from wind, water and
sun, may constitute the basis for construction of ARE, which may improve not only local
energy security but also reduce energy costs for local consumers, improve utilisation of
endogenous potential of regions and, above all, reduce negative environmental impact
caused by traditional methods of energy production.

The research showed that in Poland, on the one hand, the share of RES in energy
production is still small, but at the same time, in the majority of regions (powiats, voivod-
ships) there is a great potential to obtain additional energy from RES, which may constitute
the basis for development of ARE. In this respect, there is a large spatial diversification
both in relation to the status of RES energy production and its share in energy balance of
particular regions and their constituent powiats as well as potential possibilities to increase
the volume and structure of production from particular RES.

Activation of RES potential would make it possible to cover over 73% of the country’s
demand for electricity. Activation of RES potential could provide a basis for building
energy independence on a local scale, where only large industrial and urban centres would
require “support” from the traditional energy sector covering at least 30% of the national
demand for electricity. In the proposed “scenario”, as many as seven regions would
become self-sufficient in terms of electricity demand. Such a large potential present in
the powiats is a premise for the construction of ARE, but one should be aware that its
launch is connected to the necessity of incurring huge costs. Obtaining significant financial
assistance is a necessary condition for launching RES potential located in rural areas to
boost their development.

The results of our calculations presented in Figure 5 indicate that the development of
ARE could start first in the group of 220 powiats (57.9% of the total 380) with RES potential
exceeding their own electricity consumption. Therefore, in addition to covering their own
demand, these powiats could also “export” their surplus energy, thus making the whole
project more economically stable.

The creation of RES-based ARE is an important undertaking related to the improve-
ment of energy security, but at the same time it favours the improvement of environmental
quality. Such regions may contribute to counteracting marginalisation of areas where
undesirable socioeconomic phenomena intensify.
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41. Koryś, K.A.; Latawiec, A.E.; Grotkiewicz, K.; Kuboń, M. The review of biomass potential for agricultural biogas production in

Poland. Sustainability 2019, 11, 6515. [CrossRef]
42. Kukuła, K. Dynamika produkcji energii elektrycznej wykorzystującej źródła energii odnawialnej. Wiadomości Stat. Pol. Stat. 2015,
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99. Potić, I.; Joksimović, T.; Milinčić, U.; Kićović, D.; Milinčić, M. Wind energy potential for the electricity production—Knjaževac

Municipality case study (Serbia). Energy Strategy Rev. 2021, 33, 100589. [CrossRef]
100. Godlewska-Majkowska, H.; Komor, A. Energy as a factor of investment attractiveness of regions for agricultural enterprises.

Energies 2021, 14, 2731. [CrossRef]
101. Scaramuzzino, C.; Garegnani, G.; Zambelli, P. Integrated approach for the identification of spatial patterns related to renewable

energy potential in European territories. Renew. Sustain. Energy Rev. 2019, 101, 1–13. [CrossRef]
102. Zhu, D.; Mortazavi, S.M.; Maleki, A.; Aslani, A.; Yousefi, H. Analysis of the robustness of energy supply in Japan: Role of

renewable energy. Energy Rep. 2020, 6, 378–391. [CrossRef]
103. Islam, M.A.; Hasanuzzaman, M.; Rahim, N.A.; Nahar, A.; Hosenuzzaman, M. Global renewable energy-based electricity

generation and smart grid system for energy security. Sci. World J. 2014, 1–13. [CrossRef] [PubMed]
104. Mardani, A.; Streimikiene, D.; Balezentis, T.; Saman, M.; Nor, K.M.; Khoshnava, S. Data envelopment analysis in energy and

environmental economics: An overview of the state-of-the-art and recent development trends. Energies 2018, 11, 2002. [CrossRef]
105. Available online: file:///C:/Users/p138602/AppData/Local/Temp/2020-EurObserv_ER-biogas-barometer-GB-20201215.pdf

(accessed on 16 April 2021).
106. Available online: https://powermeetings.eu/konferencja/forum-biomasy/wp-content/uploads/sites/19/2017/04/06-Rafal-

Domaszewski-Enea.pdf (accessed on 8 April 2021).

https://www.bbn.gov.pl
http://doi.org/10.1016/j.rser.2019.109270
https://www.tauron-wytwarzanie.pl/innowacje/co2-sng
http://doi.org/10.2495/978-1-84564-205-1/21
http://doi.org/10.3390/en13153761
http://doi.org/10.3390/en13236266
http://doi.org/10.1080/10485236.2017.11907881
http://doi.org/10.1016/j.esr.2020.100589
http://doi.org/10.3390/en14092731
http://doi.org/10.1016/j.rser.2018.10.024
http://doi.org/10.1016/j.egyr.2020.01.011
http://doi.org/10.1155/2014/197136
http://www.ncbi.nlm.nih.gov/pubmed/25243201
http://doi.org/10.3390/en11082002
file:///C:/Users/p138602/AppData/Local/Temp/2020-EurObserv_ER-biogas-barometer-GB-20201215.pdf
https://powermeetings.eu/konferencja/forum-biomasy/wp-content/uploads/sites/19/2017/04/06-Rafal-Domaszewski-Enea.pdf
https://powermeetings.eu/konferencja/forum-biomasy/wp-content/uploads/sites/19/2017/04/06-Rafal-Domaszewski-Enea.pdf

	Introduction 
	Materials and Methods 
	Calculation of Small Hydropower Potential 
	Calculation of Wind Energy Potential 
	Methods for Calculating Solar Energy Potential 
	Calculation of Biogas Potential 
	Calculation of Biomass Potential 
	Ranking of Voivodships 

	Results 
	Small Hydropower Potential 
	Wind Energy Potential 
	Solar Energy Potential 
	Biogas Potential 
	Solid Biomass Potential 
	Total Potential of Renewable Sources 
	Discussion 

	Conclusions 
	References

