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Abstract: This paper presents the analysis and evaluation of biogas power plant capacity in Poland
based on the generic structure and energy production. These issues are also presented from the point
of view of the obtained energy and biogas energy production in Poland against selected European
Union countries. The paper also indicates a significant diversity in the spatial distribution of biogas
plants in Poland. It also discusses the importance of biogas plants as one of the elements of bottom-up
development of the second tier administrative units. There are 231 biogas power plants in Poland
(as of 2013), which are based on biogas from landfill sites, biogas from wastewater treatment plants,
and agricultural biogas. The generic structure of biogas power plants in Poland is dominated by
power plants based on biogas from landfill. Despite the fact that Poland has large resources of
agricultural substrate, there are very few biogas power plants based on agricultural biogas. There are
no biogas power plants in almost 60% of poviats in Poland, despite the fact that every poviat in Poland
has enough of this substrate at its disposal. This article contributes innovative elements to existing
knowledge on biogas power plants in Poland, thanks to its comprehensive treatment of the problem
of biogas power plants in Poland and because it urges local authorities and local communities to
behave more ecologically, as well as promoting endogenous factors of the economic development of
a given region.
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1. Introduction

The modern world is facing a huge energy crisis associated with the depletion of conventional
energy resources. Therefore, obtaining energy from alternative sources is arousing more and more
interest, expressed by both scientists and businesses. One of those sources is biogas, which in
the future—together with wind and solar energy—may become an important renewable energy
source (RES). What is more, energy production from biogas is beneficial to the diversification of
the socio-economic development of regions and may be one of the elements of their endogenous
development [1-5].

Biogas power plants have a huge potential which can positively influence the socio-economic
development and improve the environment of a given area. It should also be emphasized that
biogas can be an opportunity for the development of underdeveloped and developing regions and
countries [6-11].

The particular importance of biogas is connected with its wide application, as it is used for
energy production, direct and indirect heat production and as fuel. The issue of electricity generation
from biogas and indirect heat production via cogeneration (Combined Heat and Power—CHP) for
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heating purposes, formed in special units as a byproduct in the production and transmission of
electricity to the grid, was pointed out by, inter alia, Murphy, Mc Keoghb, and Kiely [12], Poschl, Ward
and Owende [13], Havukainen ef al. [14]. As mentioned above, biogas is also used for direct heat
production and for commercial purposes in the heating of industrial buildings, public buildings, and
housing [15,16]. Recently, the great importance of biogas (purified to natural gas quality) as fuel for
public and individual transport has also been highlighted [17,18].

Another advantage of biogas is its universal source, i.e., waste found in all corners of our planet.
Biogas is an endogenous resource of the area, and therefore can be produced virtually everywhere,
especially in urban areas. As emphasised by Taleghani and Kia [19], and Jingura and Matengaifa [20],
the technology of obtaining gas is relatively simple.

Biogas production can be treated as a kind of innovative activity in local development because its
production depends on the quality of human resources and their openness to environmentally friendly
behavior, the amount of substrate produced by urban and rural populations (including municipal
waste, food production, and farming waste), as well as the possibilities of growing energy crops for
biogas in a given area [21,22]. Good practices in the implementation of environmentally friendly
solutions are provided by the local authorities and residents of Vienna. In 2007, the composting plant
Biogas Wien opened there, where heat is produced in fermentation processes to warm the Viennese
households [23].

Such varied sources of biogas make biogas power plants suited to both urban and rural areas. In
the latter, biogas production, especially agricultural biogas, may exceed its consumption. Therefore,
it is possible to sell it, thereby generating additional profits, so important and needed for those
often-underinvested areas [6,7]. In Poland, development of biogas power plants is at an early stage [4],
but due to the relatively high possibility of obtaining substrate (landfill waste, waste water, and
agricultural waste), there are opportunities for the further development of this fuel and energy sector.

Generally, there are two groups of factors affecting the development of biogas plants—exogenous and
endogenous [4]. The exogenous factors include political and legal conditions [24,25] and external
financial support for the development of the RES sector [26-29]. The second group of factors
include, the availability of substrates and appropriate technologies [3,30-32], as well as the
support and openness of the local government and community and their openness to this type of
investment [7,33-35].

It follows from the above that the issues taken up by the authors are extremely important and
multifaceted. The aim of the study is to analyze and evaluate the capacity of biogas plants in Poland
based on the generic structure of biogas power plants and their energy production volume and to show
the position of Poland in terms of the amount of the obtained energy and electricity production from
biogas compared to other European countries. One of the aims of the paper is to show the regional
variation in the distribution of biogas plants in Poland and to indicate that their development can be
one of the elements of bottom-up development of a poviat. Moreover, the study attempts to define the
strengths and weaknesses, as well as the opportunities and threats of developing biogas power plants
in Poland in the context of exogenous and endogenous conditions.

Additionally, the study undertakes an attempt to answer a number of questions:

- What is the structure of biogas plants in Poland and what is their energy production volume
in gigawatt-hours (GWh), as well as the total capacity of biogas plants in Poland in megawatts
(MW)?

- Is the distribution of biogas plants in Poland concentrated, or are they are dispersed (due to the
prevalence of biogas obrained in all areas—especially urban)?

- Is there a relationship between the nature of the area and the generic structure of biogas plants
in Poland (i.e., whether agricultural areas are dominated by biogas plants based on agricultural
substrates, and in urban areas biogas plants at landfill sites)?

- Are biogas plants and the use of their power correlated with the level of the socio-economic
development of the area?
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Until now the majority of publications on biogas in Poland analyzed only one kind of biogas
power plant. In the literature one can find many papers dealing with the development of biogas
from landfill sites [36,37], biogas from wastewater treatment plants [38,39], and the production of
agricultural biogas in Poland [4,40]. There are also works on biogas in Poland which deal with the
subject of the regional market in biogas production in Poland [41-43], the cultivation of biofuels
in Poland [21], and the most available biogas technologies in Poland [44]. However, there are no
papers dealing comprehensively with biogas power plants in Poland which are based on all types
of substrate or discussing the variation in the spatial distribution of different types of biogas power
plants. This article is an attempt to fill this gap and to contribute innovative elements to existing
knowledge on biogas power plants in Poland, both with respect to a comprehensive treatment of the
problem of biogas power plants in Poland and encouraging ecological behavior of local authorities
and local communities, as well as promoting endogenous factors of the economic development of
a given region. Moreover, there are case studies of biogas power plants located in a large town, in
a village on the outskirts of a town and in a typical agricultural area in the countryside. In the first
case, i.e., a large town (Krakow—758,992 inhabitants), a biogas power plant based on substrate from
landfill and from wastewater treatment plants is described. In the second, a biogas power station in the
suburban village of Machnacz near the town of Wloctawek (114,885 inhabitants) is presented, which
is based on substrate from waste from the town. The third example is a typical agricultural biogas
power station in Boleszyn (515 inhabitants, a village in the gmina of Grodziczno, nowomiejski poviat,
Warminsko-Mazurskie voivodeship).

2. Methodology, Materials, and Source Data

The study is based on the primary data for the period 2003-2013, mainly from the Energy
Regulatory Office (Urzqd Regulacji Energetyki—URE [45]). It contains the number of biogas plants,
their maximum installed capacity in MW, generic structure, and location by poviat (urban and rural).
Some data were also taken from the Local Data Bank of the Central Statistical Office (Bank Danych
Lokalnych Gtéwnego Urzedu Statystycznego—BDL GUS [46]); these were related to the socio-economic
characteristics of the individual first-tier administrative units—uvoivodeships—and the second-tier
administrative units—poviats. In addition, the data source is a series of publications issued by the
Central Statistical Office, titled “Energy from renewable sources” [47,48].

The study was based on the generally accepted methods for data quantification, processing,
and presentation. For this purpose the authors used Statistica 9.0, IBM SPSS Statistics 22.0, and
Maplnfo Professional 12.0 software. In order to capture certain interdependences between the
location of biogas plants and socio-economic characteristics, the correlation coefficients at the assumed
significance level of 0.05%, and determination coefficients were calculated and a regression analysis
was conducted for selected cases. The primary and secondary data, therefore, meet the criteria of
credibility, methodological accuracy, reliability, and timeliness.

From the methodological point of view we should also define the expressions used in the paper:
installed capacity of a biogas power plant, energy production from biogas, energy obtained from
biogas, primary energy, derived energy, transformation input, and final consumption.

Installed capacity of a biogas power plant is the sum of the active power generators installed in
this power plant measured in megawatts (MW or derived units).

Production of energy from biogas (yield) is the amount of electricity (in GWh or derived units)
produced in the process of energy transformation (only for carriers of derived energy).

Energy obtained from biogas is the amount of energy (TJ or derived units) obtained from natural
resources (this refers only to primary energy carriers). Primary energy is the sum of the energy
contained in primary energy carriers obtained directly from renewable and non-renewable resources,
while derived energy is the sum of the energy obtained from derived energy carriers, which are
obtained in the process of energy transformation.
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Transformation input is the sum of consumption of individual energy carriers used as raw
material, i.e., to be processed into other energy carriers in technological processes considered as energy
transformations, excluding the use of energy carriers intended to support the process itself.

Final consumption is the use of energy by consumers (industry, services, households) to meet their
technological, production, and living needs, and it does not include processing into other carriers [48].

3. Results and Discussion

3.1. Obtaining and Producing Energy from Biogas in Poland

Since the dawn of mankind people have produced side components, starting with food scraps,
and then in more recent centuries remnants of worn-out home and office furniture and other municipal
waste. The possibilities of their use were limited to feeding animals, fertilizing soil or burning for
heating purposes. Only the technical and technological development of the twentieth century made
it possible to process side-products of human activity for energy and heating purposes. The first
documented use of biogas in Poland (generated from waste water treatment) for heating purposes
was recorded in 1928 in Poznan [49]. Since then, there has been a considerable development of biogas
plants in Poland, but this sector is still relatively small.

Today, the leaders in the production of energy from biogas in the EU are Germany, the
United Kingdom, and Italy, which in 2012 together generated approx. 77% of the total EU biogas
production [50]. In the other 25 European Union countries (EU membership as of 2012) (including
Poland), so far this kind of energy has made up an insignificant percentage of energy production, but
the number of biogas plants is growing due to the need to diversify energy sources.

It should be noted that the European Union (28 European Union States—2012) is increasing the
proportion of energy from biogas in obtaining energy from renewable resources; it amounts to 6.8%
(2012). Particular emphasis should be given to the distinctive position of Germany, whose share of
energy from biogas, both in obtaining and producing energy from renewable sources, is over 19%
(2012). There are numerous reasons why the biogas market is so well developed in Germany. They are
institutional and legal (the act on renewable energy sources, Erneuerbare Energien Gesetz, promotes RES,
tax relief for investors [51]), as well as technological (innovational technological solutions allowing
production of biogas from various sources at the same time, such as from plants and animal waste [52])
and also organizational and economic—creating the climate for the formation of associations of small
farmers producing biogas.

A significant share of energy from biogas within the total energy from renewable sources is also
recorded in the Czech Republic (11.5% in obtaining energy, 18.2% in producing energy—2012) in
which, as in Germany, agricultural biogas production is dominant (mainly produced from biofuel
plants [53]) (¢f. Figure 1 and Table 1). In the European Union there are countries where the share of
obtaining and producing energy from biogas in the overall obtaining and producing energy from RES
is very small, in the region of half a percent—Estonia, Finland, and Sweden (cf. Figure 1 and Table 1).
If compared with selected European Union countries, the position of Poland is insignificant, because
the share of energy from biogas in obtaining energy from renewable sources is approximately 2%
(2012). Overall, if measured in terajoules (TJ), energy obtained from renewable sources in Poland in
2012 amounted to 356,070.0 TJ; it consisted of the energy produced from solid biofuels (82.1%), liquid
biofuels (8.0%), biogas (2.0%), renewable municipal waste (0.4%), solar energy (0.1%), water energy
(2.1%), wind energy (4.8%,) geothermal energy (0.2%), and heat pumps, i.e., heat energy from the
environment (0.3%) [47].

An important issue from the point of view of obtaining and producing energy from biogas is
that with the increasing pro-ecological attitude a growing number of wastewater treatment plants
and landfills with sustainable waste management are being opened, both in urban and rural areas.
Waste management of agricultural production is also becoming more and more common (animal and
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plant slurry, liquid manure, efc.). It is likely that in the long term these conditions will contribute to the
growth in the participation of energy from biogas in the total energy from renewable sources.

Austria
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Latvia
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Figure 1. Energy obtained from biogas as % in the overall energy obtained from RES in selected
EU countries.

Table 1. Producing energy from biogas as % in the overall producing of renewable energy in the
European Union [48].

Country 2007 2008 2009 2010 2011 2012

Austria 1.2 1.3 1.3 14 1.5 1.2
Czech
Republic 6.3 7.2 9.5 10.8 12.8 18.2
Estonia 9.0 4.6 1.3 1.0 1.3 1.1
Finland 0.1 0.1 0.1 0.4 0.6 0.5
Germany 9.5 14.0 15.9 16.7 17.2 19.1
Latvia 1.3 1.2 1.3 1.6 3.4 5.4
Lithuania 1.0 15 2.2 3.4 3.2 3.6
Poland 3.6 3.8 3.7 3.7 3.4 3.3
Slovakia 0.2 0.3 0.4 0.6 2.3 35
Sweden 0.1 0.0 0.0 0.0 0.0 0.0
EU-28 3.7* 4.4 4.7 4.7 5.6 6.1

* Data for EU-27.
It is worth mentioning that in obtaining energy from renewable sources in general (EU-28), a

clear increase is being noted, because in 2003 the proportion of renewable energy obtained was 11.1%
of primary energy in general, and in 2012 it was 22.3%. Against this background Poland looks less
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favorably because in 2012 the share of the obtained renewable energy was 11.7% of the primary energy
in general (in 2003 it was 5.2%).

3.2. Structure and Size of the Energy Obtained and Produced from Biogas in Poland

The analysis of the structure and size of the obtained and produced energy from biogas in Poland
was based on all 231 biogas power plants (2013). Out of them 102 power plants produced biogas from
landfills (44%), 85 from wastewater treatment plants (36%), while 42 worked on agricultural substrate
(agricultural biogas power plants), and two were mixed biogas plants (substrate for obtaining biogas
came from various sources, i.e., from agricultural sources, as well as from landfills and wastewater
treatment plants).

Considering the amount of energy obtained from biogas it should be stressed that in 2013 it was
7593 TJ (7033 TJ in 2012) and such was the size of its annual domestic consumption. A total of 44.1%
of the biogas obtained came from wastewater treatment plants, 28.4% from landfills, while 27.5% of
it was from other sources (agricultural biogas obtained in the process of anaerobic fermentation of
biomass from energy crops, residues from crop production and animal manure, as well as biogas
obtained by the anaerobic fermentation of biomass from waste in meat works, breweries, and other
food industries) [48].

It should be emphasized that the highest growth rate in terms of the energy obtained from biogas
was recorded in the case of the remaining biogas sources (agricultural), amounting to 24 TJ in 2003,
and to 2084 TJ in 2013 and, thus, it showed an over 85-fold increase in energy obtained from this
source (8683%) (cf. Figure 2 and Table 2). A much smaller increase was noted with respect to obtaining
biogas from wastewater treatment plants (approx. four-fold), and landfills (approx. three-fold).
This enormous growth rate in obtaining agricultural biogas (i.e., remaining biogas) is connected,
inter alia, with the financial support from the European Union, which is allocated for investments in
the renewable energy sources (e.g., the funds from the Regional Operational Programme 2007-2013).
The Regional Operational Program takes into account, inter alia, the tasks aimed at the development of
infrastructure for environmental protection, including increasing the use of renewable energy sources.
Financial support for renewable energy sources accounted for approx. 1.4% of the funds of this
programme [54]. Part of the funds for renewable energy sources was directed to the development of
infrastructure for obtaining and producing biogas.
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Figure 2. Energy obtained from biogas according to the structure of biogas plants in Poland.
Explanation: 1—biogas from landfills; 2—biogas from wastewater treatment plants; 3—biogas from
other sources (agricultural).
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Table 2. Energy obtained from biogas and its production according to the structure of biogas power
plants in Poland.

Year

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

Structure of Biogas
Power Plants

Energy obtained (T])
Biogas from landfills 704 636 649 791 879 1433 1487 1811 2323 2249 2157 306
Biogas from
wastewater treatment 896 1297 1586 1803 1802 2486 2429 2652 2775 3321 3352 374
plants
Biogas from other

. 24 8 8 19 27 107 188 334 634 1463 2084 8683
sources (agricultural)
Total 1624 1941 2243 2613 2708 4026 4104 4797 5732 7033 7593 468
Energy produced (GWh)

Biogas from landfills 53 63 75 92 114 148 175 220 234 237 241 455
Biogas from
wastewater treatment 2 18 35 67 80 95 123 132 150 194 233 11,650
plants
Biogas from other
. 1 1 1 2 2 8 22 46 68 135 216 21,600
sources (agricultural)
Total 56 82 111 160 195 252 319 398 451 565 690 1196

Explanation: A—growth rate between 2003 and 2013 (2003—10%).

Generally, in the years 2003-2013 energy obtained from biogas increased over four-fold from
1627 TJ in 2003 to 7593 TJ in 2012 (cf. Figure 2 and Table 2).

Another element of the analysis of biogas power plants in Poland is to show the size of electricity
production in these plants in GWh. It should be noted that in the years 2003-2013 an almost twelve-fold
increase in the production of energy from biogas was recorded; it grew from 56 GWh in 2003 to 670 GWh
in 2013. In the structure of energy production from biogas the share of production from each of the
three types of power plants is almost the same and amounts to 35% for the production of energy
from landfill, 34% from wastewater treatment plants, and 31% from agricultural biogas (remaining
biogas) (cf. Figure 3 and Table 2). However, in the latter case, there was an over twenty-fold increase in
energy production: from 1 GWh in 2003 to 216 GWh in 2013. The increase in the production of energy
from biogas from wastewater treatment plants was tenfold, and biogas from landfills almost fivefold
(cf. Figure 3 and Table 2).
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Figure 3. Energy production from biogas according to the structure of biogas power plants in Poland.
Explanation: 1—biogas from landfills; 2—biogas from wastewater treatment plants; 3—biogas from
other sources (agricultural).
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Thus, it can be concluded that the amount of the energy obtained from biogas does not always
translate into the amount of energy produced from biogas. This is because energy production depends
largely on the type of substrate and the technology of its gasification. These factors influence the
content of methane in the biogas, which is higher when the calorific value of biogas is higher, which
translates into a higher energy production.

In addition to the energy obtained and produced from biogas, an interesting issue is the
consumption structure of the energy from biogas. In 2013, 76.7% of consumption accounted for
energy transformation input, while 23.3% accounted for final consumption. As much as 55% of the
final consumption was generated by trade and services, 29% by agriculture and forestry, 11% by the
food and tobacco industries, and 5% by the paper and printing industry.

3.3. Biogas Power Plants, Their Capacity, and Spatial Distribution

In this chapter, the authors analyze biogas power plants from the point of view of their capacity
and spatial distribution. Referring to this issue it should be noted that from year to year the total
capacity of power plants and thermal plants in Poland is increasing: it was 38.1 GW in 2012, 38.6
GW in 2013, and 39.1 GW in 2014. Moreover, the total capacity of power stations using energy from
renewable sources is increasing: in 2012 it amounted to 4 GW (10.5% of total installed capacity), in
2013 it was 5 GW (13%), and in 2014 it reached 6 GW, of which 3.8 GW was from wind power plants, 1
GW from biomass, 0.98 GW from hydroelectric power plants, 0.19 GW from biogas power plants, and
0.03 GW from solar panels (cf. Figure 4).
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Figure 4. Installed capacity of RES in Poland [45]. Explanation: 1—biogas power plants;
2—biomass power plants; 3—power plants generating electricity from solar radiation; 4—wind farms;
5—hydropower plants.

It follows that the capacity of biogas power plants in Poland has been of minor importance so
far. The combined share of installed capacity of biogas power plants represents 0.5% of the total
installed capacity of power plants and thermal plants in Poland (39.1 GW of total installed power, 0.19
GW installed capacity of biogas power plants). The capacity of power plants producing biogas from
landfills constituted 39%, those based on wastewater treatment plants made up 30%, those based on
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agricultural biogas made up 30%, and 1% were the power plants producing mixed biogas (the latter
type of biogas plants, that is two power plants, were not included in the further analysis due to their
insignificant participation in the overall structure).

Considering the capacity of biogas power plants in Poland it should be emphasized that it
depends, besides other factors, on the population of the voivodeship. The larger the population, the
more biogas plants, and their greater installed capacity. For example, the most populous voivodeships,
Mazowieckie and Slaskie, whose share in the population of the country is respectively 14% and 12%,
have an installed capacity of, respectively, 16 MW and 20 MW, it stems from the number of biogas
plants (respectively 32 and 29) (cf. Table 3).

Table 3. Generic structure of biogas plants and their installed capacity by sources in voivodeships in
Poland (as of 31 December 2013).

Voivodeships A I 1 I Total
1 2 1 2 1 2 1 2
Dolnoslaskie 8 9 7 8 3 3 3 20 14
Kujawsko-pomorskie 5 8 4 4 4 3 6 15 13
Lubelskie 6 1 1 4 1 5 6 10 8
Lubuskie 3 1 1 2 1 3 2 6 3
Lodzkie 7 5 5 3 3 2 2 10 11
Malopolskie 9 6 3 7 4 0 0 13 7
Mazowieckie 14 23 12 8 3 1 2 32 16
Opolskie 3 1 0 2 1 1 2 4 3
Podkarpackie 6 3 2 8 3 0 0 11 4
Podlaskie 3 1 1 4 4 0 0 5 4
Pomorskie 6 5 4 4 4 8 9 17 18
Slaskie 12 15 13 13 7 1 1 29 20
Swietokrzyskie 3 1 0 2 1 1 1 4 2
Warminsko-mazurskie 4 3 2 5 2 4 5 12 9
Wielkopolskie 9 10 6 7 6 4 4 21 16
Zachodniopomorskie 4 10 4 4 1 6 7 20 12
Poland 100 102 63 85 48 42 49 229 * 160

* Excluding two mixed biogas plants. Explanation: A—percentage of the national population in individual
voivodeships; I—power plants based on biogas from landfills; Il—power plants based on biogas from wastewater
treatment plants; I[Il—power plants based on agricultural biogas; 1—number of power plants; 2—installed
capacity (MW).

As previously mentioned, the study shows that the structure of biogas power plants in Poland is
dominated by power plants based on biogas from landfills; there are 102 such plants, which account
for 44% of the total. Another large group are power plants based on biogas from wastewater treatment
plants; there are 85 such plants, which constitute 37%. There are 42 plants based on agricultural biogas
(18%) and two are mixed (1%).

In terms of the generic structure of biogas plants there are large regional differences in individual
voivodeships. In some voivodeships (5 out of 16) the generic structure of the operating power plants
is dominated by those based on biogas from landfills, which account for half of the total number of
biogas plants in these voivodeships: Mazowieckie (23 out of 32 operating power plants are based on
biogas from landfills), Kujawsko-Pomorskie (8/15), Slaskie (15/29), Zachodniopomorskie (10/20),
and Loédzkie (5/10) (cf. Table 3). These voivodeships show a high level of urbanization, as well as
large populations and well-developed networks of catering and restaurant services, and numerous
hyper- and supermarket facilities. The population and the above-mentioned activities generate large
amounts of waste. There are also voivodeships where the generic structure of biogas plants is dominated
by agricultural biogas plants, namely Lubelskie (5/10) and Lubuskie (3/6), which reflects, among
other things, the structure and size of farms (dominance of large farms), as well as the size of livestock
production and crop cultivation. Treating the installed capacity of biogas plants in a voivodeship as 100%,
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the largest proportion of installed capacity of plants using agricultural biogas is recorded in Lubelskie,
Lubuskie, Opolskie, and Zachodniopomorskie voivodeships (URE data show there are also voivodeships
in which agricultural biogas plants do not exist at all—Malopolskie, Podlaskie, and Podkarpackie).

It is worth emphasizing that, generally, agricultural biogas plants have a higher installed capacity,
1.2 MW on average, while the average installed capacity of biogas plants at landfill sites and at
wastewater treatment plants is 0.6 MW. Installed capacity of agricultural biogas plants in individual
poviats is, to some extent, correlated with the surface area of agricultural land (in ha). This is evidenced
by the value of Pearson’s linear correlation index » = 0.31 (« = 0.05). There is also a correlation observed
between the installed capacity of agricultural biogas plants and the participation of investment in
agriculture, forestry, hunting, and fishing in the general investments in a poviat (r = 0.48; « = 0.05).
Moreover, the size of the installed capacity of agricultural biogas power plants is affected by the size of
the share of investments in sector I (agriculture, forestry, hunting, and fishing) in the total investments
in the poviat. This is evidenced by the good fit of the linear regression model r* = 0.297 with the
significance level of the model of less than 0.001 (cf. Figure 5I). This correlation is also confirmed by
the value of Pearson’s correlation index r = 0.48 (& = 0.05).
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Figure 5. Graph showing regression analysis between the installed capacity of agricultural biogas
power plants and the share of investments in sector I in the total investments in the poviat (I) and
between the installed capacity of biogas power plants based on biogas from wastewater treatment
plants and the population density (II).

In turn, with regard to biogas power plants based on biogas from wastewater treatment plants,
it has been observed that the size of the installed capacity of a given biogas power plant depends to
a great extent on the density of the urban population of a given poviat and the level of urbanization
(percentage share of the urban population in the total population living in the poviat). In the former case

16810



Sustainability 2015, 7, 16801-16819

the Pearson correlation index is = 0.54 (x = 0.05), the determination index is * = 0.285 (cf. Figure 51I),
and in the latter one r = 0.41 («x = 0.05). Additionally, a high correlation is recorded between the
installed capacity of the power plants based on biogas from wastewater treatment plants and the
amount of treated municipal wastewater per 100 km?, where r = 0.60 (& = 0.05).

The research shows that the overall average installed capacity of biogas power plants in Poland is
0.7 MW, and there is a considerable regional variation in terms of the size of their installed capacity.
As already mentioned, the total installed capacity of all biogas power plants in Poland was 162 MW
in 2013 (2014—189 MW). The highest installed capacity of biogas plants (from 15 MW to 20 MW)
is recorded in Slaskie, Pomorskie, Wielkopolskie and Mazowieckie voivodeships. The lowest, below
5 MW, is recorded in Podlaskie, Podkarpackie, Swietokrzyskie, Lubelskie and Lubuskie voivodeships
(cf. Figure 6 and Table 3).

1-204 0——r1.J[ —L
1-150 N
1-100
- 50 " e

Figure 6. Structure of installed capacity of biogas plants by biogas sources in wvoivodeships
in Poland (as of 31 December 2013). Explanation: I—capacity of biogas installations (MW);
II—percentage structure; 1—biogas from landfills; 2—biogas from wastewater treatment plants;
3—agricultural biogas. Voivodeships: B—Podlaskie; C—Kujawsko-Pomorskie; D—Dolnoslaskie;
E—L.6dzkie; F—Lubuskie; G—Pomorskie; K—Matopolskie; L—Lubelskie; N—Warmirisko-Mazurskie;
O—Opolskie; P—Wielkopolskie; R—Podkarpackie; S—Slaskie; T—Swietokrzyskie; W—Mazowieckie;
Z—Zachodniopomorskie.

It should be noted that the power station based on biogas from landfills operating in Siemianowice
Slaskie in Slaskie voivodeship has the highest installed capacity in Poland—3.45 MW. It belongs to
the group ENER-G Poland, which owns 13 power plants of this type in Poland. The largest capacity
amongst power plants based on biogas from wastewater treatment plants is in a biogas plant in
Gdansk. Its installed capacity is 2.864 MW and its energy is used to power the installation for the
thermal treatment of wastewater sludge in the Gdarisk Wastewater Treatment Plant Wschod, while
in the future the surplus will be sold to the national grid. In turn, the generated heat is used for
technological and living needs of the above-mentioned Wastewater Treatment Plant. Considering the
installed capacity of agricultural biogas plants, one should note that the highest installed capacity of
2.4 MW is observed in the biogas plant in Potegowo in Pomorskie voivodeship (as of 2012). By 2012,
the largest installed capacity of agricultural biogas plants was in Koczata (Pomorskie voivodeship) and
Liszkowo (Kujawsko-Pomorskie), each with an installed capacity of 2.126 MW.
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For a more detailed discussion of the structure and size of the installed capacity of biogas plants
in Poland, further analysis of the above-mentioned issues is based here on poviats (cf. Figure 7, Tables 4
and 5). In Poland there are 380 poviats, including 66 urban poviats (i.e., towns with poviat rights) and
314 rural poviats. Biogas power plants are found only in 40.5% of all the poviats, i.e., in 154 poviats—in
113 rural poviats (representing 36% of all the rural poviats) and in 41 urban poviats (which represent
62% of all the urban poviats) (cf. Figure 7 and Table 5). In 19 of the urban poviats biogas power plants
are based on biogas from wastewater treatment plants, in four such poviats power plants are based on
biogas from landfills, and in 18 poviats there are two types of biogas plants (i.e., at wastewater treatment
plants and at landfills). In total, in the above-mentioned urban poviats there are 66 biogas plants with a
total installed capacity of 51 MW (cf. Table 4). However, in rural districts there are 165 biogas plants, of
which 76 are based on biogas from landfills, 45 on biogas from wastewater treatment plants, 42 on
agricultural biogas, and two are mixed biogas plants. Generally, in these poviats the total installed
capacity of biogas plants is 112 MW (cf. Table 4).

1.50-1.99
1.00-1.49
060-0.99
0.40-0.59
0.20-0.39
001-0149

OO0ONENm.

Figure 7. Total installed capacity of biogas plants in Poland in poviats by plant type (MW). Explanation:
I—power plants based on biogas from landfills; I—power plants based on biogas from wastewater
treatment plants; Ill—power plants based on agricultural biogas.
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Table 4. Number of biogas plants and their installed capacity (MW) by poviat in Poland (as of
31 December 2013).

Structure of Biogas Rural Poviats Urban Poviats Poland
Power Plants A B C A B C A B C
1 76 43 38 26 20 37 102 63 39
1I 45 17 15 40 31 57 85 48 29
111 42 49 44 0 0 0 42 49 30
v 2 3 3 0 0 0 2 3 2
Total 165 112 100 66 51 100 231 163 100

Explanation: [—power plants based on biogas from landfills; [I—power plants based on biogas from wastewater
treatment plants; Ill—power plants based on agricultural biogas; IV—power plants based on mixed biogas;
A—number of power plants; B—installed capacity (MW); C—percentage of installed capacity.

Table 5. Total installed capacity of biogas plants in Poland in poviats by plant type (as of 31 December 2013).

Capacity 1 I III Total

(MW) 1 2 3 1 2 3 1 2 3 1 2 3
2.00-4.87 8 6 1797 7 5 1270 15 9 2198 30 19 5265
1.50-1.99 6 4 69 3 3 49 6 6 1023 15 13 2213
1.00-149 10 8 964 6 6 666 9 8 924 25 22 2554
060099 26 19 1380 9 8 645 6 6 511 41 32 2536
040-059 22 19 853 16 14 657 5 5 248 43 39 1758
020-039 17 16 501 23 23 734 1 1 025 41 39 1260
010-029 13 13 129 21 21 307 0 0 000 34 34 436

Total 102 85 6320 8 80 4770 42 35 4930 229 198* 160.22

* The number of power plants is greater than the number of the analysed poviats in which there are biogas
plants, because some poviats have two or more biogas plants. Explanation: I—power plants based on biogas
from landfills; l—power plants based on biogas from wastewater treatment plants; Ill—power plants based on
agricultural biogas; 1—number of biogas plants; 2—number of poviats; 3—total installed capacity (MW).

The issue described above, that is the development of biogas power plants and the production
of energy from biogas, should be seen in the context of its strengths and weaknesses, as well as
opportunities and threats regarding their development. Conditions for the development of biogas
power plants in Poland are of a social and economic nature as well as an institutional and legal nature.

The social and economic weaknesses in the development of biogas power plants in
Poland undoubtedly include the insufficient financial assistance from the state for carrying out
investments [55], alongside the comparatively high investment costs of building biogas power
plants [56], which prolongs the investment process. Another barrier to investing in biogas power
plants is the hostility and resistance of the local community to this type of activity, which arises due to
the lack of ecological education in Poland and from fear that living standards will fall as a result of
unpleasant odors from the substrates supplied to the biogas power plant.

In turn, an institutional and legal weakness in creating biogas power plants is the fact that there
is no clear national energy policy, which discourages the main electricity producers in Poland from
buying energy from biogas, while at the same time encouraging them to produce energy from coal
for political reasons, as every attempt to reduce the amount of energy from coal is met with great
opposition from the mining community (especially at election time).

Strong sides in the development of biogas energy in Poland include the fact that Poland has a
great potential as regards biomass, partly as a result of its large population (38.5 million inhabitants
generating a large amount of waste and sewage) and partly because of its agricultural potential
(expedient cultivation, e.g., maize, grass, clover, and a wide range of agricultural waste, including
troublesome liquid manure). Moreover, investments in biogas power plants can contribute to increased
income for farmers and also to increased employment, particularly in agricultural areas which are
currently suffering high unemployment.
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One threat for the development of biogas in Poland is instability in the price of agricultural
substrates and also instability in the Polish energy policy resulting from new visions of state
development based on political conditions.

Speeding up the development of biogas power plants in Poland should rely on removing
institutional and legal barriers and on choosing the appropriate economic instruments which should
contribute to the creation of support systems in the fields of research and scholarship, technology, and
the service market connected with biogas installations [57].

Opportunities for the development of biogas in Poland include the experience of Western
countries, which can be used as a model, for example in order to expand the use of biogas as a
motor fuel. By way of example, the agricultural power plant in Linkdping (Sweden) supplies fuel for
the city buses, taxis, and private motorists [58]. In turn, in Bristol in Great Britain, the buses run on
biogas (biomethane) produced from human sewage and food waste. The “poo bus” uses biomethane
from wastewater treatment plants in Bristol [59]. Without doubt such solutions can be implemented in
Poland as the substrates mentioned above are renewable resources.

Great potential in the creation and development of biogas power plants lies in local authorities
and local communities. Therefore, below we present numerous examples of cooperation between
local authorities and local communities in promoting pro-environmental attitudes conducive to the
development of new biogas plants. As a case study, we use biogas power plants located in a large
town, in a suburban village near a large town and in a typical agricultural area in the countryside.

As a first example, let us discuss three biogas power plants in a large town, i.e., Krakow. One of
them (Barycz) is based on substrate from the municipal waste collection centre, while the other two
(Kujawy and Plasz6éw) are based on substrate from wastewater treatment plants. On the reclaimed,
inactive part of the municipal waste site of Barycz is an installation to utilise gas from the waste
dump in order to use it as energy. Energy is also obtained from municipal sewage. The wastewater
treatment plant Kujawy utilizes biogas produced by sewage in fermentation chambers. Gas generators
produce electricity with a capacity of 0.5 MW and heat with a capacity of 0.85 MW. In the modernized
wastewater treatment plant Plaszéw electricity and heat are produced from sewage biogas with a
capacity of 2.0 MW and 3.0 MW, respectively [60].

In turn, the biogas plant in Machnacz (a village in the gmina of Brzes¢ Kujawski, Wloctawski poviat,
Kujawsko-Pomorskie voivodeship) is an example biogas power plants located in a suburban village
near a large town—W1loclawek. It is owned by the Public Utilities Company SANIKO in Wioctawek.
The electricity produced at the landfill in Machnacz is used for the company’s needs, i.e., to power the
machinery, while the surplus is sold to the local power grid (cf. Figure 8). Thermal energy, meanwhile,
is used to heat the company’s buildings, and the surplus is used to heat plastic tunnels in which
ornamental plants are grown for the local market.

Another example is the agricultural biogas plant located in a typical rural area, i.e., in Boleszyn,
a village in the gmina of Grodziczno, nowomiejski poviat, Warmirisko-Mazurskie voivodeship. The
plant, which was established in 2012, was beneficial for both farmers and the non-agricultural local
community. Thanks to processing manure, a byproduct of pig rearing, this waste product is no longer
burdensome for the residents. The agricultural biogas plant in Boleszyn provides local residents
with thermal energy to heat water and houses. The investment cost 22 million PLN, of which over
11.5 million PLN [61] came from funds provided by the Operational Program Infrastructure and
the Environment.

Of particular importance for the development of biogas power plants in every country is a
healthy climate of cooperation between local authorities and the local community as well as with
economic entities.

Here are some of the many examples of good cooperation between local authorities and residents.
The result of cooperation between gminas (third tier administrative units) is the biogas plant, opened
in 2010, based on a landfill in Trzebania (a village in the gmina of Osieczna, leszczynski poviat,
Wielkopolskie voivodeship). The Trzebania landfill receives waste from 19 surrounding gminas, which
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participated in the project of constructing a plant to obtain biogas from waste. Thanks to the cooperation
of these 19 gminas, small local dumps were closed and reclaimed, and the electricity produced is used
for local needs, while the rest is sold to the national grid; the obtained thermal energy heats the
water and all the rooms of the Waste Management Plant in Trzebania. The investment cost almost 25
million euros, of which 18.6 million euros was obtained from the European Cohesion Fund, while the
remaining 6.4 million euros was a direct contribution by the local authorities [62].

Figure 8. Biogas plant at a landfill in Machnacz (a village in the gmina of Brzes¢ Kujawski,
Kujawsko-Pomorskie voivodeship).

Another example of good cooperation between gminas in obtaining biogas is a power plant at the
wastewater treatment plant at Zielona Laka (gmina Pleszew, pleszewski poviat, Wielkopolskie voivodeship)
run by the Municipal Company in Pleszewo. In 2012 the company obtained a concession for generation
of electricity. The benefit of obtaining it is mainly the reduction in the consumption of traditional
energy resources by the above-mentioned treatment plant, because the produced biogas is used for
their own needs, i.e., energy and heating needs.

4. Conclusions

The study shows that there is a slight progress in the development of biogas plants in Poland.
However, compared with other European countries this segment is still relatively small. Both the
energy obtained and produced from biogas plays a minor role in the Polish energy sector, because
installed capacity of biogas plants amounts to 0.5% of the total installed capacity of power plants in
Poland (39.1 GW of the total installed capacity, 0.19 GW installed capacity of biogas power plants). A
positive trend, however, is that from year to year the production of energy from biogas is increasing; in
the period 2003-2013 an almost twelve-fold increase was recorded.

The study showed that the generic structure of biogas plants in Poland is dominated by the
power plants based on biogas from landfills, while the number of biogas plants based on agricultural
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substrate is lower, although the agricultural area in Poland is huge (60% of the total area of Poland)
and, therefore, one would expect more agricultural biogas plants.

The study shows that in 226 (i.e., 59.5%) poviats in Poland there are no biogas power plants. All
poviats (380) have wastewater treatment plants (3264 wastewater treatment plants in 2013), while the
number of biogas plants using biogas from such facilities is 85. In 2013 there were 431 active landfills
in Poland (as well as 2791 illegal dumping sites), which is more than the number of poviats, while
the number of operating biogas plants based on biogas from landfills was 102. Therefore, there is
a sufficient amount of the substrate for new biogas plants. The costs of such installations are high,
but biogas plants can be financially supported from the EU subsidies. The issue is, therefore, not
the expense, but the relationships of local authorities, initiatives of local communities, as well as
carrying out public tasks under the Local Government Act (poviat tasks include environmental and
nature protection).

It should, therefore, be noted that not all local communities (poviats) and local authorities follow
the rules of pro-ecological behavior because, as shown above, local substrate resources to operate
biogas plants are huge. Not all landfills, wastewater, and agricultural waste are used for energy
purposes. The construction and development of biogas plants should be considered as one of the
factors of pro-ecological behavior of local communities (poviats), residents, and local authorities and as
an indispensable element of endogenous development of the area.

It follows from the above that the development of biogas power plants in Poland is at the
initial stage, though with respect to the relatively large potential for obtaining substrate (municipal
waste, sewage, and agricultural waste), there are chances for the further development of this fuel
and energy sector. It is particularly important because of the need to realize the main aims of the
Polish energy policy by 2020. Encouraging energy to be obtained from biogas could contribute to the
diversification of energy sources and, consequently, would ensure energy security, increased efficiency,
and competitiveness of energy markets and reduce the negative impact of energy on the environment
by reducing greenhouse gas emissions and increasing the use of renewable sources of energy.
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