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ABSTRACT

The aim of this study was to determine the current role of slurry, manure, and poultry droppings in the mix of Polish
agricultural biogas plants and their biogas potential. Statistical data on biogas production in Poland from 2011 to 2024
and the consumption of substrates from various sources, with particular emphasis on livestock manure, were analyzed.
Biogas efficiency analyses were performed for five types of animal manure in a specialized laboratory. The advantages
of biogas production were identified in terms of energy production, reduced air pollutant emissions, and the use of
digestate from biogas plants as fertilizers. The current number of agricultural biogas plants in Poland is less than 200,
and the amount of electricity they produce is approximately 1000 GWh. Biogas plants primarily use processing waste,
while only slurry plays a significant role, accounting for approximately 15% of the total substrate mass. Manure and
poultry manure are of marginal importance, accounting for 3% and 0.8% of the substrate mass, respectively. Labora-
tory test results indicate that all types of animal manure are valuable materials for anaerobic digestion, with liquid
manure playing an important role in diluting the chamber contents, and cow, pig, and poultry manure having high
biogas yields of 264.37, 205.18, and 276.54 m*/Mg ODM, respectively, with biomethane content >60%. It is rational
to encourage farmers to build biogas plants and micro-biogas plants and users of existing installations to use animal
faces more, which will contribute to the increase in renewable energy production and improvement of the environment.
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INTRODUCTION

The development of biogas plants in Po-
land faces a number of challenges. Although
the first agricultural biogas plant was launched
in 2005, fewer than 200 have been built in the
past 20 years (KOWR, 2025). Existing biogas
plants primarily utilize waste from agricultural
and food processing, substrates from targeted
crops (primarily maize silage), expired food, and
plant and animal by-products generated on farms
(Kowalczyk-Jusko et al., 2022; Pochwatka et al.,
2025). The latter group includes animal feaces:
manure, slurry, and poultry droppings (Czekata
et al., 2023; Biatobrzewski et al., 2024). Their
role in the biogas plant substrate mix is highly
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diverse. At the same time, a significant amount
of feaces is identified in Poland as being used
to fertilize fields without prior treatment, which
poses a risk of nutrient contamination of surface
and groundwater (Mgcik et al., 2023; Krupka et
al., 2024). Polish legislation specifies the precise
doses and timing of natural fertilizer applications
(Act, 2007), but farmers do not always adhere to
these regulations. Another problem is the storage
of manure when its removal to the fields is impos-
sible for agricultural or legal reasons.

According to estimates prepared by the
Poznan University of Life Sciences (Koztowski
etal., 2019), over 70 million tons of cattle and pig
manure are produced annually in Poland. Poland
is also a significant poultry producer (Drézdz et
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al., 2020; Olejnik et al., 2022). Poland is a lead-
ing European country in terms of livestock pro-
duction (Zigtara et al., 2024). Since 2012, it has
been the largest European poultry producer, and
dairy farming is also developing rapidly. A con-
sequence of this developed livestock production
is the production of large quantities of animal
manure (Wawrzyniak et al.,, 2021; Lukomska
et al., 2025). In Western Europe, slurry produc-
tion predominates, as raising animals on slats re-
quires less labor (Gaworski and Kic, 2024; Silva
et al., 2025). Meanwhile, in Poland, litter-based
farming predominates, resulting in manure pro-
duction approximately four times greater than
slurry production. This is unfavorable in terms of
greenhouse gas emissions from animal manure
(Pilvere et al., 2025; Symeon et al., 2025). Stored
manure tends to self-heat, and as a result, a pile
of this fertilizer stored in anaerobic conditions at
temperatures between 30 and 50 °C becomes a
natural biogas plant, emitting large amounts of
methane, many times greater than stored slurry
(Nowak et al., 2024). Furthermore, both types
of fertilizers also emit nitrous oxide — a gas with
a greenhouse gas impact 273 times more potent
than CO, (Haider et al., 2025). These emissions
will become a huge financial burden for the live-
stock sector starting in 2027, when the ETS2 and
ETS3 greenhouse gas taxation systems are likely
to be introduced. In the case of ETS3, which di-
rectly addresses greenhouse gas emissions from
agriculture, farmers will be exempt from fees pro-
vided that animal feaces are sent directly from the
farm for processing in biogas plants (Verschuuren
et al., 2024; Prandecki and Wrzaszcz 2025). The
electricity, heat, or biomethane produced from
them will then have a negative carbon footprint,
as this will avoid greenhouse gas emissions gen-
erated during landfill (Borawski et al., 2024).

MATERIALS AND METHODS

Statistical data

This study uses information on the num-
ber of biogas plants in Poland, the energy they
produced, and the consumption of individual
substrates between 2011 and 2024. Data were
obtained from The National Support Centre for
Agriculture (KOWR), the institution supervising
agricultural biogas plants, which are a separate
category in Polish law, distinguishing them from

biogas plants at sewage treatment plants and land-
fills (Act, 2015). Based on statistical data, trends
in the use of individual types of animal manure
were determined.

Laboratory tests

Laboratory tests of biogas yield included five
types of animal manure: cattle and pig manure
(animal manure with straw), cattle and pig slurry
(animal manure only), and poultry manure. Fresh
matter (FM) samples delivered from farms, after
averaging and homogenization, were subjected
to basic tests: pH (PN-EN ISO 10523:2012), dry
matter content (DM) using the gravimetric meth-
od (PN-EN ISO 18134-2:2017-03), and organic
dry matter content (ODM) using the gravimetric
combustion method (PN-EN ISO 18122:2023-
05). The samples were subjected to batch test-
ing of biogas yield, according to DIN 38 414-S 8
(2012), in 1-liter reactors under mesophilic con-
ditions (39+1 °C). The inoculum was the liquid
fraction of digestate from an agricultural biogas
plant, obtained through the separation of the solid
fraction. During fermentation, gas production and
composition were measured daily (CH,, CO,, O,,
H,S, NH,), using a Geotech GAS5000 gas analyzer.
Fermentation studies were terminated when daily
biogas production was less than 1% of the total
biogas volume produced up to that time, in ac-
cordance with the DIN standard. All studies were
performed in triplicate, and arithmetic means of
the results were then calculated.

RESULTS AND DISCUSSION

Results from the statistical data

The current situation of biogas plants in Poland

The number of agricultural biogas plants in
Poland is slowly growing (Table 1). The first agri-
cultural biogas plant was commissioned in 2005,
and for 20 years their number has been less than
200. This slow growth, compared to other Euro-
pean countries e.g. Italy, Germany, Great Britain,
Denmark (IRENA, 2025) is due to many reasons:
an unstable support system for renewable energy
sources (RES), complicated legal procedures, and
low public acceptance due to low social aware-
ness (Lisiak-Zielinska et al., 2023).

Currently, most biogas is burned in cogen-
eration (CHP) units, generating electricity and
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heat in combination. In 2024, the total electricity
generated in agricultural biogas plants exceeded
1.000 GWh (Table 1). Several plants use biogas
to generate heat for various processing plants
(drying plant, distillery). Heat from cogeneration
is sometimes not applicable, particularly in bio-
gas plants located far from densely built-up areas
or businesses with a heat demand. The first bio-
methane plant in Poland was built in 2025 and is
not included in the summary due to the current
reporting year. This is a very large plant, with a
biogas production equivalent of 45 MW, primar-
ily using sugar beet pulp.

Substrates used in biogas plants

The total amount of substrates used in agricul-
tural biogas plants in 2024 exceeded 7.5 million
Mg (Table 1). Reports submitted by agricultural
biogas producers to the supervisory authority —
The National Support Centre for Agriculture, pro-
vide detailed information about the substrates and
their origin, including waste codes, if applicable.
For the purposes of this article, they have been
grouped into three groups (Figure 1), depending
on their origin: animal (animal manure, slaughter-
house residues, digestive tract contents), biomass
from targeted crops (silage from maize, grass, ce-
reals, and other plants grown for biogas plants),
and waste and by-products from agri-food pro-
cessing (from distilleries, breweries, sugar refin-
eries, olefin processing plants, fruit and vegetable
processing plants, etc.).

Table 1. Data on agricultural biogas plants in Poland

The first biogas plants primarily used animal
waste (approximately 60% of the substrate mass)
and maize silage (approximately 25%), with by-
products accounting for a dozen or so percent
of the mass. Due to the high cost of dedicated
substrates, the importance of silage declined, re-
placed by waste and by-products from agriculture
and food processing. The importance of animal-
derived substrates also declined, as the growing
number of biogas plants, and the resulting in-
crease in demand for substrates, led biogas plants
to widely utilize other liquid substrates: distiller’s
stock and whey, and more recently, expired food
products, which, after appropriate preparation,
are delivered to the biogas plant in liquid form.

There is a steady upward trend in the quanti-
tative use of slurry for biogas production (Figure
2), associated with the increasing number of bio-
gas plants. However, its importance, expressed as
a percentage of the substrate mass, is decreasing.
In the first years analyzed, slurry parted at almost
60% of the mass of all substrates and was the first
or second largest (after stillage). This is due to the
fact that it is one of the few substrates that dilutes
the feedstock. Most agricultural biogas plants op-
erate using wet technology, maintaining the dry
matter content in the chamber at an average level
of <15%, which allows for pumping the chamber
contents between individual tanks (acidification
chamber — fermenter — digestate tank). Gradually,
the importance of slurry decreased, and in 2024, it
accounted for 15.8% of the fermented mass. Ma-
nure is a minor substrate in Polish biogas plants:

Year Numbgr of Number of biogas | Amount of biogas production | Amount of electricity | Amount of substrates
enterprises plants [min m?] [GWh] [Mg]

2011 4 8 36.646 73.433 469,416
2012 10 16 73.152 141.804 917,122
2013 21 28 112.412 227.89 1574,179
2014 35 42 174.253 354.978 2,126,378
2015 50 58 206.236 429.4 2,484,500
2016 69 78 250.325 524.532 3,231,760
2017 84 94 292.036 608.27 3,796,930
2018 86 96 304.475 638.51 4,000,157
2019 85 96 307.337 646.355 3,957,804
2020 93 103 328.174 689.713 4,411,965
2021 99 116 343.07 732.882 4,913,469
2022 109 128 375.003 796.675 5,696,274
2023 119 143 430.08 919.277 6,775,626
2024 136 162 468.517 1,012.18 7,551,052

Note: KOWR 2025.
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its share during the analyzed period was less than
3% of the total substrate mass, although the trend
in its use is increasing (Figure 2). The low interest
in manure is due to several reasons. The first is that
manure is often produced on smaller animal farms
that raise animals on straw. Therefore, it is a dis-
persed substrate requiring transport from various
locations, and the costs of transporting substrates
is a significant item in the economic balance of
biogas plants. Furthermore, the straw present in
manure takes a long time to decompose as a lig-
nocellulosic raw material. Long straw fibers can
wrap around agitators (in the case of mechanical
mixing systems) and can float and form a skin on
the surface of the fermenting mass, complicating
biogas plant operation.

Poultry manure is also insignificant in the
substrate mix, it was a part of only 0.2-0.8% of
all substrate stream, despite the very large sup-
ply of this form of manure in agriculture. Poultry
manure is a difficult substrate because it contains
large amounts of ammonia, which, at high con-
centrations, becomes an inhibitor of the anaerobic
digestion process. Furthermore, poultry manure
contains a large mineral fraction (sand), which
sinks to the bottom of the fermentation chamber,
and the resulting sludge reduces its working vol-
ume and requires disposal.

In Poland, the problems associated with ani-
mal feaces management differ from those associ-
ated with its use in biogas plants. Manure poses
a greater environmental problem than slurry. It
is estimated (IPCC, 2006), that greenhouse gas
emissions from manure are on average level of
0.41 Mg CO,eq/Mg fresh matter, which is higher
compared to emissions from slurry, which is 0.31
Mg CO2eq/Mg fresh matter. This is mainly due
to the method of storage: on farms, slurry is col-
lected in closed tanks, often underground, while
manure is stored on manure pads, and sometimes
even in fields. Manure pads protect the ground

Table 2. Biogas yield from tested farm animal feaces

from leachate seeping into the soil and water. Un-
fortunately, natural fermentation and aerobic de-
composition cause the products of these process-
es to migrate freely into the atmosphere. These
products include methane and nitrous oxide, po-
tent greenhouse gases (Yasmin et al., 2022; San
Martin Ruiz et al., 2022).

Results of the experimental test

Biogas yield from animal manure

Laboratory studies have shown that farm
animal feaces differs significantly in physical
state (Table 2). The lowest dry matter content
was found in cattle and pig slurry, at 8.41% and
1.73%, respectively. The very low dry matter
content in pig slurry was likely due to the animal
housing method and frequent flushing of animal
housing. Slurry, due to its low dry matter con-
tent, is used in biogas plants as a diluting sub-
strate, while also containing anaerobic fermenta-
tion bacteria, particularly in the case of ruminant
slurry — cattle and sheep (Wang et al., 2023). The
highest dry matter content (42.30%) was found
in poultry manure, which has a solid consistency
and is spread on fields using manure spreaders in
agricultural practice. Large differences in biogas
yield and composition were found (Table 2). The
largest amounts of biogas were obtained from
poultry manure — 458.60 m*/Mg ODM, however,
due to the higher content of biomethane, cattle
slurry proved to be more efficient, giving more
than 300 m*/Mg ODM biomethane. The smallest
amount of biogas and biomethane was obtained
from the fermentation of pig manure: respectively
332.54 and 205.18 m*/Mg ODM.

The rate of anaerobic decomposition of in-
dividual types of animal feaces turned out to be
significantly different. Poultry manure fermented
the fastest — 17 days (Figure 3e) and pig slurry —
22 days (Figure 3c). In turn, substrates containing

o o d Meth Cumulative production

rganic dry ethane -
Substrate oH Dry[r;?tter [021 ?th:/:_.] co[r:/i?nt FrcEnmwsjﬁthTA?ss From[gqr?/:l/lr;c C;jlgyMr]natter
CH, biogas CH, biogas
Cattle manure 8.19 28.98 89.80 58.6 68.80 117.41 264.37 451.14
Cattle slurry 7.41 8.41 70.95 68.5 18.40 26.86 308.37 450.17
Pig slurry 7.59 1.73 63.51 71.4 2.78 3.89 253.41 354.79
Pig manure 7.79 17.10 89.21 61.7 31.30 50.73 205.18 332.54
Poultry manure 6.62 42.30 84.12 60.3 98.40 163.18 276.54 458.60
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straw took the longest to decompose: cattle ma-
nure — 27 days (Figure 3a) and pig manure — 29
days (Figure 3d). Until recently, straw was not
considered a substrate for biogas plants, but for
several years there has been a growing interest in

this raw material throughout Europe (Alamia et
al., 2024; Vaskina et al., 2025). Most often, straw
is pre-treated before being fed to the digester, e.g.,
by mechanical shredding, steam explosion, or ex-
trusion (Kupyaniuk et al., 2020; Orth et al., 2025).
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Figure 3. Fermentation rate and efficiency of cattle manure (a), cattle slurry (b), pig slurry (c), pig manure (d),
poultry manure (e)

357



Ecological Engineering & Environmental Technology 2025, 26(12), 352-361

d)
0.45
04 = A Methane
H Biogas
0.35
E |
3, 0.3 - ]
g o025 o
s
.,5 0.2 A
° " . A
£ A
5 0.15 A—i
3 A
> 0.1 |Hm-4
005 2
0 T T T T T |
0 5 10 15 20 25 30
Hydraulic retention time [days]
e)
1.4
u A Methane
1.2 "
m Biogas
|
— 1
£
A
g 08 -
§n A |
%5 06 A n
g
5 A
5 04 i
>
|
ﬁi‘
02 . P
f a4 p B L S| B
0 . . . T T T T T Y
0 2 4 6 8 10 12 14 16 18

Hydraulic retention time [days]
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The decomposition time of individual substrates
is a very important parameter used to calculate the
hydraulic retention time (HRT) in order to select
the appropriate size of fermentation chambers de-
pending on the co-substrate recipe (Lee and Du-
lany, 2025; Oladunni et al., 2025).

The importance of biogas plants for the
environment

The extension of the emissions trading sys-
tem to agriculture (EU ETS3) will involve the
introduction of fees for emissions of other green-
house gases, after CO,, including methane pro-
duced in agriculture. Research shows that in labo-
ratory conditions, 1 Mg of manure (with straw)
can emit 31.30-68.80 m? of methane, and 1 Mg of
slurry — 2.78-18.40 m® of methane, depending on
the animal species. Assuming a methane density
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of 0.72 kg/m’ (Koonaphapdeelert et al., 2020),
this amount is 22.54-49.54 kg CH, /Mg of fresh
manure and 2.00-13.25 kg CH,/Mg of slurry. In
a functioning biogas plant, and especially under
natural conditions during manure storage, these
values are lower. The net total methane emissions
during storage of untreated cattle slurry were
found to be 4045.7 g CH,/m’ slurry in an open
storage (Dumont et al., 2013). In the study by
Petersen et al. (2016), methane production rates
in pig and cattle slurry were 0.030 and 0.011 kg
CH,/kg ODM within 24 h, respectively. In farm
conditions, significant changes in methane emis-
sions from animal excrements are observed in
different seasons. The experiment (Cardenas et
al., 2021) showed that the methane emissions
from manure stored in summer were considerably
higher than those from manure stored in win-
ter. CH, production started after approximately
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one month, reaching values of 0.061 kg CH,/
kg ODM and achieving high total emissions of
0.148 kg CH,/kg ODM. In winter, the highest
emissions level was 0.0011 kg CH,/kg ODM. An
important factor influencing methane emissions
from animal excrements is the storage tempera-
ture (Hilgert et al., 2022). Annual average CH,
emission per kg ODM excrected on dairy and
finishing pig farms with liquid manure manage-
ment as calculated with an empirical model using
daily time steps were 10.0 and 36.2 g/kg ODM/
yr, respectively (Petersen et al., 2024). However,
rising CO,, emission prices, as well as the fact
that in the case of methane, the conversion fac-
tor to the equivalent amount of CO, is 27 over a
100-year period (IEA, 2025) — the methane tax
burden would become a significant cost for farm-
ers. In addition to methane, manure storage also
generates nitrous oxide emissions, for which the
equivalent CO, is 273 (IEA, 2025). Decomposi-
tion of some of the organic matter contained in
animal feaces in controlled conditions of fermen-
tation tanks significantly reduces their emission
intensity, which will be taken into account when
designing fees for agricultural emissions. The
cumulative contribution of methane from farm
manure management is significant and there are
considerable benefits from acting sooner rather
than later to curb emissions. As well as the jus-
tification in terms of reduced GHG emissions in
the short term, the realisable economic value of
this alternative fuel source would be a welcome
contribution to the increasingly challenging farm
business economics in the animal production sec-
tor (Ward et al., 2024).

CONCLUSIONS

Animal production is associated with the pro-
duction of feaces, which emits air pollutants such
as methane and nitrous oxide. Manure, consist-
ing of animal feaces and bedding, in particular,
emits significant amounts of pollutants. The con-
struction of biogas plants, which produce energy
fuel under controlled, anaerobic conditions, can
alleviate this problem and provide economic
benefits for animal farmers. The development of
agricultural biogas plants in Poland is slow, espe-
cially given the high potential of substrates from
agriculture and the agri-food processing industry.
Current use of animal feaces, particularly manure
and poultry manure, is negligible. The results

obtained in our research indicate varying biogas
yields from different types of feaces, ranging
332.54-458.60 m*Mg ODM. The construction
of a biogas plant, with the rational selection of
co-substrates, can bring numerous environmental
and economic benefits to farms.
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