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Keywords: Heavy metals usually enter the soil via precipitation or manure. There
biogas plant, is a noticeable increase in interest in digestate for fields fertilization.
heavy metals, Therefore, the authors decided to test the heavy metal content in sub-
digestate, strates (slurry and solid input) and digestate. The 15x3 samples tested
Impurities, showed that only trace amounts of heavy metals were present. The

substrate study shows that the content of these elements in the digestate is not the

sum of the elements supplied to the digester with the substrates. In most
of the samples tested, lead concentrations did not exceed 5 mg-kg™'. The
lowest amounts of cadmium (an average of 0.28 mg-kg™) were observed
in the slurry, and the highest (an average of 0.34 mg-kg™) in the solid
substrate fed to the digester. Slurry had the lowest mercury and cad-
mium contents (average 0.012 mg-kg'and 5.8 mg-kg"). The highest
concentration of chromium was registered in the digestate (average
3 mg'kg™!) and this was on average 0.3 mg-kg' higher than the feedstock
and 0.5 mg-kg™! than the slurry

Introduction

Agricultural biogas plants belong to the group of renewable energy sources (RES), which
has led to increased interest in them in recent years (Skibko et al., 2021; Czekata et. al., 2023).
Agricultural biogas plants, compared to other renewable energy sources, produce energy that
is approximately constant over time, thus has a good impact on the stability of rural electricity
grids (Suproniuk et al., 2019; Holdynski et al., 2022; Kubon et al., 2023). It is assumed that
building biogas power plants will reduce the greenhouse effect, increase regional energy se-
curity and the wealth of farmers' wallets (Sikora et al., 2020; Tyminska et al., 2023). Inte-
grating animal production with an agricultural biogas plant could benefit small and medium-
sized farms. It would enable the use of animal waste which is often an additional economic
(Horobets, 2020) and environmental (Trypolska et al., 2023) burden for a farm. It would
increase the economic viability of agricultural production and allow the farm to achieve its
energy security (Kubon and Krasnodgbski, 2010; Borek et al., 2021; Czekata et al., 2023).

An increasing amount of municipal organic waste associated with everyday human activ-
ities is generated worldwide. Approximately 2 billion tonnes of waste is generated annually
(0.11-4.54 kg/person/day), and a significant proportion of it, about one-third, is not ade-
quately managed from an environmental perspective (Van et al., 2019). Highly developed
countries generate about 680 million Mg of municipal waste annually (about 34% of waste
generated worldwide), with food and green waste accounting for 32% of all waste (mainly
plastics, cardboard, paper, glass, and metal). Waste collected from middle- and low-income
countries collectively contains as much as 53-56% of organic waste (Hoornweg and Bhada-
Tata, 2012; Niemiec et al., 2017). Although it is not yet possible to estimate the percentage
of food waste globally, in the retail and consumption phases, the percentage of food lost after
harvest in a farm and in transport, storage, and processing phases is approximately 13.8%.

The most common substrates used in biogas plants are sewage sludge (accounting for
about 62% of substrates), followed by manure (e.g., animal manure and slaughterhouse
waste) (16%), food and agro-industrial waste (15%) (Frigon et al., 2012; Tyagi et al., 2018,
Kukharets, et al. 2021, Larina et al. 2021). The most common waste substrate for agricultural
biogas plants is slurry, the generated amount of which depends primarily on animal hus-
bandry technology. However, due to its low organic matter content, it is most often supple-
mented with other substrates, e.g., biomass from targeted crops, of which maize silage is the
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most efficient (Michalski, 2009). Livestock accounts for almost 40% of the total agricultural
production in high-income countries and 20% in developing countries. As much as 34% of
the protein supply in the human diet comes from livestock (Campuzano and Gonzéalez-Mar-
tinez, 2016; FAO, 2018). According to the FAO (Food and Agriculture Organisation of the
United Nations), Europe's livestock population 2019 consisted of 143 million pigs, 77 million
cattle, and 74 million sheep and goats (Iglesias et al., 2021). The amount of livestock manure
depends on many aspects which include the feeding regime or the stage of the rearing process
(Ogbuewu et al., 2011). When manure is not properly processed, livestock farming activities
negatively impact the environment (Velthof et al., 2014). On the other hand, manure (from
animals) is an attractive natural resource for production of renewable energy and significantly
improves soil fertility (Tallou et al., 2020). The low C/N ratio found in manure, the high
nitrogen content, the low volatile solids (VS) content, and, in some cases, the high proportion
of lignocellulosic biomass are significant limitations to the use of manure in fermentation
(Tsapekos et al., 2016; Issah et al., 2020). Manure processing (mainly manure and slurry) has
more benefits when carried out under anaerobic conditions in biogas plants compared to the
direct application of untreated manure on agricultural fields (Bhunia et al., 2021; Urra et al.,
2019).

A substrate commonly used in biogas plants is also plant matter. Raw plant biomass that
can be converted to methane with high fermentation yields should have high concentrations
of lactic and acetic acid and low concentrations of butyric acid and ammonia (Amon et al.,
2007; McEniry et al., 2014; Szparaga et al., 2019; Sobol et. al., 2020; Romaniuk et al. 2021).
When growing crops for biogas production, attention should be paid to dry matter yield per
unit area, content of readily fermentable components, and ease of storage after fresh matter
harvest. Compared to other crops, maize has a high dry matter yield per hectare under culti-
vation. The amount of biogas possible from the crop depends mainly on the harvest timing
and the dry matter yield. Dry matter (30%) is harvested from early maize varieties. Later
varieties are characterised by a predominance of vegetative to generative parts.

The use of natural fertilisers in agriculture improves the yield obtained in terms of both
quantity and quality. They introduce macro-elements (nitrogen, phosphorus, potassium) and
micro-elements into the soil. The use of organic fertilisers also reduces the occurrence of
nitrates and nitrites in plants. Organic fertilisation increases the plants' carbohydrates, easily
digestible proteins, and B vitamins. In carrots, potatoes, savoy cabbage, spinach, leeks, and
lettuce fertilised with organic fertilisers, increased content of iron, magnesium, phosphorus,
and potassium was also observed (Crinnion, 2010; Balanda et al., 2022).

Organic fertilisers tend to have low contents of arsenic, mercury lead, and other heavy
metals, unlike some mineral fertilisers (Singh and Pandey, 2012; Arvaniti et al., 2006). Table
1 shows the maximum levels of heavy metals allowed in Poland for organic fertilisers. If
exceeded, such fertilisers are disposed of, as they can endanger crops and the environment.

In recent years, organic agricultural products have become increasingly popular. Such
products are provided by organic farms, where the use of crop protection chemicals and min-
eral fertilisers has been reduced as much as possible. One way to reduce the use of mineral
fertilisers is to replace them with digestate from biogas plants (Zelezik, 2009). The digestate,
which contains organic matter and essential mineral compounds, is an alternative to mineral
fertilisers and can compete with natural fertilisers.
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Table 1.
Maximum concentrations of heavy metals allowed in natural fertilisers (Lagocka et al., 2016)
Metal Permissible content (mg-kg ')
Cadmium (Cd) 5
Chrome (Cr) 100
Nickel (Ni) 60
Lead (Pb) 140
Mercury (Hg) 2

A positive aspect of anaerobic digestion in the formation of digestate is that it reduces
pathogens, kills viruses, fungi, Listeria, Salmonella, and Escherichia coli bacteria, and inac-
tivates plant seeds (Sassi et al., 2018; Zhou et al., 2020). The digestate can be used as a
fertiliser in both liquid and solid form. The solid phase is usually formed by mechanical or
thermal separation of the liquid part of the digestate. The macronutrient and micronutrient
content of solid digestate depends on the composition of the input raw materials to the fer-
mentation process and the retention time of the raw materials in the fermenter (Abubaker et
al., 2012). Due to its chemical composition and physical properties, applied solid digestate
can positively influence biomass yield and soil structure (Dubsky et al., 2019). Liquid digest
can be considered as a diluted substrate solution containing a wide range of nutrients in a
form acceptable to plants (Kolaf et al., 2010). Digest in liquid form appears to be a suitable
raw material for application to arable land during the growing season, both in terms of ferti-
lisation and irrigation (Makadi et al., 2012). The dry matter in liquid digestate is in the range
0f 0.8-4.0%. Nitrogen is mainly present in mineral form, with a concentration of 0.15-0.30%,
comparable to the potassium content. As NPK proportions are variable in each digestate, it
is necessary to analyse the individual components before applying such fertiliser to the field
(Coelho et al., 2018). The digest has a similar nitrogen content in fresh matter as manure (0.2-
1.0%) but a higher pH value in the range 7-8 (Kratzeisen et al., 2010). Digestate on agricul-
tural land as an organic fertiliser is already considered for standard use (Lijo et al., 2015).
The studies show that using digestate from agricultural biogas plants reduces the environ-
mental risks of using mineral fertilisers while achieving comparable crop yield parameters.
At the same time, it should be emphasised that the availability of nutrients is very dependent
on the substrates used in the biogas plant, and it cannot be stated unequivocally that the use
of anaerobic digestion by-products will achieve better yields of field crops (Tsachidou et al.,
2019; Sogn et al., 2018; Barwnicki et al, 2022).

Heavy metals, harmful to organisms (including plants), that may be present in substrates
used in agricultural biogas plants include:

1. Lead (Pb) - Strongly toxic to plants and organisms, can lead to severe tissue damage and
metabolic disorders. It accumulates mainly in roots and aboveground plant parts such as
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leaves. It can damage cell membranes, leading to impaired cell permeability and function.
Excess lead in soil can interfere with the ability of plants to take up water and nutrients,
as well as cause oxidative stress in plant cells and a variety of metabolic processes in
plants, such as the metabolism of carbohydrates, fats, or proteins, further affecting their
development and function.

2. Cadmium (Cd) - Strongly toxic to plants and can interfere with nutrient uptake. Excess
cadmium can damage plants' roots, leaves, and other parts, inhibiting their growth and
development. It can damage chloroplasts, leading to a reduction in the ability of plants to
carry out photosynthesis.

3. Mercury (Hg) - Occurs in various forms, some highly toxic. It can disrupt metabolic pro-
cesses and lead to damage to plant tissue. It can also interfere with photosynthesis, which
is crucial for converting solar energy into chemical energy and can reduce the ability of
plants to take up and assimilate nutrients.

4. Chromium (Cr) - Although chromium is a trace element and is essential for plants in tiny
amounts, excess amounts can harm plants. Excess toxic chromium can damage plant roots
and interfere with metabolic and physiological processes, reducing growth and develop-
ment.

5. Nickel (Ni) - A trace element that plants require in small quantities. It is part of enzymes
and proteins that are essential to metabolic processes. However, excess nickel in the soil
can have harmful effects. The toxic effects of nickel can damage plant cells and tissues
and interfere with plants' ability to take up and assimilate nutrients. Excess nickel can
affect plant morphology, leading to the deformation of leaves, shoots, and roots.
Excessive heavy metals in soil can lead to soil and water contamination, posing a risk to

human, animal, and environmental health. They can accumulate in plant tissues, especially
in the roots and aboveground parts, threatening the organisms that feed on these plants.
Therefore, controlling and limiting emissions of these elements and avoiding their accumu-
lation in soil is extremely important. There is a lack of research results in the literature show-
ing the content of heavy metals in the substrates of agricultural biogas plants. Therefore, the
authors decided to fill this research gap by conducting a two-year study on the content of
heavy metals in the slurry, input, and digestate substrate of an agricultural biogas plant. The
study was designed to check the number of heavy metals delivered to the agricultural biogas
plant with the substrate and delivered to the ground with the digestate.

Materials and Methods

Investigations of the chemical composition of the substrates present in the agricultural
biogas plant were carried out over two years by taking monthly samples for testing (8 samples
were taken in the first year of the study and 7 in the second). Three samples were taken each
time: one from the slurry tank, one from the mixer of substrates fed into the biogas plant, and
one from the digestate tank. All these samples were submitted to a certified laboratory to
determine their chemical composition.

The primary production medium in the biogas plant under study was electricity generated
from 0.6 MW gas turbine in which the produced biogas was combusted. The thermal energy
generated at the biogas plant was a by-product and was only used to heat the biogas plant
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buildings (during the winter season) and to maintain a constant temperature value in the di-
gester. The biogas produced was used in its entirety, after purification, in the electricity gen-
eration process. The number of substrates consumed on average per year by the biogas plant
under study is summarised in Table 2.

Table 2.
Summary of substrates used at the biogas plant under study (annual average over the two-
year study period)

Use in a biogas plant

Substrate

Gross Net
Maize silage 10 050 Mg-year! 25.61 Mg-year’
Bovine slurry 6 800 m*-year’! 18.63 m*-year’!
Cattle manure 5000 Mg-year! 13.70 Mg-year’!
Water 300 m*-year™!

The concentration of nitrogen present in the input substrates was not high and did not
cause technological problems. From a technological point of view, the sulphur contained in
the slurry did not cause problems, as it was “dissolved” in the maize silage. Therefore, the
biological desulphurisation used in the biogas plant analysed was sufficient. The raw mate-
rials (maize, silage, cattle, manure) were fed directly into the fermenter via a solids dosing
unit. Cattle slurry was pumped into the fermenter from an underground tank (filled from the
slurry tank vehicles), and water (which was an additive to dilute the fermentation mass) was
pumped through the water supply lines entering the reactor. A pump was connected the fer-
menter to the digestate tank. When the fermentation substrate was fed into the fermenter, the
pump pumped the same amount into the digestate storage tank.

Results and Discussion

The first element tested in the agricultural biogas plant analysed was lead (Pb) - Figure 1.
According to the data presented in Table 1, the lead content should not exceed 140 mg-kg™.
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Figure 1. Comparison of the amount of lead present in the digestate, feedstock, and slurry

The test results had considerably lower values, not exceeding 12 mg-kg™! of fresh weight
in any samples, which is in line with the guidelines reported by Lagocka (Lagocka et al.,
2016). Such high values occurred in the last sample of the first year of the study. In other
cases, the values were lower and fluctuated around 5 mgkg™. It is noteworthy that lead is
present in both slurry and residual input, but no summation of this element was observed in
the digestate.

Also, no exceedance of the permissible concentration was observed for cadmium, and the
approximately 0.35 mg-kg™! fresh weight recorded in the study was significantly less than the
required 5 mg-kg™!. In this case, the highest values were found in sample No. 5 (however,
they did not exceed 0.85 mg-kg™) - Figure 2.
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Figure 2. Comparison of the amount of cadmium found in the digestate, input, and slurry

The lowest amounts of cadmium (average 0.28 mg-kg™') were observed in the slurry, and
the highest (average 0.34 mg-kg™!) in the solid feedstock fed to the digester. Interestingly, the
average amount of cadmium found in the digestate was between the amounts observed in the
slurry and the feedstock. According to Smiechowska and Florek, the largest contributors to
dietary cadmium intake are cereals, grain products, vegetables, and potatoes (Bosiacki et al.,
2022). According to the study by Ociepa and Mrowiec, fertilizing the soil with natural ferti-
lizers increases the amount of cadmium in the soil by about 0.02 mg-kg™! (Ociepa et al., 2014).
This value is about 15 times lower than the amount of cadmium found in the samples studied
by the authors. At the same time, it should be remembered that the bioaccumulation of cad-
mium depends mainly on the soil's pH and calcium content (He et al., 2022).

For mercury, the permissible concentration was 2 mg-kg™! fresh weight (Lagocka et al.,
2016). The values recorded by the authors were more than 100 times lower - Figure 3. Ac-
cording to Kope¢ and Gondek, the mercury content e of phosphate fertilizers ranges from
0.01 to 1.20 mgkg' (Kopeé¢ and Gondek, 2009), which far exceeds the values recorded in
the samples studied by the authors.

The scatter of measured values in individual samples was much smaller in the case of
mercury than for the previous elements (no samples with significantly higher Hg content than
the others were observed). However, a different pattern can be observed - the slurry had the
lowest mercury content (0.012 mg-kg™' on average), while the content of this element in the
input and digest reached 0.016 mg-kg™! on average. This element will most likely enter the
digester with the maize silage.
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Figure 3. Comparison of the amount of mercury present in the digestate, feedstock, and slurry

Another heavy metal tested was nickel. In this case, too, the recorded amount of this
element was significantly (mostly more than six times) below the required 60 mg-kg! fresh
weight — Figure 4.
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Figure 4. Comparison of nickel amounts in digestate, feedstock, and slurry
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In the case of nickel, like mercury, the lowest amounts of this element are found in slurry
(average 5.8 mg-kg™!). However, more significant differences were observed between Ni con-
centrations in the digest (average 8.1 mg-kg') and in the feedstock (average 8.9 mg-kg™).
The feedstock was characterised by the highest Ni content, suggesting that some Ni entered
the biogas during fermentation. As shown in a study by other authors (Dong et al., 2023),
nickel is the only one of the elements studied that shows geo-accumulation.

The last element analysed was chromium. The average Cr content in the analysed samples
did not exceed 3 mg-kg'fresh weight, which was many times lower than the required 100
mg-kg! — Figure 5.
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Figure 5. Comparison of the amount of chromium in the digestate, the input, and the slurry

The highest concentration of chromium, in contrast to the other elements analysed, was
recorded in the digestate (average 3 mg-kg™), and this was, on average, 0.3 mg-kg! higher
than the feedstock and 0.5 mg-kg™! higher than the slurry. Also noteworthy is that for two
samples (Nos. 5 and 6), the Cr value measured in the digestate was more than twice as high
as in the other samples taken on these days.

Conclusions

The content of heavy metals in the soil should be constantly monitored, mainly as they
can transfer from plants to the animals that feed on them. Therefore, it is also worth checking
that the fertilisation process does not deliver these elements to the soil in significant quanti-
ties. As the use of digestate as a natural fertiliser has now increased (due to its high nutritional
and environmental value), it was necessary to check whether heavy metals are supplied to
the soil with the digestate. The study conducted by the authors shows that the amounts of
elements such as lead, mercury, cobalt, nickel, or chromium delivered to the soil with the
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digestate are many times lower than the values required for natural fertilisers. The lead con-
centrations in the tested slurry, feedstock, and digest samples are similar. The remaining el-
ements are least present in the untreated slurry, while no summation of their amounts was
observed, delivered to the digester with slurry or solid input (maize silage and manure). The
study also shows that only for mercury and chromium the average content of these elements
in the digestate is higher than the concentration found in slurry and feedstock. In the remain-
ing cases, the anaerobic digestion process in the fermenter influences the reductions in ana-
lysed the heavy metals. Even though only trace amounts of heavy metals present in the di-
gestate were obtained in the study, according to the authors, mandatory measurement of the
content of these elements should be introduced (e.g., quarterly) to reduce the possibility of
contamination of soils with these elements.
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ZAWARTOSC METALI CIEZKICH W SUBSTRATACH
W BIOGAZOWNICH ROLNICZYCH

Streszczenie. Zawarto$¢ metali cigzkich w glebie powinna by¢ stale monitorowana, szczegodlnie
w przypadku upraw ekologicznych. Przekroczenie dozwolonych st¢zen tych pierwiastkéw moze do-
prowadzi¢ nie tylko do zahamowania wzrostu ro$lin, ale takze do wchlonigcia przez organizmy zwie-
rzgee, ktore si¢ nimi zywia. Metale cigzkie trafiajg do gleby zazwyczaj droga opadéw lub nawozu.
Widoczny jest wyrazny wzrost zainteresowania pofermentem do nawozenia pol. Zatem, autorzy zde-
cydowali o zbadaniu zawarto$¢ metali cigzkich w substratach (w gnojowicy i odpadach statych) oraz
w pofermencie. Zbadane probki wykazaly wytacznie sladowe ilosci metali cigzkich. Badanie pokazuje,
ze zawarto$¢ tych elementdéw w pofermencie nie jest sumg pierwiastkow dostarczonych do fermentora
z substratami. W wigkszo$ci zbadanych probek, zawarto$¢ olowiu nie przekraczata 5 mg-kg'. Naj-
mniejszg ilo$¢ kadmu ($rednio 0,28 mg-kg™!) zaobserwowano w gnojowicy a najwyzsze ($rednio 0,34
mg-kg!) w stalym substracie zasilajgcym fermentor. Gnojowica miala najnizsze stezenie rteci
i kadmu ($rednio 0,012 mg-kg™"' oraz 5,8 mgkg™'). Najwyzsze stezenie chromu zostato zanotowanie
w fermentorze ($rednio 3 mg-kg™!) czyli $rednio 0,3 mg-kg™! wyzsze niz surowiec oraz 0,5 mg-kg™' niz
gnojowica.

Stowa kluczowe: biogazownia, metale ci¢zkie, poferment, zanieczyszczenia, substrat
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