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Abstract. The increase in sewage sludge makes it necessary to improve
the direction of sewage sludge management policy and disposal, which
requires a larger amount of incineration or land reclamation. It was shown
that the result of methane fermentation, which is a more complex process
of extracting energy contained in waste. High costs of implementation of
sludge processing technology and low efficiency of sewage treatment
plants in which sewage sludge is insufficient to recover energy from them,
have a negative impact on the development of energy generation from
sediments. The model waste system for energy is characterized, which
includes two stages. The proposed solution can be applied to small
wastewater treatment plants and it is justifiable to use the concept of bi-
functional bioreactors in which anaerobic and aerobic processes can be
carried out with much lower construction and maintenance costs. The use
of bioreactors allows to exclude the energy demand needed to stabilize
sewage sludge at a low cost compared to the expenditure that is currently
incurred by disposal. The proposed solution works perfectly with industrial
plants, due to the possibility of their creation in the time of the creation and
application of a circular economy.

1 Introduction

The management of sewage is associated with large expenditures on electricity,
indispensable both to maintain the network (pumping stations) and to carry out the
treatment process and subsequent management of generated wastes such as sewage sludge
and fats [1].

Sewage management also involves the costs incurred for the development of
infrastructure, improvement of treatment technologies or the application of generation
technologies of energy contained in municipal sewage sludge [2].
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Sewage treatment plants in Poland can be divided into three types — mechanical,
biological and those with higher removal of nutrients. In the years 2010 — 2016 there was
an increase in the total number of municipal sewage treatment plants from 3136 to 3253,
including the number of biological treatment plants (from 2263 to 2408) and treatment
plants with higher removal of nutrients (from 814 to 826). In the analyzed period, we could
witness a systematic decrease in the number of treatment plants of the lowest grade
(mechanical) from 59 to 19 [1, 3]. The number of municipal sewage treatment plants set up
in the years 2010 — 2016, broken up into particular types is presented in Table 1.

With the growing number of sewage treatment plants, the amount of produced sewage
sludge increased from 526700 Mg of dry matter in 2010 to 568 300 Mg of dry matter in
2016. The main management directions of sewage sludge policy involve principally
agriculture, land reclamation purposes, cultivation of plants for compost, thermal
processing and landfilling.

Table 1. Sewage treatment plants in Poland in 2010 — 2016 acc. individual types.

Sewage treatment

Year With higher

Total Mechanical Biological removal of

nutrients

2010 3136 59 2263 814
2011 3143 55 2261 827
2012 3191 55 2316 820
2013 3264 39 2405 820
2014 3288 22 2446 820
2015 3273 20 2427 826
2016 3253 19 2408 826

Source: own elaboration based on [3].

Sludge for agricultural purposes is most commonly used in Poland. In 2016, it
accounted for 20% of their volume. Thermal transformation is also an important technology
for their recovery, which is now becoming a significant trend for neutralization with energy
recovery. 18% of sludge volume is currently subjected to thermal processing. The problem
of thermal processing of waste, requires a larger number of incinerators in Poland. In the
years 2015 —2017 only seven incinerators were built. Thermal technology requires the
implementation of logistic solutions and the transport of sediments over long distances.
According to the newest The EU Environmental Implementation Review, Country Report —
POLAND (2017) Poland should prepare national and regional waste management plans that
would move Poland towards prevention and recycling rather than creating incineration
overcapacities. Other sludge management directions, such as landfilling, land reclamation
or cultivation of compost plants, have marginal significance, accounting for 4% to 6% of all
municipal sludge generated in 2016 [4].

The processing of sewage sludge with the application of any of the above methods is
possible only after its former stabilization by composting or anaerobic processing and
dehydration [5, 6].

When using sludge in the composting process, it should be mixed with a structure-
forming material containing carbon. Methane fermentation is a more complex process, but
it enables the extraction of the energy contained in the wastes [8]. The anaerobic sewage
sludge treatment yields biogas as the main product. It contains about 67% of methane, 30%
of carbon dioxide, up to 2% of hydrogen sulphide and water vapor. It is estimated that from
1 Mg of dry matter of sludge, 400 — 600 m® of sewage gas of the calorific value of approx.
18 — 23 MJ/m® can be produced [4]. As it has been demonstrated, sewage sludge is a much
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better energy carrier than municipal waste, and its decomposition process can yield 90 —
200m® of biogas with the calorific value of 17 MJ/m® [8]. Technological sewage
discharged by particular types of mining into waters, into the ground or into the sewage
system constitutes a significant percentage, and in the case of brown coal mining only into
waters (surface watercourses). Brown coal mines discharge mine waters in the form of
sewage, in the amount of about 49.8% of all discharged mine waters being discharged.
Therefore, the problem of the possibility of using them is one of the elements of
environment management in the mining enterprise.

2 Problem statement

The operation of sewage treatment plants, including technological processes and the
transport of sewage by sewerage networks consumes a significant amount of electricity. It
is estimated that nearly 35% of eclectric power of all municipal facilities is consumed by
sewage treatment plants [9]. Biological treatment of sewage in the activated sludge systems
requires the largest demand of electricity, which is at the level of 50 — 60%, and in some
cases even up to 80% of gross electricity [10].

The costs incurred by the operation of a sewage treatment plant are not only confined to
electricity, but they also comprise the disposal of wastes such as the content of sand filters,
screenings, fatty wastes or sewage sludge, which should be properly disposed of [11].
When we consider all wastes, it is sewage sludge that constitutes the largest budget burden
in waste management costs at sewage treatment plants. A number of the sewage treatment
plants in Poland have already been equipped with digestion chambers used for the
production of biogas, which is then applied to produce electricity and heat in the
incineration process in cogeneration units [12]. However, the process of methane
fermentation creates another problem — the disposal of digestate, which should be
dehydrated before its further use, and its collection, e.g. by biodegradable waste processing
plant, should be paid for.

Most frequently, decanter centrifuges are used for the dehydration of sewage sludge,
and for the drying process, solar and hybrid dryers or more complicated disk dryers with a
heated rotor can be applied. In smaller sewage treatment plants located mainly in rural
areas, due to the lack of financial resources, all electricity consumed by sewage treatment
plants is purchased from external suppliers, and sewage sludge is only subjected to the
dehydration process in centrifuges. Obviously, apart from expensive investments, what
depends on the life cycle of the treatment plant involving the construction of technical
infrastructure, also complex solutions involving modern control systems such as multi-
threaded, hierarchical predictive control streamlining transformation processes must be
taken into account [13].

Purpose of the research is to substantiate the energy use of sewage sludge with the
application of bi-functional bioreaktors.

3 Material and Methods

All wastes contain energy and have material values that can be properly taken advantage of
by implementing appropriate methods for their processing. One of such methods is sewage
sludge treatment system, reported to the Patent Office of the Republic of Poland, operating
in a dual-purpose technological system in which electricity and heat are generated, yielding
organic fertilizer as the final product. The technology of fermentation of sewage sludge and
its dehydration or drying techniques are used. Additionally, management method of biogas
produced from sewage sludge involves the production of energy in a cogeneration system
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are used. The concept of bi-functional bioreactors is used, in which anaerobic and aerobic
processes can be carried out with much lower costs of construction and maintenance of the
infrastructure.

4 Results and Discussion

According to the statistics of the Energy Regulatory Office (URE), there were only 106
biogas plants producing energy from biogas generated in sewage treatment plants in 2016,
which accounts for about 4% of all biological sewage treatment plants located in Poland [13].
The main causes accountable for this state of affairs can be attributed to problems with
financing the construction of expensive sludge processing technologies and low capacity of
sewage treatment plants, in which sewage sludge is generated in insufficient (unprofitable)
amounts to retrieve energy from them. It is assumed that only at treatment plants having the
habitat equivalent (EH) similar or higher than 100 000 units, the recovery and use of biogas
can be profitable [14]. The management of municipal waste or other waste should be
approached allowing for the economic and ecological aspects, considering also at the
supranational and national levels of management of the global value chain [2, 15, 16].

The sludge processing system is contained in closed bioreactors, in which the process of
biochemical gasification of high molecular organic substances such as proteins and fats is
carried out in anaerobic conditions, followed by an intensified decomposition of organic
matter by microorganisms under aerobic conditions.

Waste processing systems in bioreactors are acknowledged for the installations of
Mechanical and Biological Processing of wastes (MBP) in which intensive biological
decomposition of organic matter is carried out in aerobic conditions, but so far they have
not been implemented for sludge management purposes at sewage treatment plants in
Poland in the way presented by the team of researchers. The size of the installation
(bioreactors) is selected depending on the volume of sludge produced daily, and practically
there are no application limitations of the technology in terms of habitat equivalent (EH), in
contrast to sludge processing in separate digesters (WKF).

Theoretically, for a sewage treatment plant generating annually only 1000 Mg (909 m®)
of sewage sludge of an estimated density of 1.1 Mg/m’, 1 bioreactor 5m high, 5 m wide and
12 m long would be sufficient, loaded up to the maximum height of 2.5 m, which gives 150
m’® of sludge for 1 batch. The duration of sludge processing for both stages would be
42 days in total, so over the time period of one year, the maximum capacity of 1 bioreactor
would be sufficient for 8 full cycles per year. To process 909 m® of sludge, it would suffice
to have 6 cycles a year. However, long retention time of sludge and the inability to process
new material would be a problem as well as small daily volume of collected sewage sludge,
which amounts to approx. 2.7 Mg (0.135 Mg of organic dry matter), which yields approx.
2.4 m’. This would mean that sludge feeding would last over 2 months. Therefore, for this
type of treatment plant, it is advisable to use 7 bioreactors of the dimensions 3 x 3 x 3 m fed
consecutively one after another to keep the continuity of sludge management.

4.1 Stage | — anaerobic fermentation

The processing of sludge was divided into two stages. In the first stage (the conceptual
diagram of stage I is presented in Fig. 1), the sludge is loaded into the 3 x 3 x 3 m bioreactor
by means of pumps to the optimum height of 1.9 m. The sludge retention time for the stage
I is 21 days, during which the biogas is retrieved and supplied through the conditioning
station, where the desulphurization and dehydration processes take place, to the spherical
biogas tank and then to the cogeneration unit in which it is burnt.
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Fig. 1. Diagram of biological processing — stage I: 1 — Loading of sludge; 2 — Collection and transport
of biogas; 3 — Recirculation of leachates; A — Pressure nozzles; B — Measurement probe; C — Flooring
inclined towards the drain; D — Drainage duel of leachates; E — Container station of biogas
conditioning; F — Dehydrator; G — Biogas tank; H — Container station with a cogeneration motor;
I - Torch.

At the same time, the recirculation of leachate from the fermented sludge is carried on.
It is delivered to the material being processed, using blast nozzles placed under the ceiling
of the bioreactor. Process water under pressure penetrates the sludge and then
gravitationally flows into the drainage duct. Such a method of water flow through the
sludge brakes up the material and brings about an effect similar to that of mixing by means
of mechanical stirrers known from standard sludge treatment processes in separate digester
tanks WKF. This ensures a more efficient run of biochemical processes as compared to
static treatment techniques, and it balances the temperature of sludge. The maintenance of
constant temperature is extremely important in anaerobic processes, since each fluctuation
of temperature slows down the process. And therefore, pipes have been installed in the
floor, on the walls and on the ceiling, through which a liquid maintaining a constant
temperature inside the bioreactor flows. Process water (leachate) is supplied to the nozzles
from a heated tank while maintaining a constant optimal temperature. Temporary surpluses
of biogas resulting from breaks in the operation will be burnt in a roof torch placed on the
roof of the container station of the cogeneration module.

4.2 Stage Il - intensive composting

The second stage (Fig. 2) starts with the supply of air along the channels installed in the
bioreactor’s floor. At the same time, the post-process air is extracted through the outlet in
the bioreactor's ceiling and subjected to deodorization and treatment in a biofilter on a
biological deposit consisting of 6 layers alternately lined with deciduous root wood,
coniferous root wood and pine bark. The effluents from the digestate are passed to the
leachate tank from where they enter into a new cycle in order to inoculate the batch and
accelerate the decomposition process.

After an initial desiccation, other biodegradable wastes (grass, leaves, food residues)
should be added to the sludge, which helps to obtain the final product in the form of
compost [17]. The wastes subjected to processing are sprinkled with seep liquid from
previous processes in order to maintain optimal humidity. Maintaining the humidity within
40 — 50% is essential, because if the waste is dried too much, the processing of organic
matter is much slower, similarly as in the case when the temperature is too low or too high.

The second stage lasts 21 days (7 days of initial drying, after which other wastes can be
added to the sludge and mixed using a wheel loader, followed by 14 days of joint
composting), and the dry matter content in the waste after this stage is within 50 — 55%.
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The processed waste are unloaded with an electric wheel loader, passed through the
entrance gate and deposited in piles. Obviously, depending on the type of waste added to
the sludge, the duration of the composting process may be longer. Such wastes as shredded
branches or leaves need much more time to undergo full decomposition.
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Fig. 2. Diagram of biological processing — stage II: 1 — Intake and transport of post-process air;
2 — Intake and transport of sludge leachate; 3 — Intake and drainage of condensed water vapor; a — Air
flow trough the processed sludge; b — Evaporation; A — Aeration channels; B — Biofilter; C — Drain
channel; D — Layered biological deposit.

4.3 Biogas parameters and the amount of produced energy

In order to determine the composition of biogas produced by methane fermentation of
municipal sludge and its calorific value, the biogas produced in laboratory conditions was
tested. The representative sample was collected from the municipal sludge at the sewage
treatment plant located in the country of Nowy Sgcz, having the actual capacity of
500 m*/day. The results of the tests are presented in the Table 3. The obtained test results
are similar to those presented in the literature [11].

Table 2. Composition of biogas from sewage treatment plants and its calorific value.

Measured quantity Unit Value
Content of CHy % 63.1
Content of CO, % 36.4
Content of N, % 0.3
Content of O, % 0.2
Concentration of H,S mg/m’ 796
Calorific value MJ/m’ 21

Source: own elaboration on the basis of research results.

The value of the dry matter of sludge in 1 000 Mg of “fresh” sludge is 50 Mg. From
1 Mg of organic dry matter 450 m® of biogas of the calorific value of 21 MJ/m’ can be
produced in the bioreactor processing technology, which yields 22 500 m’ of biogas per
year (1). Biogas production per year:

S0Mg -450m o 500 m. (1)
1 Mg
Electric power production per year:
22500 m -21 E~O.OOO278 M—Wh:131 MWh. 2)
m MIJ

https://doi.org/10.1051/e3sconf/201912301016
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The production of 131 MWh of electricity per year (2) is sufficient to close the annual
energy balance sheet with a positive result, because the demand of the installations about
110 MWh/year. It means that the produced amount of sludge is able to finance its
processing, leaving a surplus of electricity to be used to charge the batteries of the electric
wheel loader.

4.4 Heat circulation in the process

In the processing of municipal sludge in the system of bifunctional bioreactors, along with
the combustion of biogas in a cogeneration engine, several heat sources can be
distinguished: heat generated in the bioreactor during anaerobic degradation of the
biodegradable fraction; heat from post-process air; heat resulting from the combustion of
biogas in the cogenerator. Depending on the waste processing stage, a different temperature
is required to ensure that the process is carried out correctly. In the first stage, carried out at
the thermophilic temperature, it is essential to reach 50 °C as soon as possible and maintain
it until the end of this stage. Therefore, the heat should be supplied through the piping
system placed in the floor, ceiling and walls of the bioreactor and by spraying process water
(leachate devoid of suspensions) at a suitable temperature. The temperature of processed
waste as a result of biological changes automatically begins to increase, and after 3 — 5 days
the heat must be discharged outside [18, 19].

In the second stage, hot air must be supplied for initial sludge drying, its hygienization
(required temperature of at least 70 °C for 7 days) and faster composting (the temperature
of 50 °C). The heat from the post-process air discharged to the biofilter is delivered to the
low temperature heat accumulator (LT), which also accumulates heat from the first stage.
The thermal energy generated in the combustion process in the cogenerator is supplied to
the high temperature heat accumulator (HT) and for domestic purposes. The block diagram
of heat circulation in the installation of bifunctional bioreactors is presented in Fig. 3.

The heat from the LT accumulator is used to heat the bioreactor and the tank of filtered
leachate, while the heat energy from the HT accumulator is used to heat the air injected into
the bioreactor in the second stage, and if necessary to support the heating of the LT
accumulator [20, 21].

Heating the air
injected to the
bioreactor

Heating the Heating the
leachate tank bioreactor

L———>| Heat accumulator LT|| Heat accumulator HT|| Warm domestic water,

Heat energy from
anaerobic
decomposition

Heat energy Heat energy from
from post-process air the cogenerator

Fig. 3. Block diagram of heat circulation in the process.

4.5 Water circulation in the process

The applied waste processing technology in bioreactors is practically self-sufficient in
terms of water use. The leachates from the fermented sludge as well as the leachates from
the composted waste are passed through the treatment station to the heated tank from where
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they are collected to the process [22]. The block diagram of water circulation in the process
is presented in Fig. 4.

Clean (cool) water is collected if it is needed, only to ensure the right temperature of
water supplied to the process. It mixes with warm water to the preset temperature.

Water retrieved Water retrieved
from stage | from stage 11
N v
Warm leachate water Heated leachate tank
Mixing tank < Clean cool water
Water supply

to the process

Fig. 4. Block diagram of water circulation in the process.

4.6 Final product

After the mixing process of sludge with other wastes and their joint composting, the sludge
loses its waste status and becomes a fully-fledged compost that can be introduced into the
overall circulation when it meets the requirements set out in the Act on fertilizers and
fertilization [23], and the already mentioned Regulation on the implementation of certain
provisions of the Act on fertilizers and fertilization. The final content of such components
as phosphorus, nitrogen or potassium depends on the material that is added to the sewage
sludge. In addition, when adding leaves, shredded branches or bark, it may be necessary to
screen the treated waste to extract non-composted fractions.

Screening should be carried out on a rotating screen with the mesh width of 0 — 20 mm,
which yields 2 waste fractions: 0 — 20 mm — ready compost; 20 mm — non-composted
fractions returned again to composting in the bioreactor together with “fresh” waste.

The advantage of mixing the pre-composted waste with new material is that the
decomposition of organic matter is accelerated.

The volume of 1000 Mg of sewage sludge (with the density of 1.1 Mg/ m®) is approx.
909 m’. To process such a quantity of sludge, theoretically 1 bioreactor of the dimensions
5 m in height, 5 m in width and Im in length would be sufficient. It should be loaded up to
the maximum height of 2.5 m, which gives 150 m® of sludge per 1 batch. The duration of
sludge processing for both stages was 42 days in total, so over one year, the maximum
capacity of one bioreactor is 8 full cycles. To process 909 m® of sludge, 6 cycles a year are
sufficient.

However, the problem is that the retention time of sludge is long, it is not possible to
process fresh material and the daily volume of collected sewage sludge is small, amounting
to approx. 2.7 Mg (0.135 Mg of dry organic matter), which is approx. 2.4 m’. This would
mean that sludge loading would last over 2 months. Therefore, for this type of treatment
plant it is advisable to use 7 bioreactors of the dimensions 3 x 3 x 3 m, fed one after another
to maintain the continuity of sludge management.

To determine the content of heavy metals in municipal sewage sludge, a representative
sample of sludge from a sewage treatment plant located in the country of Nowy Sacz, with
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the actual capacity of 500 m*/day, producing yearly 1000 Mg of sludge with the 5% content
of dry matter. The results of the research on raw sewage sludge are presented in Table 3, in
which the permissible values in organic fertilizers supporting plant cultivation were also
compiled, in line with the Regulation of the Minister of Agriculture and Rural Development
on the implementation of some provisions of the Act on fertilizers and fertilization [24].

The tested sample of raw sludge meets the requirements involving the content of heavy
metals (for the final product, i.e. organic fertilizer), and therefore the sludge can be
successfully subjected to composting. The contents of chromium, nickel and lead were well
below the permissible level, while cadmium and mercury were not found at all [25].

The said regulation does not permit the presence of the living eggs of enteric parasites
Ascaris sp., Trichuris sp., Toxocara sp. or bacteria of Salmonella type in fertilizers. The
sludge was not subjected to biological testing because the presence of these bacteria is
certain, but as it was proved, high-temperature oxygen treatment of sludge leads to its full
hygienization.

Table 3. Content of heavy metals in tested raw sludge and permissible values.

Representative Permissible
Metal sample values

Result [mg/kg of dry matter]

Chromium (Cr) 12.5 100
Cadmium (Cd) 0 5
Nickel (Ni) 47 60

Lead (Pb) 7.1 140
Mercury (Hg) 0 2

Source: [24].

5 Conclusions

Based on the analysis of the use of the concept of bifunctional bioreactors, he following
inferences can be drawn.

Larger sewage treatment plants in Poland have already been modernized, facilitating in
this way the extraction of the energy potential contained in sewage sludge, thus
contributing to the reduction of financial expenditures for electricity and heat. However,
despite the commonly recognizable technology of fermentation of sewage sludge and its
dehydration or drying techniques, only a small part of the sewage treatment plant has been
adequately equipped. According to the statistics provided by the Energy Regulatory Office
in Poland, there are only 106 biogas plants that process biogas from sewage treatment
plants (as of 31/12/2016), which accounts for about 4% of all biological treatment plants.

The main obstacle hampering the development of the energy potential of sewage sludge
is the financial aspect related to the construction and operation of relevant infrastructure
whereof costs can amount to tens of millions of PLN. The problem of high costs generated
by such installations can be solved by the concept of bi-functional bioreactors presented by
the authors, in which anaerobic and aerobic processes can be carried out with much lower
costs of construction and maintenance of the infrastructure. The use of bioreactors allows to
shut off the demand for energy needed to stabilize sewage sludge at low costs as compared
to the expenses that are currently incurred by its disposal.

The authors gratefully acknowledge financial support from the Silesian University of Technology.
This work was conducted within the projects “Management of sustainable development of a circular
economy in Ukraine” (State registration No. 0119U101767).



E3S Web of Conferences 123, 01016 (2019) https://doi.org/10.1051/e3sconf/201912301016
Ukrainian School of Mining Engineering - 2019

References

1. Bielinska, J., Baran, S., Pawtowski, L., Jozwiakowski, K., Futa, B., Bik-Matodzinska, M., Mucha,
Z., & Generowicz, A. (2014). Theoretical aspects of the integrated protection of suburban areas.
Problemy Ekorozwoju, 9(1), 127-139.

2. Balcerzak, W., Generowicz, A., & Mucha, Z. (2014). Application of a multi-criteria analysis for
selection of a method of reclamation method of a hazardous waste landfill. Polish Journal of
Environmental Studies, 23(3), 983-987.

3. Environment (2016). Statistics Poland. Retrieved from stat.gov.pl.

Gaska, K., Generowicz, A. (2017). Advanced computational methods in component-oriented
modelling of municipal solid waste incineration processes. Architecture Civil Engineering
Environment, 10(1), 117-130.

5. Kosov, V., Lavrenov, V., Larina, O., & Zaichenko, V. (2016). Use of two-stage pyrolysis for bio-
waste recycling. Chemical Engineering Transactions, (50), 151-156
https://dx.doi.org/10.3303/CET1650026

6. Kowalski, Z., Generowicz, A., Makara, A., & Kulczycka, J. (2015). Evaluation of municipal
waste landfilling using the technology quality assessment method. Environmental Protection
Engineering, 41(4), 167-179.

7. Gaurav, N., Sivasankari, S., Kiran, G., Ninawe, A., & Selvin, J. (2017). Utilization of
bioresources for sustainable biofuels: A Review. Renewable and Sustainable Energy Reviews,
(73), 205-214. https://dx.doi.org/10.1016/j.rser.2017.01.070

8. Ciula, J., Gaska, K., Generowicz, A., & Hajduga, G. (2018). Energy from Landfill Gas as an
Example of Circular Economy. Water, Wastewater and Energy in Smart Cities. E3S Web of
Conferences, (30), 03002. https://doi.org/10.1051/e3sconf/20183003002

9. Plekancova, M., Ivanova, L., Ri¢ica, Z., Lazor, M., Surina, L, Szabov4, P., & Bodik, L. (2019).
Anaerobic fermentation of slowly degradable waste — Paper sludge. Waste Forum, 50-58.

10. Saghafi, S., & Mehrdadi, N. (2015). Nabi Bid Hendy G., Amini Rad H., Energy efficiency in
wastewater treatment plant emphasizing on COD removal: a case study of Amol Industrial Zone.
Canadian Journal of Pure and Applied Sciences, 9(2), 3441-3448.

11. Henriques, J., & Catarino, J. (2017). Sustainable value — An energy efficiency indicator in
wastewater treatment plants. Journal of Cleaner Production, (142), 323-330.

12. Wisniowska, E., & Wlodarzczyk-Makuta, M. (2016). Effect of Silicates on Methane Digestion of
Sewage Sludge. Engineering and  Protection of Environment, (19), 493-502.
https://dx.doi.org/10.17512/i0s.2016.4.5

13. Wozniak, E. (2017). Stan biogazowni w Polsce. Czysta Energia, 1(2), 54-55.

14. Kotodziejak, G. (2012). Possibilities of using the energy potential of biogas generated during the
wastewater treatment process. Analysis of the profitability of the proposed solutions. Czasopismo
Nafta-Gaz, (12), 1036-1043 (in Polish).

15. Koval, V., Petrashevska, A., Popova, O., Mikhno, 1., & Gaska, K. (2019). Methodology of
ecodiagnostics on the example of rural areas. Architecture Civil Engineering Environment, 12(1),
139-144. https://dx.doi.org/10.21307/ACEE-2019-013

16. Koval, V., Duginets, G., Plekhanova, O., Antonov, A., & Petrova, M. (2019). On the
supranational and national level of global value chain management. Entrepreneurship and
Sustainability Issues, 6(4), 1922-1937. http://doi.org/10.9770/jesi.2019.6.4(27)

17. Koval, V., Mikhno, 1., Hajduga, G., & Gaska, K. (2019). Economic efficiency of biogas
generation from food product waste. E3S Web of Conferences, (100), 00039.
https://doi.org/10.1051/e3sconf/201910000039

18. Gaska, K., & Pikon, K. (2007). Methodology of biomass fuels creation processes. In Twenty-sixth
Annual International Conference on Incineration and Thermal Treatment Technologies — IT3°07.
Phoenix, USA.

19. Kowalski, D., Kowalska, B., Btawucki, T., Suchorab, P., & Gaska, K. (2019). Impact Assessment
of Distribution Network Layout on the Reliability of Water Delivery. Water, 11(3), 480.
https://doi.org/10.3390/w11030480

10



E3S Web of Conferences 123, 01016 (2019) https://doi.org/10.1051/e3sconf/201912301016
Ukrainian School of Mining Engineering - 2019

20. Generowicz, A., Gaska, K., & Hajduga, G. (2018). Multi-criteria Analysis of the Waste
Management System in a Metropolitan Area. E3S Web of Conferences, (44), 00043.
https://doi.org/10.1051/e3sconf/20184400043

21. Ciufa, J., Gaska, K., Generowicz, A., & Hajduga, G. (2018). Energy from landfill gas as an
example of circular economy. E3S Web of Conferences, 30(9), 03002.
https://doi.org/10.1051/e3sconf/20183003002

22. Kwietniewski, M., Miszta-Kruk, K., Niewitecka, K., Sudol, M., & Gaska, K. (2019). Certainty
Level of Water Delivery of the Required Quality by Water Supply Networks. International
Journal ~ of  Environmental — Research  and  Public  Health,  16(10), 1860.
https://doi.org/10.3390/ijerph16101860

23. Act (2007). On fertilizers and fertilization. [Dz.U. 2007 nr 147 poz. 1033 z pézn.zm.]. Journal of
Laws, (147), 1033.

24. Regulation of the Minister of Agriculture and Rural Development. (2008). On the implementation
of certain provisions of the Act on fertilizers and fertilization (Dz. U. 2008 nr 119 poz. 765 z
pézn. zm.).

25. Werle, S. (2014). Impact of feedstock properties and operating conditions on sewage sludge
gasification in a fixed bed gasifier. Waste Management & Research, 32(10), 954-960.
https://doi.org/10.1177/0734242X 14535654

11



