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Abstract: In Poland, mixed municipal waste, municipal sewage and agricultural waste are used
to produce biogas. Biodegradable green waste and kitchen waste generated in households are not
used for this purpose. In the cogeneration process, the produced biogas is burned in a gas generator,
resulting in electricity and heat. Electricity is sold in its entirety to the energy operator, but there are
no heat consumers. The solution may be the construction of municipal biogas plants in urban areas,
using kitchen and green biowaste from households located in cities and surrounding municipalities.
Thanks to this location, the surplus heat can be used by the local district heating network to heat
the buildings in the city. The aim of the article is to assess the possibilities of producing biogas and
energy from municipal bio-waste generated in households in Krakow and surrounding communes. To
achieve the goal, a simulation was carried out for a biogas plant with a capacity of 1 MW. Two types
of substrates were used as inputs, i.e., biowaste from households and green biowaste. The data for
analysis came from the Marshal’s Office of the Matopolskie Voivodeship, to which municipalities
submit reports on the amount of municipal waste collected, and the Central Statistical Office, which
has data on municipal waste collected in municipalities in Poland. The collected data were used to
conduct five simulations. The most advantageous method is to produce biogas from kitchen waste
and silage from green waste mixed in the appropriate C:N ratio. Assuming the optimal proportions
of mixed substrates, a 1 MW biogas plant can produce 4.1 million m? of biogas, from which electricity
can be produced for 2.5 thousand houses and heat for 1.1 thousand houses. The article ends with
conclusions and recommendations on how to collect biodegradable municipal waste, which should
be treated as a valuable source of energy.

Keywords: biogas plant; circular economy; waste management; energy management; renewable
energy sources

1. Introduction

In Poland, as in other developed countries, the consumption of energy needed in
industry, transport and municipal services is growing. In the 20th century, the main
sources of energy were fossil fuels (coal: hard and brown, crude oil, natural gas). The
combustion of these raw materials caused an increase in the share of carbon dioxide and
other greenhouse gases and dust in the atmosphere [1]. These factors are believed to
contribute to climate warming and related weather anomalies [1,2]. Particulate matter, in
turn, is particularly harmful to human health, causing lung diseases and cancers [3,4]. They
come from two sources: combustion of low-quality hard coal and waste (including plastic
waste) in obsolete stoves and fireplaces, and combustion of liquid fuels in cars. Under
the pressure of social movements, coal and wood smoking bans were introduced in cities
such as Krakow [5]. Despite switching to heating with more ecological sources (natural
gas, liquid gas, electricity) in many houses, this did not improve the air quality in the city.
The reason for this is the movement of an increasing number of passenger cars, trucks,
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buses, garbage trucks, etc. A large proportion of passenger cars and all other vehicles are
powered by diesel engines that emit PM 2.5 and PM 10 dust. The air quality in Krakow
is also affected by the surrounding, densely populated communes, located on the hills
surrounding the city, where there is no ban on coal and wood burning.

The improvement of air quality in Krakow will not be achieved through the actions
of the authorities of this city alone; their efforts must be combined with the actions of the
authorities of the surrounding communes. They should focus on creating an energy mix
consisting of good-quality fuels burned in high-efficiency furnaces and energy generated
from renewable energy sources (RES). In the conditions of Krakow and the surrounding
municipalities, these are photovoltaic cells and biogas production.

The “Energy Policy of Poland until 2040” formulates the following goals: “energy
security, competitiveness and energy efficiency as well as limited impact of the energy
sector on the environment”. The last goal is closely related to the development of RES,
which in 2040 should account for a 28.5% share in gross final energy consumption and
39.7% in the power industry [6]. The RES in the power industry will be solar, wind,
water, biomass and biogas energy. Due to limited hydropower resources and difficulties
in controlling the supply of wind and solar energy, “the use of biogas will be particularly
useful in the combined production of electricity and heat” [6]. The advantage is the ability
to store energy in biogas, which can be used for regulatory purposes. From an economic
point of view, “biogas is an additional added value, as it enables the management of
particularly onerous waste, e.g., animal waste, landfill gases” [6]. Biomass resources occur
in agriculture and food processing as well as in municipal waste. The achievement of the
presented objectives can be helped by the smart city concept, which assumes the creation of
a smart city that cares about the environment by obtaining energy from renewable sources.
The condition for this is the proper handling of the generated municipal bio-waste, which
should comprise segregation, collection and biological processing (composting, methane
fermentation). Smart cities have the ability to control air pollution caused by greenhouse
gases and PM dust [7]. For these reasons, the production of biogas from biodegradable
waste (biowaste) generated in large cities would be consistent with the concept for the
sustainable development of modern cities promoted by the EU [8].

Previous scientific publications generally dealt with the conditions of using biowaste
collected in households for biogas production. They presented the possibilities of collecting,
storing, utilizing and using biowaste as an energy raw material [9-11]. Due to the lack
of data on individual biowaste fractions, no calculations were made that would be used
to estimate the energy production potential for the indicated city. These calculations are
necessary to take action to build a biogas plant in the city.

The technological process of biogas production will be based on anaerobic fermenta-
tion of green and kitchen biowaste collected in households. The collected waste will be
transported to the municipal biogas plant, where it will be subjected to further preparatory
activities. Silos will be built to store green biowaste at the biogas plant, where silage will be
produced. The placed raw material will be covered with foil until consumed by the biogas
plant. The leachate will be used to dilute the raw materials before feeding them into the
digester. Kitchen waste will be regularly delivered to the biogas plant and unloaded into
a silo or on a silo plate for direct use in the process. Green biowaste silage and kitchen
biowaste will be mixed in a ratio of approximately 3:1, systematically introduced to a
storage tank equipped with a solid substrate dispenser, and then transferred to the fermen-
tation chamber. The storage tank will be loaded several times a day. After fermentation,
the biomass will be pumped to the digestate storage tank. The biogas produced in the
methane fermentation process will be collected in a biogas tank located above the fermen-
tation chamber. The tanks will be equipped with fill level indicators and security systems
ensuring operational safety. Biogas will be pumped to the cogeneration system, where the
combustion process will generate electricity to be sold to individual or collective customers.
The waste heat energy can be transferred to the local or municipal heating network. In
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the event of a failure of the cogeneration engine, any surplus biogas will be burned in an
emergency biogas flare. The research methodologies are also presented in Figure 1.

Waste selection

v v

Collection of Collection of
kitchen biowaste green biowaste

‘ﬁf’

Transport of kitchen and green waste to the site
of the virtual biogas plant

y v

Airtight storage Ensiling green
of kitchen waste waste in silos

v

The process of
cleaning
kitchen waste

v ‘

Technological preparation of kitchen and green waste (crushing, mixing)

I

Preparation of technological input for the biogas plant, mixing both substrates

I

Transport to the fermentation chamber

I

Methane fermentation

I

Storing biogas in tanks

I

Pumping biogas into the cogeneration system

v v

Electricity Heat energy

v v

Individual or
collective electricity
consumers

> Digestate
storage

Municipal or local
heating network

Figure 1. Methodologies of the research.
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The aim of the article is to assess the possibility of producing biogas from municipal
biowaste generated in households located in Krakow and the municipalities of the Krakow
Metropolis. In order to optimize the process of methane fermentation and biogas yield,
simulations were carried out for five biogas plants, each with a capacity of 1 MW. Three
types of substrates from households were used as inputs. To achieve the assumed goal, data
on waste from the Ministry of the Environment, the Marshal’s Office of the Matopolskie
Voivodeship and the Central Statistical Office were used. The following research hypothesis
was formulated: in large cities, it is possible to produce electricity and heat from biowaste
collected from households in municipal biogas plants.

The article consists of the following elements: introduction, methods and research, results,
and discussion. The article ends with a summary and recommendations and references.

2. Methods and Research
2.1. Biowaste Management in Poland

Since 2017, the Uniform Waste Segregation System (JSSO) has been in force in Poland,
in which waste is segregated into five fractions: glass, paper, metals and plastics, biowaste,
and mixed municipal waste. Selective collection of biodegradable municipal waste enables
its biological processing in municipal installations, instead of being transported to landfills.
Depending on the place of origin, waste is divided into groups, subgroups and types. The
Regulation of the Minister of the Environment of 9 December 2014 on the waste catalog
divides them into 20 groups [12]. Municipal biodegradable waste (biowaste) belongs to
group 20. This group includes biodegradable waste generated in households with codes:
20 01 08 (biodegradable kitchen waste) and 20 02 01 (biodegradable waste).

The collection and segregation of biodegradable waste from households in large cities
is a real problem. The problem is the odors generated during their decomposition, the
most troublesome in areas with compact single-family housing. Collection of this fraction
of waste is usually every two weeks. Especially in the spring and summer period, too
infrequent collection of waste from households is a problem. Due to high air temperatures,
biodegradable waste decomposes quickly, which causes rotting of the organic matter
and the creation of nuisance odors. For this reason, it is often thrown into mixed waste,
contaminating it, which makes it difficult to dispose of and poses a threat to people and
the environment [13,14].

Proper sorting of biowaste creates the possibility of mechanical and biological pro-
cessing in composting plants or municipal biogas plants. Thanks to this, there is no risk
resulting from the spontaneous decomposition of organic substances [15,16].

2.2. The Use of Municipal Biowaste for the Production of Biogas

Recently, municipal waste has been used for the production of biogas in various types
of biogas plants where the process of methane fermentation takes place. It can occur
naturally (rice fields, peat bogs, landfills). Biogas from landfills is collected by a system
of drains. Fermentation takes place in a controlled manner in installations called biogas
plants. In wastewater treatment plants, methane fermentation takes place in digesters into
which sewage sludge is discharged [17-22].

Biogas consists mainly of methane (CH4)—55-70%, carbon dioxide (CO2)—32-70%, ni-
trogen (N)—0.2-0.4% and hydrogen sulfide (H,S)—6 g/100 m3. The fermentation rate and
the amount of biogas produced depend primarily on the type and weight of the substrate
(raw material), fermentation temperature and the optimal process duration [13,23-25]. As
substrates for the production of biogas, mainly products of agricultural origin are used,
in accordance with the Act on Renewable Energy Sources of 20 February 2015. In article
1, point 2 provides the definition of agricultural biogas, as a gas “obtained in the process
of methane fermentation of agricultural raw materials, agricultural by-products, liquid or
solid animal manure, by-products, waste or residues from the processing of agricultural
products or forest biomass, or plant biomass harvested from areas other than registered as
agricultural or forestry (...)” [26]. Unfortunately, the possibility of using biodegradable
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waste from the stream of municipal waste is ignored. Biogas from municipal waste is recov-
ered only by degassing municipal waste in landfills. Municipal biowaste (e.g., vegetal and
animal remains, paper) accounts for about 50% of the total waste stream sent to landfills.
To achieve the EU objectives set out in the Directive (EU), Poland must start reducing the
amount of municipal biowaste sent to landfills and thus prevent its uncontrolled fermenta-
tion, which causes the formation of greenhouse gases that contribute to climate warming.
Such action will ensure a high level of protection of human health and the environment
and will return valuable materials contained in waste to the European economy, which will
contribute to the implementation of the assumptions of the circular economy [27].

In Poland, almost all biogas is used to generate electricity and heat in the combustion
process in cogeneration units. The efficiency of the process is 90%, of which 35% is electricity
and 55% is heat [25,28]. There is no problem with the use of the generated electricity, but
there are problems with the use of thermal energy. Part of it (about 30%) is used in biogas
plants to heat biogas plant buildings, sterilize substrates and maintain temperature in the
fermentation chamber. The remaining part is used only when there are conditions for
connecting external recipients [25]. Due to the location of biogas plants far from residential
and public buildings, this can be difficult. The inability to sell the generated heat reduces
the profitability of investments in biogas plants [29]. There are several ways to use biogas
more efficiently, but biogas plants must have additional installations [30]. The first of these
methods is the purification of biogas to the parameters of high-methane natural gas [31].
Such gas can be injected into the publicly available gas network and used to heat residential
buildings in devices whose efficiency is about 98%. This solution is used in Italy [32,33].

The first of these methods is the purification of biogas to the parameters of high-
methane natural gas [31]. Such gas can be injected into the publicly available gas network
and used to heat residential buildings in devices whose efficiency is about 98%. This
solution is used in Italy. CNG-powered engines are characterized by low carbon dioxide
and dust emissions and lower noise levels [34-37]. CNG fuel can be used to drive public
transport vehicles or vehicles collecting municipal waste, the so-called garbage trucks [38].

The choice of the method of using the produced biogas depends on such factors as: the
location of the biogas plant, its production volume, and the demand for particular energy
carriers. As previously mentioned, all biogas plants in Poland are based on cogeneration;
therefore, the research part will present simulations and examples of the use of energy
produced in this type of installation.

Due to the insufficient use of municipal biowaste for energy purposes in Poland,
the article deals with municipal biogas plants, which are powered by kitchen and green
biowaste generated in households. These two types of waste are a serious problem in cities
because they emit odors and are a breeding ground for rodents and insects. Currently,
segregated waste is transported to composting plants, and that contained in the mixed waste
stream is sent to landfills. The energy produced by this type of biogas plant will provide
very significant support to the energy system in Poland. Municipal biogas plants will be
more expensive to build than agricultural biogas plants due to ensuring an airtight process.
The problem should not be ignored, and municipal biogas plants should be developed.

2.3. Research Object

Krakow was selected for the analysis of the possibility of producing and using biogas
from biodegradable waste. Data on the number of inhabitants of Krakow and the com-
munes of the Krakow Metropolis come from the Central Statistical Office, which is the
office of the central government administration in Poland.

Krakow is a dynamically developing city, as evidenced by the increase in the number
of inhabitants from 761 thousand in 2015, to over 803 thousand in 2022. The inhabitants of
the Krakow and Wieliczka poviats are also connected with this city through work, studies
and services. In 2022, they were inhabited by 285.8 thousand and 133.4 thousand people,
respectively. In total, the Krakow agglomeration was inhabited by 1.2 million people in
2022 [39]. Residents from all over the Matopolskie voivodship and neighboring voivodships
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(Silesian, Swietokrzyskie and Podkarpackie) come to Krakow to work and shop. The city is
located at the intersection of the A4 motorway and the S7 expressway and is a center of
domestic and foreign tourism.

When determining the potential for biogas production, data on the amount of biodegrad-
able waste generated in Krakow and the communes belonging to the Krakow Metropolitan
Area were used (see Figure 2). It consists of 14 communes, four of which are urban-rural
communes (Swiatniki Gorne, Skawina, Niepotomice and Wieliczka), and the rest are ru-
ral communes (Zielonki, Michatowice, Kocmyrzéw-Luborzyca, Igotomia-Wawrzericzyce,
Biskupice, Mogilany, Czernichéw, Liszki, Zabierzéw, Wielka Wie$) [40]. The communes
listed above are inhabited by a total of over 300.67 thousand people. The average population
density in these communes is 317 people/km? (the lowest in the commune of Igotomia-
Wawrzeniczyce, with 123 people/km?, and the highest in the commune of Wieliczka, with
614 people/km?) [40].

) : Kocmyrzow-
. wle;ll;a Michatowice -Luborzyca
Zabierzéw Wie: i '
\\ \ Zielonki ! i Igotomia-

-Wawrzenczyce

Liszki

Krakéw

\
\

Skawina

Mogilany §wi?tniki
Goérne Wieliczka

Figure 2. Municipalities belonging to the Krakow Metropolitan Area [40].

2.4. Potential for Biogas Production in Krakow and the Communes of the Krakow Metropolis

Two fractions of biodegradable waste are generated in households, i.e., biodegradable
kitchen waste (code 20 01 08) and biodegradable green waste (code 20 02 01). Kitchen waste
is organic waste generated at home from vegetable and fruit remains (peelings, spoiled
fruits and vegetables, etc.), food remains (without meat and bones), coffee and tea grounds,
egg shells, groats, pasta, and rice. The waste fraction of biowaste is green waste from home
gardens, i.e., grass, leaves, flowers and their stems, branches, etc. Both types of waste
(except branches) are collected by their producers into brown bags or containers of the
same color and are collected by companies collecting mixed municipal waste [41,42]. The
branches are transported by waste producers to selective collection points for municipal
waste (PSZOK) and placed in containers. The amount of biodegradable waste collected
from households in Krakow and the communes of the Krakow Metropolis is presented
in Table 1.

In 2021, a total of 64 thousand tons of green waste was collected. The largest amount of
this waste was collected in the Niepotomice Commune. The rural commune of Zabierzéw
was next in terms of the amount of collected waste. The second fraction of waste was
kitchen waste, of which a total of 21,881.7 tons was collected in 2021. The largest amounts
of waste were collected in the communes of Zabierzéw, Mogilany and Liszki.
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The next analyzed year was 2022. This year, the largest amount of green waste was
collected. The total amount was lower compared to the previous year and amounted to
62,502.09 tons. The largest amount (over 3.7 thousand tons) of this waste was collected in
the Niepotomice Commune. In the city of Niepotomice in 2022 lived about 16.5 thousand
inhabitants, and in the rural area, about 16.3 thousand people. Single-family housing
predominates in the city; there are also small multi-story blocks with gardens on the ground
floor in closed housing estates. This type of building generates a lot of biodegradable
green waste from home gardens. In Niepotomice, due to small plots of land, residents
use home composters to a small extent. In the rural area of the Niepotomice commune,
there is only single-family housing, and biodegradable waste is composted or collected in
bags and collected by the company. The second in terms of the amount of collected green
waste was the Zabierzow Commune, where almost 1.69 thousand tons were collected in
2022. The Zabierzéw Commune is a rural commune with over 29.2 thousand inhabitants in
2022. The largest population lived in the town of Zabierzéw, which is located close to the
borders of Krakow, on the northwestern side. In Zabierzéw, single-family housing with
a few small blocks of flats prevails, with home gardens, where it is also not possible to
compost biodegradable waste. Green waste was not collected at all in the commune of
Igotomia-Wawrzeniczyce, due to the typically agricultural character of this commune [40].

The second type of waste generated in households in the mentioned communes in
2022 was biodegradable kitchen waste. A total of 27,209.87 tons was collected. Compared
to the previous year, this number increased by over 5000 tons. The largest amount of waste
was collected in the Zielonki Commune—about 1.5 thousand tons, in the municipality
of Mogilany—over 1.1 thousand tons, and in the commune of Skawina—700 kg. All
communes have an agricultural character with dispersed single-family housing.

Table 1. The amount of waste collected in Krakow and the communes of the Krakow Metropolis in
2021 and 2022.

Amount of Biowaste [tons]

Community 2021 2022
Code 20 02 01 Code 20 01 08 Code 20 02 01 Code 20 01 08
Swiatniki Gérne 492.2 0 521.08 0
Mogilany 185.0 969.56 32.88 1170.93
Skawina 1005.2 84.12 589.12 709.76
Czernichow 679.5 0 567.15 0
Liszki 129.2 594.78 126.46 595.84
Zabierzéw 3049.3 3.16 1696.87 542.24
Wielka Wie$ 1090.7 0 1090.7 0
Zielonki 38.0 1226.77 41.98 1497.54
Michatowice 451.5 0 536.2 0
Kocmyrzéw-Luborzyca 1484.2 0 1096.34 0
Igotomia- 0 0 0 0
Wawrzeniczyce
Niepotomice 4169.1 0 3755.29 245.70
Biskupice 480.9 0 402.12 0
Wieliczka 1080.0 0 369.69 331.14

Total communes

. 1433.7 2878.4 10,843.02 5093.15
surrounding Krakow
Krakow 49,826.0 19,003.3 51,659.07 22,116.72
Waste collected in 64,160.7 21,881.7 62,502.09 27,209.87

Krakow and communes

Source: Own study based on [43].

2.5. Possibilities of Generating Energy from Biodegradable Municipal Waste

Based on the information on the amount of possible-to-obtain substrates for biogas
plants from Krakow and communes belonging to the Krakow Metropolis, the possibility of
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biogas production was assessed. For this purpose, a simulation was carried out showing
the possibility of producing biogas from biodegradable waste generated in households.
The simulation was carried out for a biogas plant with a capacity of 1 MW, in which two
sets of substrates were used. The calculations used data on biodegradable municipal waste,
which was used as a substrate [25,44]:

e Biodegradable green waste (code 20 02 01),
e  Biodegradable kitchen waste (code 20 01 08).

To obtain the optimal amount of biogas, green and kitchen waste should be mixed
in the right proportions. Green waste has a very good carbon to nitrogen (C:N) ratio of
around 25:1; in kitchen waste, this ratio is 8:1. Taking into account the C:N relationship in
the substrates used, the proportions of substrates in the ratio of 3:1 should be used [45,46].
In the fermentation process, it is important to maintain the appropriate proportion between
the carbon and nitrogen C:N content. If this ratio is too high (too much C and too little
N), complete conversion of carbon may not occur. This makes it impossible to obtain the
possible methane potential. An excess of nitrogen may result in the formation of ammonia,
which, even in low concentrations, inhibits the growth of bacteria. The fermentation process
runs properly if the C:N ratio is in the range of 10-30 [24].

The assessment of the biogas production potential in the 1 MW installation was based
on data on the amount of collected biodegradable waste from households in Krakow and
the municipalities of the Krakow Metropolis in 2022.

First, the possibility of producing biogas and biomethane and energy was simulated
for two variants in which mixed substrates were used:

Variant 1—waste from Krakow and the municipalities of the Krakow Metropolis in the
amount of approximately 20,000 tons:

e green waste, in the amount of 15,000 tons/ year,
e  kitchen waste in the amount of about 5000 tons/year,

Variant 2—waste from Krakow and the municipalities of the Krakow Metropolis in the
amount of 20,000 tons:

e Silage from green waste (without woody parts) in the amount of 15,000 tons/year,
e  Kitchen waste in the amount of 5000 tons/year.

Then, comparative simulations were carried out, in which unmixed green waste, silage
from green waste and kitchen waste from Krakow and the municipalities of the Krakow
Metropolis were used as substrates for the biogas plant:

e  Variant 3—green waste (code 20 02 01) in the amount of 20,000 tons,
e  Variant 4—silage from green waste in the amount of 20,000 tons,
e  Variant 5—kitchen waste (20 01 08) in the amount of 20,000 tons.

The simulation results for these variants were compared with the results obtained
for Variant 1 and Variant 2. Next, the advantages and disadvantages of using mixed and
unmixed biodegradable waste as substrates for biogas plants were presented. The steps of
carrying out the calculations are shown in Figure 3.

The data collected on the amount of waste from Krakow and the municipalities of
the Krakow Metropolis for 2022 (Table 1) did not contain information on the dry matter
content in the waste used to power the biogas plant, so, for the calculations, a biogas yield
corresponding to 1 ton of fresh mass (t,) was assumed. According to Podkowka, the
following biogas yield was assumed for green biowaste: V,, =175 Nm3/tgy,, silage from
green biowaste V,,, =190 Nm?>/tg,, kitchen biowaste: Ve =250 Nm®/tq, [25]. Assuming
the biomethane content of Cy,,, (from Table 2) in biogas produced from 1 ton of specific
waste, the heating value of biomethane V,,, in Nm>/tg;, was calculated using the following
formula [47].

Com

me = ng'm

M
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N
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Figure 3. Steps of performing calculations.

Table 2. Values adopted for yield calculations: biogas, biomethane, electricity and heat.

Substrates
uanti Symbol Unit i
Q v ¥ Green Biowaste Sllage.from Green Kitchen Biowaste
Biowaste

Amount of biogas Vg m3/t 175 190 250
Biomethane content in biogas Com Y% 60 55 60
Calorific value w kWh/Nm? 9.3 9.3 9.3
Electricity yield e % 35 35 35
Heat energy yield i % 55 55 55

Generator runtime * Tw h/year 8000 8000 8000

* Generator runtime—the operating time of the biogas plant is at least 8000 h [25]. Own elaboration based on [25,46].

Assuming the heating value of biomethane of W = 9.3 kWh/ Nm?, the total energy E;
found in biomethane obtained from 1 tg;,, of biowaste was calculated with the following

Formula (2) [47].
Er = Vi W @
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Electricity E. and heat energy E, obtained from 1 tg;, of substrate were calculated
with Formulas (3) and (4) [47].

_ g, e

Ee - Et 100 (3)
o M

E, =E 100 4)

where: r7,—electricity yield, 77;—heat energy yield.
The electric power of the generator P, was calculated with the following Formula (5) [47].

P, = =%
T Ty

©)
where: Tw—generator runtime.
The thermal power of the generator P, was calculated with the following Formula (6) [47].

En

P:
" T

(6)
3. Results
3.1. Calculation Results for Substrates Mixed in the Optimal Proportion

For the calculation of the annual yields of: biogas, biomethane, electricity and heat
energy for a biogas plant with a capacity of 1 MW, the values as in Table 2 were adopted.
The simulation was started by calculating the amount of biogas and biomethane produced,
which are energy carriers in the biogas plant. Approximately 3.9 million m®/Mg of biogas
can be produced from the above-mentioned substrates per year. It contains over 55%
methane, which is burned in cogeneration units in the biogas plant. The simulation results
for Variant 1 are presented in Table 3.

Table 3. Amount of biogas, biomethane, electricity and heat generated in a biogas plant with a
capacity of 1 MW Variant 1.

Substrates
Item Total
Symbol Unit Green Biowaste Kitchen Biowaste
Amount of substrate - tons/year 15,000 5000 20,000
Amount of biogas Vig m?/ton/year 2,625,000 1,250,000 3,875,000
Biomethane content in biogas - % 55 60 -
Amount of biomethane Vim m3/ year 1,443,750 750,000 2,193,750
Total energy E; MWh/year 13,426.87 6975 20,401.87
Power electricity of the generator set P, MW 0.7 0.3 1.0
Heat energy from cogeneration E;, MWh 7385 3836 11,221
Heat energy for fermentation Ey MWh 2215 1151 3366
Heat energy for sale Ey MWh 5169 2685 7854
Power heat of the generator set Py, MW 0.9 0.5 14

In Variant 1, green waste (grass, leaves, flowers), cut into 4-6 mm pieces, and kitchen
waste were crushed in a device called a grinder before being introduced into the fermenta-
tion chamber. Such fragmentation is necessary because it favors the fermentation process
and causes more biogas to be produced during the same number of days [24]. The dis-
advantage of green waste is that it is available seasonally from April to November. For
the proper functioning of the fermentation process in a biogas plant, a constant supply of
substrate is necessary throughout the year. Failure to follow this recommendation may
result in disruption of the fermentation process and even extinction of the fermentation
bacteria. The effect will be a reduction in biogas production, obtaining poor-quality biogas,
and ultimately the cessation of operation of the biogas plant [24,48].

In order to ensure constant supplies of the substrate, Variant 2 was proposed. The
input used was silage, which was made from green waste (without woody parts). The
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second type of substrate was kitchen waste. In Variant 2, approximately 4.1 million m3/tons
of biogas can be produced annually from silage from green waste and kitchen waste. This
is about 6% more than in the case of biogas production from the substrates used in Variant
1. This biogas also contains over 55% methane, which will be used to produce electricity
and heat in the cogeneration process. The results of the simulation are presented in Table 4.

Table 4. Amount of biogas, biomethane, electricity and heat generated in a biogas plant with a
capacity of 1 MW. Variant 2.

Substrates
Ttem Symbol Units g;l::’: ‘f\II‘:smte Kitchen Biowaste Total
Amount of substrate - tons/year 15,000 5000 20,000
Amount of biogas ng m3/ton/ year 2,850,000 1,250,000 4,100,000
Biomethane content in biogas - % 55 60 -
Amount of biomethane Vi m3/ year 1,567,500 750,000 2,317,500
Total energy E; MWh/year 14,577.7 6975 21,552.7
Electricity E. MWh 5102 2441 7543
Power electricity of the generator set P, MW 0.7 0.3 1.0
Heat energy from cogeneration Ejc MWh 8018 3836 11,854
Heat energy for fermentation Eyf MWh 2405 1150 3556
Heat energy for sale Eps MWh 5612 2685 8298
Power heat of the generator set Py MW 1.0 0.5 0.9

In Variant 2, green waste, without woody parts will be ensiled in silos. The resulting
grass silage can be stored in a warehouse or in an airtight tank that prevents odors from
escaping. The ensiling of green waste makes substrates for the biogas plants available all
year round [49].

Thanks to this, it will be possible to produce biogas from green waste collected in
cities. To make it possible, one should plan the work schedule for a given year and start
preparing the silage at the beginning of the mowing season, so that its amount is sufficient
for the entire year of operation of the biogas plant.

3.2. Comparative Calculation Results for Homogeneous and Mixed Substrates in the
Optimal Proportion

The above simulations in Tables 3 and 4 present calculations for a 1 MW biogas plant
with mixed substrates. It was decided to carry out further simulations to check how much
biogas and methane will be generated from 20 thousand tons of homogeneous substrates,
which are obtained from collected municipal biowaste in Krakow and the municipalities of
the Krakow Metropolis. The simulation results were compared with the amounts of biogas
and methane produced for mixed substrates (Variant 1 and Variant 2). The results of the
simulation are presented in Table 5 and Figure 4, which show the amount of biogas and
methane produced for Variants 1-5.

The simulation results (Table 5 and Figures 4 and 5) show that the largest amount of
biogas and methane, about 5 million m?/tons, will be generated if only kitchen waste is
used as a substrate (Variant 5). From this substrate, the most m? of biogas can be obtained
from 1 ton of fresh mass (see Table 5). The smallest amount of biogas was produced from
green waste (Variant 3), of about 3.5 million tons. The amount of biogas produced from
silage (Variant 4) was lower than in Variant 1 and Variant 2, but the difference was relatively
small and amounted to 2-5%.

The simulation results show that the most energy was generated in Variant 5. Almost
10,000 MWh of electricity was obtained from 1 ton of this waste fraction. All of this can be
sold to the local energy operator. The same amount of waste can produce over 15,000 MWh
of thermal energy, of which 30% is used to support the fermentation process in the biogas
plant. The least amount of electricity and heat will be generated using only green waste as
a substrate.
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Table 5. Amount of biogas, biomethane, electricity and heat generated from five variants of substrates.

Item Symbol Unit Substrates
Variant 1 Variant 2 Variant 3 Variant 4 Variant 5
Amount of substrate - tons/year 20,000 20,000 20,000 20,000 20,000
Amount of biogas - m?3/ton/year 3,875,000 4,100,000 3,500,000 3,800,000 5,000,000
Biomethane content in biogas - % 57 57 55 55 60
Amount of biogas Vig m3/year 2,193,750 2,317,500 1,925,000 2,090,000 3,000,000
Total energy E; MWh/year 20,401.8 21,552.7 17,902.5 19,437.0 27,900.0
Electricity E. MWh 7140 7543 6266 6803 9765
Power electricity of the generator set P, MW 1.0 1.0 0.8 0.8 12
Heat energy from cogeneration Ej MWh 11,221 11,854 9846 10,690 15,345
Heat energy for fermentation Ey MWh 3366 3556 2954 3207 4603
Heat energy for sale Ej MWh 7854 8298 6892 7483 10,741
Power heat of the generator set Py MW 1.4 1.5 1.2 1.3 1.9
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Figure 4. The amount of biogas produced. Biogas and biomethane for five variants of substrates
in 2022.

The simulation results, presented in Table 5 and in Figures 4 and 5, show that the most
biogas as well as electricity and heat can be produced using only kitchen waste. However,
using only these substrates is not economically viable or beneficial for the course of the
fermentation process. To obtain the optimal amounts of biogas produced, it is important
to select substrates that can be mixed with each other in appropriate proportions. This
is important because the bacteria that take part in the fermentation process require an
appropriate amount of C and N. The protein contained in the substrate is broken down
into nitrogen and used for the synthesis of nitrogen compounds. Carbon is needed for their
synthesis. The correct cargo composition should have a C:N ratio of 10:1 to 25:1. If the C:N
ratio is greater than 25:1, this will reduce biogas production. However, when the C:N ratio
is <10:1, the pH value increases above 8.5, which can lead to the extinction of fermentation
bacteria and stop the biogas production process [50].

Mixing kitchen waste and green waste is recommended in municipal biogas plants.
Kitchen waste is rich in organic substances containing mainly nitrogen (N) such as starches,
sugars, fats and proteins, while green waste contains a lot of carbon (C) in the form of
cellulose and other plant fibers. Mixing these two types of waste has a number of benefits,
as follows [51]:

1.  Abalanced organic composition results from mixing kitchen waste and green waste,
which results in a more balanced nutrient mix. Kitchen waste provides easily di-
gestible organic substances, while green waste introduces plant fibers. This sup-
plementation of nutrients promotes better growth of microorganisms and increases
biogas production.
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2. Increasing the efficiency of the biogas plant can be obtained by mixing kitchen waste
and green waste, which allows for better use of various organic components and
increases the efficiency of the fermentation process. Different types of substrates have
different decomposition rates and energy values, and mixing allows creating good
conditions for microorganisms that decompose organic substances.

3. The availability of the raw material results from the fact that kitchen and green waste
often occur in large quantities in cities and surrounding municipalities. Mixing them
allows for efficient use of these biomass sources and reduces waste.

According to Chen X. et al., the preferred ratio of kitchen waste to green waste was
set at 1:3 for optimal biogas production [52]. It turn, Liu et al. proved that mixing green
waste and kitchen waste has a positive effect on the fermentation process and biogas
production [53]. A similar relationship was found by Chen Y. et al. [54].

Due to the biogas production technology and the availability of substrates, the best
choice is Variant 2, in which two substrates will be used to produce biogas, i.e., silage from
green waste (15,000 tons) and kitchen waste (5000 tons). These amounts of substrates used
represent the correct C:N ratio. Then, the fermentation process will take place in stable
and favorable biochemical conditions conducive to the production of large amounts of
good-quality biogas.

. Electricity

I Heat energy from cogeneration

I Heat energy for fermentation
Heat energy for sale

e Power heat of the generation set
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Figure 5. The amount of electricity and heat generated from biogas for five variants of substrates.

3.3. The Use of Biogas Produced from Municipal Biowaste for Energy Purposes

As previously written, biogas is most often burned in cogeneration units producing
electricity and heat. It can be used to supply single-family houses with electricity and heat.
Table 6 and Figure 6 show the number of houses that can be supplied with electricity and
heated, assuming data for Variants 1 and 2 for calculations.

For the purposes of the analysis, the energy demand of a single-family house with-
out a basement with a usable area of 110 m? and with average insulation was assumed.
The house has a dual-function traditional gas boiler installed. It is inhabited by three
people. The annual energy consumption for space heating and domestic hot water is
er =7.5 MWh/year). The house is lit with energy-saving LED bulbs, and cooking is done
on an induction cooker with an electric oven. Household appliances and electronics have
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an A+ energy class rating, and each person has a laptop and uses the internet. This allows
us to assume the house’s electricity consumption at the level of e, = 3 MWh/year [47].

Table 6. Number of houses that can be heated and supplied with electricity for variants 1-5.

Details Symbol Variant 1 Variant 2 Variant 3 Variant 4 Variant 5
Number of houses powered with electricity N, 2380 2514 2088 2267 3255
Number of houses powered with heat energy Ny 1047 1106 918 997 1432
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Figure 6. Number of houses that can be heated and supplied with electricity for Variants 1-5.

Assuming the value for electricity E, and heat power for sale E;s;, we can calculate
the number of houses N, and N; that can be supplied with energy produced by the biogas
plant under study. For this we, use the following Formulas (7) and (8) [47].

N, =E./e; (7)

Ny = Ets/et (8)

The results of these calculations are presented in Table 6. The data presented in this
table show that Variant 5 can supply the largest number of houses with electricity, over
3.2 thousand, and heat over 1.4 thousand houses. The fewest houses will be supplied with
energy (approx. 2.1 thousand) and heated (approx. 0.9 thousand) in Variant 3. However,
as already mentioned in Section 3.2, both variants, due to the use of mono-substrates,
are unfavorable for the fermentation process, causing the remaining biodegradable waste
collected from households to not be used. Using mixed substrates in Variant 1, it is possible
to provide energy to about 2.4 thousand and heat 1.05 thousand houses. A better result can
be obtained by choosing Variant 2, where the generated energy can supply electricity to
over 2.5 thousand houses and heat over 1.1 thousand houses. These results are also shown
in Figure 6.

4. Discussion

Approximately 20,000 tons of substrates from municipal biowaste are needed to
operate a 1 MW biogas plant. In the municipalities of the Krakow metropolis, 16,000 tons
of biodegradable waste are generated. Unfortunately, this amount is too small to cover
the needs of a 1 MW biogas plant for substrates. The remaining part of the biowaste
should be delivered from Krakow. The Krakow Commune produces very large amounts
of biodegradable municipal waste. In 2022, over 73,000 tons of waste were collected, of
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which almost 52 thousand tons were of green waste (code 20 02 01) and over 22 thousand
tons of kitchen waste (code 20 01 08). The total use of this waste in a biogas plant would
generate over 30,000 MWh of electricity and over 27,000 MWh of thermal energy to be used
or sold [47].

This amount of substrates would allow to power several biogas plants with a to-
tal capacity of 4 MW. Almost all of the electricity generated in them can be sold to the
power system operator, as well as about 70% of the heat energy. The remaining 30% is
spent on maintaining the methane fermentation process in the biogas plant’s fermentation
chamber [47].

Of the presented variants, the best one in terms of the amount of biogas and energy
produced is Variant 2. In it, a biogas plant with a capacity of 1 MW can use about 20 thou-
sand tons of biowaste per year in the amount of 15 thousand tons of silage from green waste
and 5 thousand tons of kitchen waste. The most green and kitchen biowaste is generated
in Krakow (see Table 1). As shown in Figure 7, kitchen waste (code 20 01 08) is produced
in a constant amount throughout the year. The problem is the availability of green waste
(code 20 02 01), most of which is collected from waste producers from May to October.

m200201 m 200108

7000
o
§ 6000
¢ 5000
(%]
s
3 4000
0
‘s 3000
€
3 2000
€
e dd
0
N e X NS X X X
& & & W& X S S S E S
S S Q O xS N <
g <<Q\'° e Q\_Q/ o OAQ/ Q}’Q/
132 D Q

Figure 7. Amount of municipal biowaste collected in Krakow in 2022.

The solution to this problem may be the production of silage from green waste, which
can be stored all year round in silos or in airtight containers. To store feed from (shredded)
plants, silos will be built in the area of the biogas plant, where silage will be produced. The
placed raw material will be covered with foil until it is used by the biogas plant. Silage
juices will be discharged into an underground, tight reinforced concrete tank. The effluents
will be used to dilute the raw materials before they are fed into the fermentation chamber.
Using a loader, the silage will be systematically introduced into a storage tank equipped
with a screw conveyor-type solid substrate feeder, and then into the fermentation chamber.
The storage tank will be loaded several times a day [55].

Biogas production from silage and green waste also means a faster fermentation
process and a higher yield of biogas from 1 ton of substrate [56]. Kitchen biowaste will
be regularly delivered to the biogas plant and unloaded into a silo from where it will be
directly used in the biogas production process (in fermentation tanks using a container).

Another important aspect favoring the operation of a biogas plant using biodegradable
municipal waste is its location. Starting the production of energy from biogas requires tak-
ing into account several important spatial conditions at the concept development stage [20].
Such a concept should take into account the impact of the biogas plant on the environment,
among others: areas under natural protection, close availability of substrates (preferably up
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to 20 km), availability of roads with a large tonnage to facilitate the delivery of substrates, ac-
cess to labor resources (employees) and the possibility of utilizing the produced biogas [57].

Due to the above conditions for the location of the biogas plant, as well as the high
population density and numerous monuments, building a sufficiently large biogas plant in
Krakow seems impossible. Although there are areas of the former steelworks, there are
plans to build a residential district and a photovoltaic farm there. The only possible loca-
tions are the areas of economic (investment) zones in the area of Niepotomice—Wieliczka
or Skawina [58].

As shown in Table 1, in the Niepotomice commune in 2022, approximately 4 thousand
tons of waste (codes 20 02 01 and 20 01 08) were generated. In Niepolomice, there is
an investment zone with an area of 542 ha, where about 60 large companies from the
following industries operate: automotive, food, logistics, cosmetics and others. There
are sewage treatment plants in the zone (Niepolomice and Podleze). The Niepotomice
Investment Zone is accessed via the Niepotomice bypass, and a few kilometers away there
is a junction connecting the district road with the A4 motorway, on the Wroctaw—Krakow-
Przemysél route [59]. The construction of this bypass would enable quick and easy transport
of biodegradable waste from some of the municipalities of the Krakow Metropolis and
districts of Krakow located in its northeastern part. The biogas produced in this biogas
plant could be burned in cogeneration units. Electricity and heat energy would be used
by companies operating in the zone. It is also possible to purify biogas to the parameters
of high-methane natural gas and inject it into the gas hub in Wegrzce Wielkie via a gas
pipeline approximately 9 km long.

The location of the biogas plant in Skawina would enable the processing of 1005 tons
of green waste with the code 20 02 01 and 4198 tons of kitchen waste with the code 02 02 02
produced in this commune and waste from the southwestern part of Krakow. Thermal
energy could be transmitted to Krakow via the existing heating main.

The construction of a municipal biogas plant is not associated with significant negative
impacts on the local community and the environment. In the long term, the operation of
the municipal biogas plant will contribute to improving the quality of atmospheric air on
a local scale thanks to the partial elimination of the combustion of fossil fuels as energy
sources. This will reduce CO, emissions into the atmosphere [60], and the generated energy
will not be assessed CO, emission allowance fees applicable in the EU [61].

Failure to implement the construction of municipal biogas plants will cause difficulties
in the implementation of the Polish Energy Policy until 2040 in the field of renewable
energy development and in achieving the goal resulting from Directive 2009/28/EC of the
European Parliament on the promotion of the use of energy from renewables [62].

In order for the above sustainable development goals and the policy goals of the EU
and Poland to be achieved, society should be involved in their implementation. It should
start with the basics, i.e., proper segregation of biowaste and creation of a system that will
enable their collection and utilization in the biogas plant [24,63].

5. Conclusions

The transformation from a linear economy to a circular economy would force munici-
palities to treat biodegradable waste as a resource, not as waste. Then, it would be possible
to produce biogas from them, which is an alternative to fossil fuels. Unfortunately, there are
problems with the collection of biowaste that hinder their use. The biggest problem is the
collection of biowaste from households, which include kitchen waste with the code 20 01 08.
Due to the inconvenience of segregating this waste fraction, it is usually thrown in with
mixed municipal waste. For this reason, the energy potential of these wastes is lost and
mixed waste, which is difficult to manage, is created and most often neutralized in the
incineration process.

The article analyzes the possibility of using biodegradable waste from households
located in Krakow and the municipalities of the Krakow Metropolis. Data from the Ministry
of Climate and Environment and the Marshal’s Office of the Matopolska Region were
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used for the analysis. The data provided concerned the amounts of green and kitchen
biowaste generated in 2022. The analysis shows that there are great opportunities for
biogas production from biodegradable waste collected from households. Five variants of
biogas production from these biowastes were considered. The analysis of the possibility of
producing biogas in a 1 MW installation shows that in Variant 1, it is possible to obtain about
3.9 million m3/ year; in Variant 2, 4.1 million m3/ year; in Variant 3, 3.5 million m3/ year;
in Variant 4, 3.8 million m3/ year; and in Variant 5, 5 million m3/ year. Such amounts
of biogas produced can be used in the cogeneration process, resulting in electricity and
heat. Electricity can be sold to the energy operator or used directly by the municipalities
for their own needs, or stored in an energy warehouse. Thermal energy is most often
used in technological processes of biogas plants (maintaining fermentation temperature,
sterilization of substrates, drying of digestate). In the city, the remaining part of the heat
energy can be injected into the local heating network or can be used to heat buildings
located in the vicinity of the biogas plant, e.g., shops, public buildings, wood drying rooms.

The simulation results presented in this article show that the choice of Variant 2 is
the most advantageous. In this variant, 15,000 tons of green waste silage and 5000 tons
of kitchen waste (code 20 01 08) were used to power a 1 MW biogas plant. The use of
substrates in such proportions allows maintaining the C:N balance, which is 3:1. Thanks to
this, it is possible to maintain a stable substrate fermentation process in the biogas plant,
using substrates collected in Krakow and the municipalities of the Krakow Metropolitan
Area throughout the year. The resulting biogas in a 1 MW installation can provide energy
to over 2500 households and heat over 1.1 thousand houses (see Table 6 and Figure 6).
The presented possibilities for producing biogas from biodegradable waste collected from
households in Krakow and the Krakow Metropolis communes represent only a portion of
what could be achieved if solutions were introduced to encourage residents to segregate
this waste fraction. The proposed solutions are as follows:

e  airtight household containers for kitchen biowaste, which will make it easier to collect
even in small apartments and throw into airtight containers in a garbage bin,

e introduction of a new waste code, which will cover biodegradable kitchen waste
with the code 20 01 08 and kitchen waste of animal origin (without bones), i.e., meat,
sausages, fat, dairy products,

e  collection of biodegradable waste from households at least once a week, because
collecting waste every two and sometimes three weeks allows excessive decompo-
sition of organic matter, which is most troublesome in the summer at high ambient
temperatures,

e equalizing (increasing) the price of share certificates for electricity from all types of
biogas to the price of agricultural biogas plant certificates.

The development of energy in cities based on RES should be economically viable and
technically feasible. The construction of municipal biogas plants in cities or their vicinity
can contribute to reduce the high costs of waste disposal and increase the share of RES in
the energy mix of cities and municipalities. For this reason, further research is planned
on the control of a hybrid RES installation consisting of a municipal biogas plant and a
photovoltaic installation located in or around Krakow. Future research will concern the
optimization of the power of a biogas plant integrated with a photovoltaic installation,
an electricity storage facility and a certain number of individual consumers. A system
of electrical installations will be created with adjusted installed power capacities and an
intelligent operating mode. Its aim will be to provide electricity for a specific number of
single-family buildings. The main purpose of such a technical solution will be to eliminate
the consumption of electricity from the state power grid.
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