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Abstract: Biowaste, which often accounts for more than 50% of municipal waste, is an environmental
problem if disposed of improperly in landfills but has great potential to achieve the recycling
targets set out in Directive (EU) 2018/851. Despite the knowledge in theory and practice about
the processing of biowaste and the benefits of recycling, there is a lack of methodological approaches
in describing the process of aerobic biodegradation in a concise and suitable way for decision makers,
environmental engineers, and project designers. This paper presents how basic data on the properties
of biowaste can be used, using theoretical models, to determine basic indicators of the dynamics
and material balance of the process. The maximum rate of CO2 generation on the 4th day was
Rm = 45.3 g/d, with the potential of available, readily biodegradable components of the biowaste
sample of P = 526 g CO2/kg VS. A substrate conversion of 51.7% was achieved in the bioreactor by
the 17th day of treatment. The results of this analysis, together with future analyses of sensitivity and
boundary conditions of the process, are useful for rapidly sizing a biological treatment system for
municipal solid waste in a given area.

Keywords: biodegradation model; biowaste; composting; kinetic parameters

1. Introduction

Waste is one of the biggest problems in environmental protection today. As the
human population on planet Earth grows, the amount of waste produced also increases
proportionally [1–4]. Worldwide, 2.01 billion tonnes of municipal solid waste are generated
annually. Global waste generation is expected to increase to 3.40 billion tonnes by 2050,
which is more than double the population growth over the same period. The composition
of waste varies according to income level and reflects different consumption patterns [3].

In low- and middle-income countries, a predominant feature of municipal solid waste
is the high proportion of organic, biodegradable materials (biowaste). This often accounts
for more than 50% of the total waste generated and can be as high as 80% [4]. With rapid
urbanization and population growth, effective biowaste management is becoming an urgent
issue. While biowaste has traditionally been disposed of in landfills, the lack of landfills
and the negative impact on the environment have led to the introduction of alternative
methods for its recovery [1,2].

Sustainability, which is enshrined in the 17 “Sustainable Development Goals” (SDGs),
has been defined as the perfect balance between the economic, environmental, and social
aspects of a system, product, or process. This concept has been applied to describe the
performance of different alternatives for biowaste (food waste and green waste) to obtain
value-added products and energy vectors at the laboratory, pilot, bench, or industrial
scale [5,6]. It is therefore very important to gain insight into the composition of biowaste
as a heterogeneous mixture of different biodegradable components, its physico-chemical

Processes 2024, 12, 545. https://doi.org/10.3390/pr12030545 https://www.mdpi.com/journal/processes

https://doi.org/10.3390/pr12030545
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0001-8427-6482
https://orcid.org/0000-0002-5040-6995
https://orcid.org/0000-0001-5818-7347
https://doi.org/10.3390/pr12030545
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr12030545?type=check_update&version=1


Processes 2024, 12, 545 2 of 14

properties, and parameters of biodegradability such as respiration coefficient and biogas
potential, but also the dynamics of biowaste generation as this stream is seasonal [7].

Globally, food loss and waste account for a significant proportion of food and green
waste (around 30%). This corresponds to 1.3 billion tonnes per year [3]. Biowaste is
defined as biodegradable garden and park waste, food and kitchen waste from households,
restaurants, caterers, and retail establishments, and similar waste from food processing
plants [8]. The characterization of biowaste is necessary for the management of this type of
waste. The choice of appropriate technology for solid waste management is influenced by
the composition of waste materials [1,2].

The treatment, collection, and conversion of biowaste can make a positive contribution
to climate change mitigation, as biowaste is one of the main causes of greenhouse gas
emissions in landfills [9,10]. Bioconversion technology is an environmentally friendly and
sustainable approach that utilizes the metabolic potential of living organisms to recycle
organic solid waste. Composting, anaerobic digestion, vermicomposting, insect-based biore-
finery, fermentation technologies, etc. are used for the bioconversion of organic waste [2].
Each of the mentioned technologies of biodegradation of biowaste has advantages and
disadvantages that can be minimized by controlled process management conditions and
the properties of the input substrate (biowaste). Some of the advantages of composting
compared to other technologies are less sensitivity to pretreatment or preparation of the
substrate, large processing capacities, and proven technology. The absence of the men-
tioned advantages in other technologies can be a significant disadvantage when choosing a
solution for the treatment of biowaste.

Aerobic biological treatment, composting, is a common solution for solid organic
waste management due to its cost effectiveness [9] and involves the controlled aerobic
decomposition of organic material, resulting in a relatively stable organic end product [2,4].
Composting of organic material is driven by a diverse population of microorganisms that
break down organic material, producing carbon dioxide, water, and heat. Controlling the
process means controlling, managing, and adjusting the prevailing parameters, such as
organic material composition (carbon–nitrogen ratio), particle size, free air space, aeration,
temperature, moisture, or pH, to achieve rapid decomposition and good compost quality.
If the conditions are not optimal, the process can be slowed down or not take place at
all [1,2,4,10].

Biological stabilization aims to reduce the weight of the organic fraction and inactivate
all biologically active organic materials, resulting in stabilized residues [10,11]. Compost-
ing technologies are invaluable for the stabilization of biodegradable waste due to their
environmental friendliness. Composting is a biochemical and heterogeneous process that
mineralizes organic material and produces a stabilized end product that can be used as a
potential source of organic fertilizer or for soil amendment [10,12]. A successful process
involves the use of the right mixing ratio, optimization of process parameters, and the use
of mathematical models to effectively simulate the composting process [12,13].

Mathematical modeling is widely used in science and engineering to improve the
understanding of system behavior and to explore new theoretical concepts. Mathematical
models are an effective tool for predicting how the composting process will occur and can
be used to guide the design and evaluation of conditions. For this reason, they are often
used to simulate and predict the physical and biological laws that govern the composting
process [13–15].

The number of model parameters required influences the usefulness of mathematical
models and determines to some extent whether they are used as operational or research
tools. Simulations provide information on the applicability of the model to changes in
operating parameters. However, their value is limited if validation against experimental
data is not considered [14].

Material balance is an important first step in the design of a new process or the
analysis of an existing process. It provides information on the intensity of the impact on
the environment, such as air pollution caused by the emission of biodegradable gases. In
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addition, the mass balance of the process is important information for the dimensioning
of the required process spaces and equipment for biowaste treatment plants, such as
input and output storage, bioreactors for intensive decomposition, areas for compost
maturation, etc. [15]. It is almost always a prerequisite for all other calculations when
solving process engineering problems according to the law of conservation of mass, which
states that mass can neither be created nor destroyed [16,17]. The second step, which
is important for the design and simulation of biodegradation, is the reaction rate in the
conversion of biowaste into stable compost. Therefore, there are numerous mathematical
models describing the process, so that the determination of the kinetic parameters provides
useful information for the optimal selection of the type and amount of equipment to carry
out the biodegradation process of biowaste [14,18,19].

In this study, insight was given into the most important input parameters of the pro-
cess of aerobic stabilization of biowaste by composting, i.e., the aerobic biodegradation
process of a real sample of biowaste in a bioreactor. Based on the physicochemical and
kinetic parameters, the dynamics and mass balance of the aerobic biodegradation pro-
cess were evaluated. The parameter values determined served as the basis for providing
quick insight into the data required for designing a plant under real conditions, i.e., for
dimensioning the necessary plant and process equipment. This methodological approach
bridges the gap between theoretical, comprehensive, and detailed baseline analyses and
the necessary data containing all important parameters for decision making and process
design when analyzing options for the biological treatment of biowaste. A complicating
factor in the analysis and modeling is that biowaste under real conditions is a heteroge-
neous mixture of different biodegradable components, with accompanying impurities and
seasonal variations in appearance and properties. Therefore, it is important to consider
the spatially specific composition of biowaste by taking representative samples and the
temporal dimension of the representative sample, which is achieved by determining the
composition and properties of biowaste in four seasons [20]. A similar approach can be
applied to other biological processes of biowaste treatment.

2. Materials and Methods
2.1. Biowaste

For the experiment of aerobic stabilization by composting, a representative sample
of biowaste (substrate) from the continental part of the Republic of Croatia from the
Zagreb area was used, which was obtained from the company IPZ Uniprojekt TERRA,
Zagreb. The preparation of a representative biowaste sample and determination of the
composition of the biowaste was carried out in accordance with the provisions of the
document “Methodology used in determining the composition and quantity of municipal
waste and mixed municipal waste” [20] and using the standards and guidelines of HRI
CEN/TR 15310-1:2008 and HRN EN 14899:2007 [21,22]. This document describes the
sampling method, the preparation and reduction procedures of the biowaste sample,
the analysis and data processing, as well as the spatial and temporal dimensions of the
determination of the composition and quantity of biowaste.

Statistical data processing and mathematical modeling were performed with the
Microsoft Excel package “Solver” using the built-in statistical functions and the GRG
nonlinear optimization method.

2.2. Process of Aerobic Biodegradation of Biowaste

The composting experiment of biowaste aerobic stabilization was conducted in a
closed adiabatic cylindrical stainless steel bioreactor (d = 212 mm, h = 330 mm) with
a working volume of 10 L (University of Zagreb Faculty of Chemical Engineering and
Technology, Croatia). The initial mass of composting substrate added from the top of the
bioreactor was 4.5 kg. The bioreactor was thermally insulated with 10.5 ± 1.5 mm thick
AF/Armaflex® foam (Armacell, Münster, Germany). Substrate aeration was ensured by
the air inlet at the bottom of the bioreactor, where it was aerated with a constant air flow
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rate set to 0.78 L/min/kg VS during the 21 days of the experiment. An air compressor
(DE 50/204 FIAC, Italy) was used for the air inlet. The air flow rate was controlled by an air
flow meter (Cole Parmer, Vernon Hills, IL, USA). To reduce drying of the substrate in the
bioreactor and ensure constant air humidity, the air was saturated with water while passing
through a Dreschel bottle before entering the bioreactor. At the exit from the bioreactor, a
graduated cylinder was used to collect the produced condensate throughout the process
of biowaste aerobic biodegradation. For absorption of the produced CO2 from substrate
aerobic biodegradation, 1 mol/L NaOH was used. The temperature was monitored daily
by temperature sensors placed in the center of the bioreactor and connected to a computer,
while the temperature value was read using the Lab View program. Substrate sampling
was carried out through the opening at the top of the bioreactor. Before taking the substrate
samples, the substrate was mechanically mixed.

2.3. Physicochemical Analyses

During the aerobic stabilization process of the biowaste by composting, substrate
samples were taken regularly and the most important physicochemical parameters (C/N
ratio, pH value, moisture, dry solid (DS) and volatile solid (VS) content) were determined
on duplicate samples according to the Austrian standard methods for compost analysis [23],
while the pH value was determined as previously described [24]. The concentration of CO2
was determined by titration of excess 1 mol/L NaOH with 1 mol/L HCl [25].

3. Results and Discussion

Based on the analysis of the data on the components and performance of aerobic
biodegradation of a real sample of biowaste (substrate) under experimental conditions for
21 days, an overview of the results is given below. These data provide the input data for
the evaluation of the initial kinetic parameters of the process and the mass balance using a
simulation model for the operation of the bioreactor process on a laboratory scale.

3.1. Characterization of Biowaste

The results of analyzing the composition of a real sample of biowaste are shown in
Table 1. In the biowaste sample, kitchen waste of vegetable origin was the most represented,
while the rest consisted of biodegradable impurities and impurities that are biodegradable
to a lesser extent (<50%). The composition of biowaste from the kitchen varies seasonally [7]
and regionally [26]. It is assumed that the composition of biowaste in the Zagreb area
corresponded to the composition for the continental part of the Republic of Croatia, with the
largest share of residues resulting from the preparation of cabbage, potatoes, carrots, and
residues of unused bread. There was also other food waste that is generated throughout the
year, such as banana peels and citrus fruits. The proportion of the kitchen fraction in the
biowaste amounted to 93% of the fresh sample and 79% of the dry sample. Applying the
recommendations for assessing the biodegradable fractions of the individual components of
the biowaste (it is assumed that 50% of the textiles, skin, and bones are biodegradable) [20],
the proportion of the biodegradable fraction of the biowaste was estimated at 99.5% of
the fresh sample and 98.5% of the dry sample of the biowaste. Common foods consumed
around the world were recognized as components of the biowaste, which was consistent
with similar studies in different parts of the world [1,10,27,28]. Such similarities are not
unusual, as these are staple foods for human nutrition and consumption. Managing
and recycling the growing amounts of biowaste, especially food waste (the generation
of food waste is almost unavoidable), therefore brings a double benefit. The first benefit
is the reduction of the global pollution problem caused by the disposal of biowaste in
landfills and emissions into the environment. Another benefit is the potential of using
separately collected food waste as a substrate in microbiological processes (the total sugar
and protein contents of food waste are between 35.5% and 69% and between 3.9% and
21.9%, respectively) [28] for the production of bioproducts such as organic fertilizers, soil
conditioners, and other bioproducts such as enzymes and biopolymers (material recovery,
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recycling), and for the production of clean energy sources such as methane, hydrogen,
ethanol, and biodiesel (energy recovery).

Table 1. Composition of biowaste.

Primary
Components

Secondary
Components

Fraction of Fresh
Waste, %

Fraction of Dry
Waste, %

Kitchen waste *

banana peel 10.4 4.5
celery rind 3.3 2.1
beet peel 2.2 0.9

apple peel 3.0 2.1
potato skins 29.7 17.1
lemon peel 4.4 3.8
onion peel 3.3 11.1
carrot peel 9.9 4.3
orange peel 3.0 4.1
tomato peel 4.4 1.1
squash peel 2.2 1.1

bread 11.2 37.5
cabbage 12.1 6.3

egg shells 1.1 4.1
subtotal 100.0 100.0

Contaminants **

paper 84.2 84.5
textiles 11.1 10.8

skin and bones 2.7 2.7
wood 2.0 2.0

subtotal 100.0 100.0
* The proportion in the biowaste was 93% in the fresh sample and 79% in the dry sample. ** The proportion in the
biowaste was 7% in the fresh sample and 21% in the dry sample.

Table 2 shows the results of the basic physicochemical properties of a real sample of
biowaste. The values obtained correspond to the published results for biowaste [1,12] and
kitchen waste [10,27].

Table 2. Physicochemical properties of biowaste.

Substrate C/N pH Dry Solids
(DS), %

Volatile Solids
(VS), %

Biowaste 19.8 5.8 37.4 85.1

3.2. Aerobic Bioreactor Degradation of Biowaste

A real sample of kitchen waste was subjected to a biostimulated aerobic biodegradation
process in an aerated adiabatic bioreactor. The results of the experiment are shown in
Table 3.

The time column shows the cumulative time lapse with a step corresponding to the
time lapse between sampling for analysis (Table 1). On the basis of the value determined for
the volatile components (VS), an indicator of compost stability was calculated, namely the
rate of microbial respiration, which was expressed as g CO2/kg VS per day. The degree of
stability as a measure of the completion of the maturation process of the compost depends
on the end use of the compost and is not unambiguously determined. Thus, the rating “very
stable” describes a compost with a respiration rate of <1 [29] or <2 [30]. The determined
value of the compost stability indicator of 4.4 indicated the need for additional compost
stabilization, i.e., maturation. In practice, additional stabilization is carried out outside the
bioreactor in heaps (“windrows”) if a very stable compost is to be achieved.
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Table 3. Results of the process of aerobic biodegradation of biowaste.

t, d T, ◦C * m (CO2), g ** m (VS), kg m (CO2)corr., g/d *** m (CO2),
g/kgVS0/d ****

0 11.6 0.0 1.43 0.0 0.0
1 35.2 11.4 1.35 13.0 9.1
2 43.8 32.9 1.31 41.6 29.0
3 45.2 42.1 1.25 40.4 28.2
4 46.6 42.8 1.18 41.1 28.7
6 50.9 42.5 1.06 22.2 15.5
7 48.4 42.3 0.99 42.3 29.5
8 42.4 41.0 0.94 41.0 28.6
9 39.8 40.9 0.89 40.9 28.6
10 31.8 37.8 0.85 37.8 26.4
13 25.8 31.1 0.75 10.4 7.2
15 28.7 25.8 0.72 12.9 9.0
17 24.4 19.1 0.69 9.6 6.7
20 25.0 18.8 0.67 6.3 4.4
21 24.4 6.3 0.67 6.3 4.4

* Temperature values at the time of sampling to determine the amount of CO2 produced and the proportion
of VS. ** The mass of CO2 produced since the previous measurement. *** The mass of CO2 formed in one day.
**** Specific mass of CO2 per initial amount of VS (t = 0) formed in one day.

The data from the temperature measurements of the aerobic biodegradation process
(Table 3, Figure 1) showed that the duration of the thermophilic phase was 5 days (temper-
atures ranged between 45.2 ◦C and 50.9 ◦C). The temperature above 50 ◦C was maintained
for almost 2 days, which enabled hygienization of the biowaste mixture, i.e., the elimination
of pathogenic microorganisms and weed seeds [31].
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The duration of biological treatment at temperatures above 50 ◦C depends on the type
of microorganisms in the mixture and the type of biowaste and can last from a few hours
to several days [32,33]. For the substrate used, i.e., the biowaste sample, according to the
European and Mediterranean Plant Protection Organization—EPPO (2008) and German
“Ordinance on the Utilisation of Biowastes on Land used for Agricultural, Silvicultural and
Horticultural Purposes—BioAbfV (1998) [34], it was necessary to prolong the thermophilic
phase in a closed biowaste mixture and keep it at 55 ◦C for 14 days (consecutively) or
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at 60 ◦C for 7 days (consecutively) and at a moisture content of 40% and more to ensure
hygienization. An increase in temperature can also be achieved by optimal aeration with
occasional mixing of the substrate [35]. This depends on the technical performance of
the aerobic biodegradation process to prevent the channeling of air currents through the
mixture. It also depends on the composting mixture being composed of a structural material
that maintains looseness, i.e., an optimal free air space (FAS) of about 30% for the exchange
of substrates and metabolites of biodegradation under aerobic conditions [15,36] and with
high nitrogen content of structural material for microbial growth in order to prevent the
slowing down of the biodegradation process [12]. In addition, a deviation from the trend
was observed in the measured value of CO2 mass in the thermophilic phase of the process
(Table 3), which could be interpreted as insufficient capacity of the system to absorb CO2
from the output stream of gaseous degradation products, resulting in non-registration of
emissions from the reactor.

Table 4 shows the results at the beginning and end of the experiment on the aerobic
stabilization of biowaste by composting. The results showed that, after 21 days in the
reactor, about 50% of the volatile solids were degraded, which corresponded to the values
determined in similar experiments and in practice under real conditions [37,38].

Table 4. Results of the biowaste analysis at the beginning and end of aerobic biodegradation.

t, d m (Substrate), kg Moisture, % m (DS), kg m (VS), kg Conversion (VS), %

0 4.50 62.62 1.67 1.42 –
21 3.29 72.35 0.92 0.72 50.57

The specific aeration during the entire duration of the experiment was 0.55 L/min/kg
VS, which corresponded with the usual initial flows in bioreactors and was between 0.39 and
0.52 and between 0.07 and 0.20 L/min/kg VS [39], and between 0.03 and 0.28 L/min/kg
DS [40], i.e., between 0.3 and 0.7 L/min/kg organic matter [41]. Low specific air flow
rates of less than 0.1 L/min/kg DS resulted in a low oxygen concentration in the biowaste
mixture (less than about 5%), which slowed down the aerobic biological process of biowaste
decomposition. Therefore, the process must be maintained under conditions with an oxygen
concentration between 10% and 15% or more [4,42,43].

At the end of the experiment, the moisture content of the mixture increased by 15.5%,
with a specific aeration of 0.55 L/min/kg VS. In order to be able to influence the process
parameters during the process, the possibility of variable aeration is one of the most
important process control parameters. Controlling the process, especially the temperature
and moisture, is important to avoid drying out or lowering the oxygen concentration below
10% vol. (the oxygen concentration in the air is 21%) and to prevent the transition from
aerobic to anaerobic conditions and the development of volatile organic compounds and
ammonia as carriers of unpleasant odors [44].

3.3. Mass Balance of the Process of Aerobic Biodegradation of Biowaste

The mass balance of the composting process is based on the stoichiometric equation of
the aerobic decomposition of the substrate (1), as shown by the gross chemical formula [45]:

CaHbOcNd + [(4a + b − 2c − 3d)/4]O2 = aCO2 + [(b − 3d)/2]H2O + dNH3 (1)

The gross chemical formula of the biowaste sample, which depended on the final
analysis of the biowaste components and their proportion in the biowaste [45] with which
the experiment was performed, was C22H38O13N, which was consistent with the expected
values of the composition of a similar type of biowaste [1]. Equation (2) can be represented
as follows:

C22H38O13N + 25O2 = 22CO2 + 17H2O + NH3 (2)
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The mass balance of the aerobic biodegradation process of a biowaste sample with a
conversion of biodegradable volatile solids of 50.57% is shown in Figure 2 [15]. The mass
balance was presented using the help of the Microsoft Excel 2019 program package using
stoichiometric parameters and process input parameters.

The input parameters for the evaluation of the mass balance of the mentioned process
during 21 days were: the average operating temperature of the process was 33 ◦C, the rela-
tive humidity of the inlet air was 75%, the inlet temperature was 20 ◦C, and the conversion
of volatile solids from biowaste was 50.57%. No additional water was introduced into the
process and the amount of leachate produced was not taken into account.
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Water vapor - input 0.07 t

INPUT 11.15 t

Figure 2. Mass balance of the aerobic biodegradation process of a biowaste sample (Excel work-
sheet screenshot).

A comparison of the experimental data with the theoretical model of the mass balance
of the process at the end of the experiment showed a high degree of agreement (Microsoft
Excel function “correl”, i.e., correlation coefficient = 0.9995) (Table 5).

Table 5. Mass balance of the process—comparison of experiments and theoretical model.

Matter m (Experiment), kg m (Model), kg

Volatile solids 0.71 0.71
Water 2.38 2.51

Inert solids 0.20 0.25
Total 3.29 3.47

In the experiment, the mass loss of the total substrate during aerobic biodegradation
of the biowaste sample over 21 days amounted to 23.0%, with an increase in moisture of
15.5%. It can be assumed that the mass of compost produced from the amount of biowaste
added was most dependent on the moisture of the mixture and the duration of the process,
with the process theoretically tending toward 100% conversion.

In order to estimate the time required to achieve the intended conversion of biodegrad-
able volatile solids, i.e., the prescribed amount of organic matter in the compost depending
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on the final purpose of the compost, after the mass balance of the process, the dynamics of
the process was determined by determining the initial kinetic parameters of the process.

3.4. Evaluation of the Kinetic Parameters of the Aerobic Biodegradation Process of Biowaste

Modeling the process of aerobic biodegradation of biowaste is a tool that improves
the prediction of process dynamics but also the control of the process itself by monitoring
parameters such as temperature and moisture of the biowaste during biological treatment.
Furthermore, process modeling provides quick insight into the necessary indicators used
in the organization of the biological treatment system for biowaste in an area [46] and later
in the design of the plant, and it improves the quality of input data for decision makers in
the early stages of the project [47].

Common approaches to determine the rate of the aerobic biodegradation process are to
monitor the change in the concentration of the biowaste, i.e., the substrate, by determining
the constant rate of the first-order reaction or by monitoring the amount of reactions of
gaseous products such as CO2 [14,15,48,49].

Among the various mathematical models that describe the physical picture of the
aerobic biodegradation process is the modified Gompertz model, which describes the
formation of CO2 in the process of aerobic biowaste treatment [14]:

H(t) = P exp (−exp (Rm e/P (λ − t) + 1)) (3)

where H(t) (g) is the cumulative amount of CO2 produced in time t (d); P (g) is the potential
amount of CO2 that can be produced; Rm (g/d) is the maximum specific CO2 production
rate; e is Euler’s number, which is approximately 2.718282; and λ (d) is the lag phase.

The specific amount of CO2 produced in time t is described by Equation (4):

dH(t)/dt = Rm exp (2 + Rm e/P (λ − t) − exp (Rm e/P (λ − t) + 1)) (4)

where P, Rm, and λ are the biokinetic parameters in time t described above.
The maximum rate of the CO2 formation reaction is reached in the time tmax, calculated

according to the equation:
tmax = λ + P/(Rm e) (5)

where Rm is calculated according to the equation:

Rm = P k (6)

and where k (1/d) is the reaction rate coefficient.
If the expression P/(Rm e) is marked as σ, which is an indicator of the duration of the

biodegradation process and whose value is 4.3 d (Table 6), then the characteristic values of
time are t1 = λ + 2σ = 8.6 and t2 = λ + 4σ =17.1 [48]. These two times provide useful informa-
tion for a quick estimation of the duration of the aerobic biodegradation process of biowaste
for the purpose of dimensioning the biological treatment plant, because it is estimated that
in the process of aerobic biodegradation, about 70% of the total amount of CO2 is formed
in time t1 and about 95% of the total amount of CO2 is formed in time t2. In other words,
these times show the percentage of the total conversion of biodegradable volatiles that is
achieved in the bioreactor under certain process conditions and biowaste composition.

The parameter λ was estimated at 0.036 days based on the temperature data (Figure 1),
which means that the duration of the lag phase of the process in this experiment was
negligible. The reason for this is that a realistic sample of biowaste was used in which the
biodegradation processes had already started at the collection point. The values of the
biokinetic parameters P and Rm were estimated using the Microsoft Excel 2019 package
“Solver” with the GRG nonlinear optimization method. The maximum values of the
correlation coefficients and the f-test were used as criteria for the agreement between
the obtained experimental and calculated values H(t) according to the Gompertz model
(Equation (5)) in time t.
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A graphical representation of the biokinetic parameters of the modified mathematical
Gompertz model described in Equations (4) and (5) and the simulation of CO2 formation
as a product of the biological aerobic degradation of the biowaste sample are shown in
Figure 3.
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biodegradation of a biowaste sample.

The values of the biokinetic parameters obtained by optimizing the model and the
data from the experiments, which describe the specified process of aerobic biodegradation
of biowaste, are shown in Table 6.

Table 6. Values of estimated biokinetic parameters and indicators of the simulation model.

Ptotal,
g/kg VS

P,
g/kg VS *

k,
1/d

Rm,
g/d

λ,
d

σ,
d

λ + 4σ,
d

Conversion
(VS), % **

1.881 526 0.086 45.3 0.04 4.3 17.1 51.7
* sum of CO2 g/d produced by the biodegradation of biowaste. ** conversion (VS) model on day 17 (t = λ + 4σ) of
the readily biodegradable components of the biowaste sample.

The theoretical potential amount of CO2 that can be produced stoichiometrically from
the biodegradable fraction of the biowaste according to Equations (1) and (2) was 1.881 g/kg
VS. The amount of CO2 determined in the experiment was 526 g/kg VS, which indicated
the presence of slowly degradable lignocellulosic components at lower temperatures in the
thermophilic phase (45–70 ◦C) [49] and the limited availability of biodegradable volatiles for
intensive aerobic biodegradation processes due to the possible inhomogeneous distribution
of the air flow through the mixture in the bioreactor. This indicated the need to add a larger
proportion of structural material to the composting mixture. Structural material with a
high nitrogen content, such as woody waste from gardens and parks, plays a dual role,
as it allows good aeration of the mixture and would increase the initial value of the C/N
ratio of the biowaste sample studied from 19.8, which was in line with the values found for
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the Mediterranean region (C/N = 20) [10], to an optimal value of about 30 [4,10,50], which
is necessary to supply the microorganisms with energy (carbon) and substances for cell
building (nitrogen) [12].

The determined value of the reaction rate coefficient k of 0.086 1/d agreed with the
values determined in experiments with similar substrates in biological treatment plants,
which ranged between 0.021 and 0.830, with an average value of 0.061 1/day [51], indicating
that the simulation of the aerobic biodegradation process of the biowaste sample with the
indicated biokinetic parameters had a high degree of agreement (Microsoft Excel functions
“correl” = 0.856 and “f-test” = 0.983) with the data from the experiment performed.

In addition, the data obtained from the simulation model of the biodegradation of a
sample of biowaste can provide data for the further design of real plants for the biological
treatment of biowaste, as these plants represent a very important segment for achieving
the waste recycling targets of 65% of municipal waste by 2035 prescribed in Directive
(EU) 2018/851 of the European Parliament and of the Council of May 30, 2018 amending
Directive 2008/98/EC on waste [9].

Thus, it can be seen from the parameter σ that the maximum degradation rate was
reached on day 4 (t = λ + σ = 4.3) and that, under optimal conditions of biodegradation in
the bioreactor, the biowaste could be held for up to 17 days (t = λ + 4σ = 17.1), whereby
according to the simulation model, about 94.6% of the total conversion of the biodegradable
volatile components of the biowaste was achieved, which corresponded to 51.7%. These
data also agreed with the empirical expression, which took into account the proportion of
kitchen waste in the biowaste and the time required to reach 60 ◦C in the reactor, which
would be 17.7 days [52] or 18–20 days [10] in the case of biodegradation of the biowaste
sample. It could be seen from the data that the minimum retention time of the biowaste in
the bioreactor under optimal, controlled conditions was 18 days or more. Since the total
amount of readily biodegradable volatiles in the biowaste sample was 51.7%, which was
converted in 17 days, based on an estimated total conversion of 54.6% [48], an increase in
conversion would be achieved if the waste was removed from the bioreactor, homogenized,
and returned to the bioreactor in the period between t = λ + σ and t = 3 σ until the total
biodegradation time in the bioreactor was about 17 days. The reduced conversion also
indicated that the composting process must be carried out at temperatures between 55 ◦C
and 60 ◦C and up to 70 ◦C to increase the biodegradation of the lignocellulosic components
of the biowaste and to ensure the required hygienization [4,34,49].

In order to rationally utilize the capacity of the bioreactor for biodegradation, the pro-
cess of biodegradation of biowaste is continued on maturing surfaces. In this decomposition
phase, the biowaste, also known as immature compost, is transferred in the “windrows”
from thermophilic to mesophilic conditions, wherein the slow process of biodegradation of
the less biodegradable components with high lignin content continues. The completion
of compost maturation, i.e., reaching maturity of the biowaste sample at <1 g CO2/kg
VS [29], was estimated to take about 4 weeks under optimal bioreactor conditions. Under
real conditions, however, experience has shown that maturation in the windrows takes 2 to
8 weeks, depending on the conversion of the substrate in the previous treatment stage in
the bioreactors, i.e., depending on the type of substrate or the use of compost. The total time
for the bioreactor process of biowaste composting can therefore take up to 14 weeks [45].
A comparison of the results of this study (values of the process parameters and process
dynamics) with the results of similar studies and empirical data showed agreement. In
this way, it has been shown that by using basic data on the characteristics of biowaste and
mathematical modeling of the aerobic biodegradation process, useful data can be obtained
for decision making and further planning of processes and plants for biological treatment,
since the size of the plant and construction facilities, as well as the amount of equipment
installed and infrastructure required, significantly influence the choice of technology and
the justification of the project in the end.



Processes 2024, 12, 545 12 of 14

4. Conclusions

The data used to simulate the dynamics of the process of aerobic biodegradation
of a real sample of biowaste from the wider Zagreb area were obtained by conducting
a biological treatment experiment under laboratory conditions, in which the proportion
of fresh kitchen waste was 93.1%, the gross chemical composition was C22H38O13N, the
proportion of dry matter was 37.4%, the share of the biodegradable organic component was
85.1%, and the C/N ratio was 19.8. The output streams were estimated from the material
balance of the composting process, whereby a mass reduction of the mixture of 23% and a
conversion of the biodegradable portion of the biowaste sample of 50.57% was achieved
after 21 test days.

The biokinetic parameters of the Gompertz model were estimated using the nonlinear
process optimization method, namely the maximum rate of CO2 generation Rm = 49.8 g/d
and P = 526 g CO2/kg VS, with conversion of the biodegradable component of the biowaste
sample achieved by the 17th day. From the results of the experiment and the simulation of
the process of the biodegradation of biowaste, which corresponded in its characteristics
to the biowaste sample studied, it can be concluded that the basic initial conditions of the
process must be ensured for the optimal course of the process. The basic parameters that
must be determined in order to be monitored during the process are the C/N ratio, the
temperature, and the moisture of the biowaste. In this way, the maintenance of thermophilic
degradation conditions for hygienization of the biowaste is ensured, as well as the dynamics
of the process, which follows an intensive biodegradation over 2 to 4 weeks under controlled
bioreactor conditions and a maturation of the resulting compost of up to 8 weeks, depending
on its final use.

Based on the experience gained from the experiment and the simulation of the process,
further research is recommended to determine the boundary conditions for the composition
and the physicochemical properties as well as the biodegradability of the biowaste samples
in order to evaluate the biokinetic parameters of the process. The analysis of the sensitivity
of the input data on the composition of the biowaste to changes in the parameters of
the process of aerobic stabilization by composting also contributes significantly to the
understanding of the dynamics of the process. In this way, high quality input data can
be obtained for the design and assessment of plant capacity and area as well as for the
evaluation of operational investment costs for the aerobic biological treatment of biowaste
as a key stream of municipal waste to achieve the recycling targets according to Directive
(EU) 2018/851.
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