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Abstract

Approximately 30% of the food produced worldwide is wasted, and a substantial share of
municipal food waste still contains non-biodegradable packaging material after sorting.
This study investigated an aerobic biodrying process for reducing the moisture content of
mixed food-waste fractions, containing varying proportions of green biomass, vegetables,
kitchen waste, and packaging-derived plastics, in order to increase their calorific value and
obtain a refuse-derived fuel (RDF). Four substrate variants (K1-K4, including a control
without added plastics) were biodried in laboratory-scale bioreactors. Process temperatures
exceeded 70 °C in all variants, and the addition of plastics increased both the cumula-
tive and the average temperature relative to the control. The plastic fraction recovered
after biodrying showed the largest increase in calorific value, reaching over 15 MJ-kg~!,
while the AT4 respiration activity of the separated compost fraction decreased to around
10 mg O, g~! DM in all variants, indicating good storage stability. The results suggest
that pre-treated plastics did not adversely affect the biodrying process and, owing to their
structuring properties, may support biological decomposition of the remaining biomass;
these preliminary, single-run findings should be confirmed in replicated trials.

Keywords: biodrying; food waste; waste valorization; moisture content; unpacked plastics;
plastic contaminations; circular economy

1. Introduction

The widespread use of fossil fuels was first driven by the Industrial Revolution [1].
The supply of such energy sources, considered limitless at that time, has nowadays be-
come almost depleted [2,3]. The dependence of the global economy on fossil fuels has
contributed to this depletion [4,5]. The energy crisis, which the world now faces, is the
effect of this shortage [2]. Several factors have led to it, including the constantly increasing
energy demand, insufficient reliance on renewable energy, and low public awareness of
the importance of energy saving [6]. This pre-existing, structural energy crisis was further
aggravated by more recent disruptions, such as the COVID-19 pandemic and the war
in Ukraine, which affected the global fuel market and the balance of energy supply and
demand. As a result of these aggravating factors, the patterns of international trade have
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changed, and the fluctuations of petroleum prices have increased [7]. All of these events
have only deepened the global energy crisis. Most recently, escalating geopolitical tensions
in the Middle East have led to disruptions of shipping through the Strait of Hormuz, a
critical chokepoint for global oil and gas trade, triggering sharp spikes in crude oil prices
and further illustrating the volatility and supply risk inherent to fossil-fuel-based energy
systems [8].

The exploitation of fossil fuels has also resulted in the accumulation of carbon dioxide
and other greenhouse gases in the atmosphere [9,10]. According to the literature, power
plants operating on fossil energy sources emit 33.4 Gt of carbon dioxide each year which
constitutes 40% of the total annual emission of this gas [11]. This justifies addressing the
energy and climate crises both at the same time [5].

The demand for electric energy is prognosed to increase by 50% by 2030 rela-
tive to the 2020 level [12]. This will impact the demand for energy from renewable
resources [13-15]. The inconsistent rate of generation of energy from sources such as
wind or sunlight, however, demands developments in energy transport and storage. The
production of energy from biomass is less affected by these problems [11,16]. Biomass may
be used as feed in biogas installations [17,18].

The utilization of biogas, a biofuel, results in reduced greenhouse gas emissions
compared to fossil fuels. Moreover, the technology of its production allows the use of
various feedstocks [18,19]. The raw materials used in biogas plants include agricultural by-
products, communal and industrial biowaste, and waste from animal production—manure
and slurry [20-22]. While many European biogas plants are operated with corn silage and
manure, food waste has attracted interest as an alternative feedstock. There are not many
installations in Europe which function using this waste. At the same time, the substantial
amount of food waste generated in the region creates an attractive opportunity, as it is
estimated at 80 Mt [20,23]. This type of feedstock is characterized by a high moisture
content which limits its suitability for incineration or pyrolysis. Such applications would
demand its initial drying—an energy-consuming process [20]. This further adds to the
attractiveness of food waste as a biogas feedstock which has additionally been reported to
show good biogas yield potential [24-26].

Food waste is generated by retailers and consumers. It should be noted, however, that
not all of the biodegradable waste generated by communities falls into this category. Specific
food waste examples include waste such as expired food products or food products unfit for
consumption and biodegradable kitchen waste which were assigned the following codes
according to the Polish list of wastes: 16 03 80 and 20 01 08, respectively [27,28]. Of note,
this type of waste also contains non-biodegradable matter, for example that originating
from packaging. Separation of the non-biodegradable fraction is thus necessary in order to
make food waste a suitable substrate for biogas production. Such pretreatment leads to
the formation of a new fraction which is mainly composed of packaging materials. These
materials could be utilized by combustion.

While packaging materials have a significant energetic potential [29-31], the ones
separated from food waste problematically contain large amounts of moisture. This is
a result of an imperfect purification procedure after which some biodegradable matter
remains within the non-biodegradable fraction. This includes juices and other liquids that
are especially difficult to remove form the packaging materials. Such a situation negatively
impacts the economy of combustion as a large energy input is wasted on water evaporation.
In order to make combustion of such wastes effective, the combusted material must be
dried first. Among the currently available drying technologies, biodrying seems promising.

Biodrying is an aerobic decomposition process similar to composting [32-34]. It is
used for removing water from highly moist materials containing organic matter. In this
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process, the biochemical activity of microorganisms supplies heat that facilitates water
evaporation. Convection and molecular diffusion also take part in the elimination of water.
The process is performed in completely or partially sealed reactors [35-37]. Biodrying
results in the preservation of the energetic potential as the removal of organic matter is
insignificant. This leads to obtaining high quality solid fuels, such as refuse-derived fuel
(RDF) or solid recovered fuel (SRF) [35].

The use of the biodrying process ensures the preservation of the energy potential of
the dried waste while consuming minimal organic matter. In view of this, the waste after
the discussed process can be high-quality renewable solid fuels (e.g., RDF—refuse-derived
fuel or SRF—solid recovered fuel). Refuse-derived fuel (RDF) and solid recovered fFuel
(SRF) are types of alternative fuels created from waste. RDF is derived from household and
business waste, containing both biodegradable materials and plastics. Non-combustible
components like glass and metals are removed, and the remaining materials are shredded.
In contrast, SRF is a high-quality, alternative fuel produced primarily from commercial
waste, such as paper, cardboard, wood, textiles, and plastics. SRF undergoes additional
processing to improve its quality and value. It has a higher calorific value, making it more
valuable due to the level of heat it is capable of generating [35,38—40].

While biodrying of source-separated organic waste was investigated previously, most
existing studies focused either on the dewatering and calorific-value aspects relevant to
RDEF/SRF production, or on the agronomic quality of the resulting biosolids as a soil
improver, but rarely both within a single experimental framework. Moreover, the use of
dried packaging plastics recovered during food-waste unpacking as a structuring material
for biodrying has not been systematically evaluated. This study addresses this gap by
simultaneously assessing the following: (i) the effectiveness of biodrying in reducing
moisture and increasing calorific value for alternative-fuel production, and (ii) the suitability
of the resulting compost as a soil improver and of the recovered plastics as a structuring
agent, thereby linking the waste-to-energy and waste-to-soil-improver pathways within
one process.

This paper aims to answer the research problems expressed in the form of these
questions. Does the process of biodrying waste effectively remove excess moisture, thereby
increasing its calorific value enabling the production of alternative fuel in the form of RDF?
Will the resulting biosolid compost meet the standards of a soil improver, and will the dried
plastics be a suitable structuring material for the process? Based on the mentioned research
problems, the following research hypotheses were developed:

e Removal of excess moisture from the substrate mixtures by means of the biodrying
process will contribute to increasing their calorific value making it possible to use
these substrates as alternative RDF fuel.

e  The quality of the compost obtained after the biodrying process will be comparable to
the quality of soil improvers. This hypothesis is evaluated against AT4 respiration-
activity thresholds for soil improvers in Section 3.6 and discussed further in Section 3.7.

e  The dried plastics will be an effective structuring material in the biodrying process,
supporting the biological decomposition of organic matter in the bioreactor.

2. Materials and Methods
2.1. Substrates

The raw materials used were acquired from a company producing substrates for
biogas plants. Four categories of raw materials were used: kitchen waste, vegetables, green
biomass with a high content of dry grass, and packaging materials separated from food
waste. Table 1 contains the basic parameters of the substrates used in the study.
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Table 1. Initial physicochemical characteristics of substrates (own elaboration).
o Dry Organic Matter Bulk Density
Substrates pH Dry Matter (%) (% DM) (kg-m-3)
Green biomass 6.35 71.87 91.12 90
Vegetables (cabbage/ 5.77 7.12 81.81 320
lettuce leaves)
Kitchen waste 4.09 31.93 93.92 1040
Packaging materials separated 596 4253 95.88 150

from food waste

The biodrying process was performed using four substrates composed of these raw
materials in varied proportions and named from K1 to K4. Their composition is presented
in Table 2 alongside their basic properties. The compost mixture placed in the bioreactor
K3 was the control sample for the conducted experiment. This mixture included only green
biomass and vegetables (cabbage/lettuce leaves). These are the materials that are included
in any other compost mixture. This arrangement made it possible to compare the effects of
additional components of the prepared mixtures on the composting process. The total mass
of the input raw material was 22 kg in each of the composting vessels; however, owing
to the differences in the composition, the bulk density varied—such a mass of compost
mixtures was sufficient due to their low density, making them fill the entire space of the
bioreactors used in the study.

Table 2. Initial parameters of substrates (own elaboration).

Designation
P t
arameter K1 K2 K3 (Control) K4
Green biomass - Green biomass
Vegetables - Vegetables G bi
icabba)ge/ lettuce igzve:)g e/lettuce Green biomass - Vegetables
eaves
Composition . - Kitch ¢ - Vegetables (cabbage/
P Pactkagllng ) P;ciaegrlr‘ll;as ¢ (cabbage/lettuce lettuce leaves)
materials .
separated from materials leaves) - Kitchen waste
food waste separated from
food waste
Dry matter
percentage of the 62/6/32 57/6/6/31 91/9 84/8/8
fractions (%)
R?:;’Cfl‘siz ?ﬁ;‘e 7.7/7.7/6.6 6.93/6.93/1.54/6.6 11/11 9.9/9.9/2.2
Dry matter (%) 404 39.9 39.5 38.7
Moisture (%) 59.6 60.13 60.51 61.26
B‘(f; _dnelr_‘?)ty 279 294 241 259
Volume (dm?) 79 74.9 91.1 85.1

The proportions of the individual raw materials in each substrate mixture (K1-K4)
were selected based on several criteria: the resulting carbon-to-nitrogen (C/N) ratio, the dry
matter content and bulk density of the mixture, and an industrial requirement to incorporate
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as high a proportion as possible of the target packaging-plastic fraction, reflecting the
composition of the residual stream generated by mechanical de-packaging of food waste.

2.2. Experimental Setup

The research was conducted in the Ecotechnologies Laboratory of the Poznari Uni-
versity of Life Sciences. Custom designed two-walled isothermal bioreactors were used.
The exact scheme of these bioreactors is presented in the referenced articles [41,42]. The
suitability of this type of design was confirmed in many previous experiments [43—45]. The
thermal insulation used allowed the upkeep of proper process conditions. The system
was designed to realistically reflect composting in a turned windrow system and to enable
precise monitoring of the process. Previous comparative experiments proved that the result
obtained using this system complied with ones obtained in real industrial installations.
The working volume of the bioreactors was 165 dm>. At the start of the experiment the
substrates were thoroughly mixed and placed within the bioreactors. Then, the vessels
were hermetically seals, and aeration was started.

2.3. Analytical Methods
2.3.1. Temperature Measurement

Three layers can be distinguished in compost windrows: surface, core, and bottom—
the one closest to the ground. Considering the fact that temperature kinetics may differ
significantly in each of these layers, the measurement was conducted throughout the
whole height of the chamber with 5 cm gaps using a specialized sensor rod Pt100 WIKA
(Wloctawek, Poland). The value of the accumulated temperature was calculated by sum-
ming the readings obtained with a constant frequency of 1 measurement every 12 h.

2.3.2. pH Measurement

A portion of 20 g of fresh substrate was suspended in 180 mL of water and the
measurement of the prepared suspension was performed with an Elmetron CX-401
(Zabrze, Poland).

2.3.3. Determination of Dry Matter, Dry Organic Matter, and Ash

The analyses were performed at the initial and final points of the experiment and at the
time of turning. The samples obtained from the windrow were homogenized, weighed, and
dried at a temperature of 105 °C for 24 h in Thermo Scientific HeraTherm Oven (Waltham,
MA, USA). After the determination of dry matter, the samples were mineralized at 550 °C
in a Czylok FCF 7SM muffle furnace (Jastrzebie-Zdr¢j, Poland) in order to determine the
contents of organic matter and ash according to the EN 15935:2021 standard [46].

2.3.4. Determination of Mass and Volume of the Windrows

The windrow volume was determined at the start and finish of the experiment. The
mass of the windrows was determined using a laboratory scale Radwag MYA 2.4Y PLUS
balance (Radom, Poland) with an accuracy of 0.1 kg.

2.3.5. Gas Emission Analysis

Gases are released from the bioreactor during composting. Oxygen and carbon dioxide
are the most important of them, as their ratio indicates whether the process proceeds
properly or not. The qualitative and quantitative analysis of the off-gas was performed
with a GA5000 gas analyzer (Geotech GA5000, Dexter, MI, USA). The device is certified
according to the requirements of ATEX II 2G Ex ib IIA T1 Gb (Ta = —10 °C to +50 °C),
IECEX, CSA and ISO/IEC 17025:2017 [47]. It allows the monitoring of the following gases
(measurement ranges in parentheses): O, (0-25%), CO, (0-100%), CH4 (0-100%), NH3
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(0-1000 ppm), and H,S (0-10 000 ppm). The instrument was calibrated weekly using
calibration gases: a mixture of 65% CHy and 35% CO,, 2500 ppm H,S and 250 ppm NHj in
nitrogen. The oxygen sensor was calibrated with air.

2.3.6. Ammonium Nitrogen in Liquid Streams

During the process, leachates and condensates are formed. These were collected,
weighed and analyzed for the content of ammonium nitrogen. A total of three liquid
streams were analyzed: leachate from the vessel, condensate from the vessel, and conden-
sate from the exhaust cooler.

2.3.7. Calorific Value

Samples were dried at 105 °C, ground, and analyzed for higher heating value with an
IKA C200 calorimeter (Staufen, Germany) with Sartorius QUINTIX 125D-1CEU balance
(Gottingen, Germany) in accordance with ISO 18125:2017 [48], using Equation (1).

C(Dt — k) —C k]
a
_ il 1
C—heat capacity of the calorimeter [J/°C]
Dj—overall temperature rise of the main period [°C]
k—ambient heat transfer correction [°C]
c—sum of corrections for additional thermal effects [J]
m—sample weight [g]
a a a a k]
Qi = Q¢ —24.42(W" —8.94H") k—g (2)

Q¢—average heat of combustion value of the fuel [J/g]

24.42—heat of vaporization of water at 25° corresponding to 1% water in the fuel [J/g]

Wf—moisture content of the analytical fuel sample [%]

8.94—hydrogen-to-water conversion factor

H*—hydrogen content of the test sample

Percentage content of the selected elements. A GA 2000 elemental analyzer (Thermo
Scientific FlashSmart elemental analyzer (Waltham, MA, USA)) with Sartorius QUINTIX
125D-1CEU balance (Gottingen, Germany) was used to determine the percentage of the
elements C, H, N, S, and O. This analysis was carried out on a previously dried and
ground sample.

Respiration activity (AT4). Respiratory activity was measured using an OxiTop mea-
suring kit (WTW /Xylem, Weilheim, Germany). For this purpose, a 40-65 g sample of fresh
material was placed in a measuring cylinder. The volume of this sample was recorded and
placed in a 2500 mL glass reaction bottle. The bottles prepared in this way were kept at
room temperature. In a glass beaker at the top of the reaction bottles, soda lime pellets
were placed with an indicator. This allowed the carbon dioxide produced to be absorbed,
and a negative pressure was created in the system, which was measured using the mea-
suring heads of the OxiTop kit. The value of oxygen consumed was calculated using the
following equation.

MOZ « Vges - Vabs - Vsumple
R*T Msample dry

Ap—difference in pressure [hPa],
Mp;—the molecular mass O; [=31.998 mg mol 1],
R—the ideal gas constant [=83.140 mL hPa (K mol)~1],
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T—the temperature in Kelvin [=293.15 K],
Ves—the total volume [=2500 mL],

V .ps—the volume of medium of absorbance [mL],
Vsample—the volume sample [mL],

Msample dry—the dry mass of sample [g DM].

3. Results

3.1. Temperature

As already mentioned, biodrying is a variation of composting [36,49]. Thus, similarly
to composting, measurement of temperature is essential [50-52]. It decides the rate of
biochemical reactions and its kinetics are determined by the activity of aerobic microorgan-

isms [53,54]. Figure 1 shows the temperature changes in the bioreactors throughout the
course of the biodrying experiment.
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Figure 1. Temperature changes and airflow in the bioreactors.

In all the bioreactors, the temperature peaked after the first 48 h. The maximum
temperature values were 72.94 °C, 70.40 °C, 70.19 °C, 69.58 °C for bioreactors K1, K2, K3,
and K4, respectively. Differences in the temperature kinetics were noticed between the runs
with K4 showing the quickest rate of temperature decrease, and K3—the slowest.

Accumulated temperature is another parameter that can be analyzed in order to study
the differences in heat generation and loss between the tested substrate mixtures. The values
of accumulated temperature were 2545 °C, 2366 °C, 2129 °C, and 2227 °C for bioreactors
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K1, K2, K3, and K4, respectively. The run K3 was the reference for these experiments,
thus the accumulated temperatures were 20%, 11%, and 5% higher in bioreactors K1, K2,
K4. As accumulated temperature is a time-integrated quantity and its value therefore
depends on the duration of the monitoring period, it is not, strictly speaking, an intensive
thermodynamic property, and comparisons based on it should be interpreted with caution.
To provide a measure that is independent of the observation period and directly comparable
between runs, the average temperature recorded over the whole process was also calculated
for each bioreactor: 46.2 °C, 44.1 °C, 39.3 °C, and 40.4 °C for K1, K2, K3, and K4, respectively
(Figure 1). Relative to the reference run K3, the average temperatures were 18%, 12%, and
3% higher in bioreactors K1, K2, and K4, in line with the trend already observed for the
accumulated values.

By day 14 the temperature was found to decrease dramatically in all of the bioreactors
and, therefore, the substrate was turned. Turning leads to aeration, homogenization,
and improves the structure of the composting substrate. Following this operation, the
temperature was observed to increase in all the tested substrates. The resulting new
maxima were similar to those noted in the previous phase of the experiment, with the
highest temperature of 70 °C in variant K1.

Aeration was controlled individually in each bioreactor with its rate adjusted in
order to maximize the temperature. Moreover, increased airflow values resulted in larger
amounts of evaporated water. The time course of aeration for each bioreactor is presented
in Figure 1. Simultaneous analysis of Figure 1 gives proof that the adopted approach was
correct—in order to reach the maximum temperature, the aeration was decreased. This
is clearly visible at the beginning of the experiment and in the periods directly preceding
and following the turning. When the temperature was found to decrease, the air flowrate
was increased.

3.2. Mass Reduction

The starting mass was 22 kg in all of the bioreactors. As the biodrying process
advanced, the mass of the substrate was found to decrease. Table 3 presents the results of
fresh matter, dry matter, and dry organic matter at selected timepoints of the process.

According to the data, the highest loss of substrate mass occurred in bioreactor K2.
The mixture subjected to biodrying in this vessel was composed of green waste, vegetables
(cabbage/lettuce leaves), kitchen waste, and packaging materials separated from food
waste. Losses of 49.09%, 40.94%, 44.01% of fresh matter, dry matter, dry organic matter,
respectively, were recorded in this case. Bioreactor K1 showed the second highest loss
values. The substrate used in this case consisted of green waste, vegetables (cabbage /lettuce
leaves), and packaging materials. The control substrate, K3, comprised of green waste and
vegetables (cabbage/lettuce leaves), showed the lowest loss values of 36.36%, 23.56%, and
23.43%, respectively for fresh matter, dry matter, and dry organic matter. Based on these
results, it was found that the addition of packaging materials to the substrate increased the
mass loss of the treated waste. In a report by Rada et al. (2007) [54] a similar observation
was made. Furthermore, for substrates with moisture higher than 40%, mass losses greater
than 25% were observed [55]. The reduction of mass is the effect of water evaporation and,
to a lesser extent, of the decomposition of organic matter. Higher losses of mass result in
obtaining fuel with a better energetic value [56,57]. Of note, the results obtained in real
installations may be better. While the construction of the bioreactor used enabled even
distribution of air throughout almost the whole substrate, local obstructions existed in the
vicinity of the vessel walls. This was manifested in the dry matter measurements. When
the homogenized material from the whole vessel was analyzed, the values were 49.91%,
46.26%, 47.44%, 49.57% for K1, K2, K3, K4, respectively. However, when only the fraction
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from the center of the substrate was weighed the results amounted to 77.65%, 67.02%,
69.76%, 69.85%, respectively. These results indicate that it is possible to obtain dry matter
values almost as high as 78%. In another study, a rotary drum system for biodrying was
tested [58]. The authors reported mass losses as high as 81%, which, when compared to
the results obtained in our study for the homogenized substrate, results in a value almost
twice as high.

Table 3. Mass changes during the biodrying process (own elaboration).

Fresh Matter (kg)

K1 K2 K3 K4
Start 22.00 22.00 22.00 22.00
Turning 15.55 14.15 16.90 15.85
Finish 12.55 11.20 14.00 12.80
Loss (%) 4295 49.09 36.36 41.82

Dry Matter (kg)

K1 K2 K3 K4

Start 8.89 8.77 8.69 8.52
Turning 9.03 7.92 10.02 8.62
Finish 6.26 5.18 6.64 6.35
Loss (%) 29.53 40.94 23.56 25.54

Dry Organic Matter (kg)

K1 K2 K3 K4

Start 8.18 8.09 7.84 7.72
Turning 8.20 6.91 8.95 7.67
Finish 5.59 4.53 6.01 5.71
Loss (%) 31.71 44.01 23.43 26.00

The masses of collected leachates and condensates should be taken into account when
interpreting the mass loss results. The largest mass of all these liquids was collected from
bioreactor K2 (6.9 kg), the same one for which the highest mass loss was observed. In the
other bioreactors, the effluent masses also corroborated with mass losses of the substrate.
Thus, the order of the runs based on the mass of effluents—K2 (6.9 kg), K1 (6.09 kg), K4
(5.74 kg), K3 (4.49 kg)—reflected the one based on mass loss, with bioreactor K2 showing
the highest mass reduction and the largest amount of collected effluents, and K3 showing
the opposite. Noteworthy to report, in bioreactor K2 no leachate was collected.

3.3. Gas Emissions

The qualitative and quantitative compositions of the gas released during biodrying
are important indicators of its proper progress [59]. During the experiment, the contents of
oxygen and carbon dioxide in the off-gas were found to be variable (Figure 2). This was a
result of both the changes in the flowrate of the supplied air and the biological activity of
the microorganisms. The amounts of both these gases are interrelated. In a study similar to
ours, oxygen levels exceeding 15% were also reported [55]. The relation between oxygen
supply and carbon dioxide production has a deciding effect on the process of composting.
The low airflow at the initiation of the experiment, aimed at maximizing the substrate
temperature, was reflected in the variability of the oxygen and carbon dioxide contents in
the gas exiting the vessel. As a result of this approach, the level of oxygen was low and that
of carbon dioxide was high during this stage of the process. When the airflow was kept
constant, e.g., between days 5 and 12, the contents of these gases underwent a change. This
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can be attributed to decreased oxygen demand—the effect of prior biomass decomposition.
This was found to manifest in increased oxygen and decreased carbon dioxide levels.

800
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Figure 2. Oxygen and carbon dioxide in the bioreactor off-gases.

3.4. Analysis of the Product—Moisture

The biodrying process had an effect on the quality of the product—it resulted in a
changed moisture content and calorific value. As presented in Figure 3, a loss of moisture
was observed in each of the substrates. This is beneficial because, as also shown in other
reports, it leads to a simultaneous decrease of the mass of the fuel and an increase of its
calorific value [60-62].

As mentioned above, the most pronounced decrease in moisture content was observed
in the materials located in the center of the vessels. Nonetheless, plastics separated from
the mixtures showed a very high loss of moisture of approximately 40% irrespective of
the sampling location. This was a result not only of the generally decreased moisture
in the substrate but also of the low water absorption capacity of plastics. Moreover, the
decomposition of the biodegradable matter initially present in this fraction of the mixtures
contributed to this effect. Based on these results, it can be claimed that the addition of
plastics to the composting mixes did not impact the biodrying process negatively.
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Figure 3. Moisture content in the materials subjected to biodrying, including the results for samples
collected from the center of the vessel.

3.5. Analysis of the Product—Calorific Value

Calorific value is the energy released during the combustion of a specified mass of a
fuel. It is a parameter directly correlated with the moisture content of the fuel [63,64]. Also
in our research, this proved to be true. Comparison of Figures 3 and 4 clearly demonstrates

that the decreased moisture in the compost mixes or the plastics translated into increased
calorific value.

30

25
20
—:“l
-
=
315
%10

0

K1 K2 K3 K4 Plastics

m Start = Finish = Finish - the center of the chamber

Figure 4. Calorific value of materials subjected to biodrying, including the results for samples
collected from the center of the vessel.

In the study, the calorific value was determined based on the actual moisture content
of the examined materials. The most pronounced difference between the initial and final
calorific values was noted for substrate K1. This was true for both the sample from the
center of the bioreactor and the homogenized sample. This substrate was characterized by
one of the largest moisture losses. It also contained plastics contributing to its high calorific
value. The calorific value was found to increase as a result of the biodrying in all the other
variants. This is in accordance with the literature as most of the available results show
increased calorific values for substrates subjected to biodrying [11,65,66].
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It seems worth mentioning that the plastics separated from the biodried material
showed the highest increase in calorific value, which exceeded 15 M]~kg*1. Such an
increase of the calorific value was a result of moisture reduction and the decomposition of
kitchen waste composed of organic matter. The final calorific value of sample K1 collected
from the center of the bioreactor was 18.5 MJ-kg~! while that of the plastics fraction was
26.8 MJ-kg~!. Thus, it is justified to compare the determined values with other fuels
used industrially—wood, bituminous coal, pellet, or RDF. Alternative fuels, such as RDF,
typically have calorific values of 18 M]~kg_1 [67,68]. Furthermore, the result obtained for
the K3 sample makes it comparable to wood or pellet—the calorific values of which are
17 and 18.8 M]-kg_l, respectively [69,70]. Resources such as bituminous coal with a
calorific value of 32 MJ-kg~! may become replaced by plastics, but for this to happen,
suitable technologies are required [69,71].

The biodrying process did not influence the elementary composition of the materials
significantly (Table 4). The ratios of hydrogen to carbon, and of oxygen to carbon are
typical for biomass that has not been subjected to thermal treatment. The ratio of carbon to
nitrogen is another noteworthy parameter that is characteristic of composting [72].

Table 4. Percentage content of selected elements, C/N ratio, and molar ratios of H/C and O/C in
samples before and after biodrying process.

C (%) TOC (%) H (%) N (%) S (%) 0O (%) H/C o/C C/N

K1l—start
K2—start
K3—start
K4—start
K1—finish
K2—finish
K3—finish
K4—finish

46
47
44
45
49
45
45
44

46 6 3 0.2 34 1.65 0.55 15.49
47 6 3 0.2 34 1.67 0.55 14.80
44 6 2 0.2 35 1.57 0.59 28.58
44 6 2 0.2 35 1.59 0.59 25.36
47 7 2 0.0 31 1.64 0.47 26.81
45 6 3 0.3 33 1.65 0.55 16.01
41 6 2 0.2 38 1.50 0.64 23.90
42 6 2 0.2 39 1.54 0.67 24.07

3.6. Analysis of the Product—Compost Quality

To confirm the expected high degree of decomposition of the biodegradable fractions
of the substrate, AT4 tests were performed in samples collected before the process of
biodrying and after it. The results are presented in the following Figure 5. Based on the
results of these tests it can be stated that the biodrying process resulted in significant
biodegradation of the biologically reactive constituents as the values of AT4 were greatly
reduced following this treatment. In the samples obtained from bioreactors K1 and K2,
the final AT4 values were close to 10 mg O,-g DM L. In another study, such a value,
indicating stability of the product, was obtained after 90 days [48]. This level of the AT4
parameter reflects a low potential of the compost to further decompose and makes it
suitable for transport and prolonged storage without the emission of odors. Furthermore,
the comparison of the results obtained for K1 and K2 with the control runs demonstrates
that the addition of plastics to biodegradable biomass did not impact the composting
process negatively. Instead, a positive effect was observed—the values of AT4 reduction
were 87% and 83% in K1 and K2, respectively, while those observed for K3 and K4 were
43% and 73%, respectively. It should be noted, however, that AT4 thresholds used to
define a “stable” or mature material for soil-improver applications typically range from
5 to 10 mg O, g~ ! DM, depending on the regulatory framework considered. On this
basis, the K1 and K2 products (AT4 close to 10 mg O, g~! DM) approach the upper
end of this stability range, whereas K3 and K4 remain further from it. This indicates
that, under the tested conditions, the plastic-amended variants moved closer to meeting
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soil-improver maturity criteria than the controls; although a formal comparison against
a specific national or EU soil-improver standard was beyond the scope of this study,
it is recommended for future work. It must also be stressed that each bioreactor variant
(K1-K4) was run without process replication; therefore, the AT4, temperature, and mass loss
differences reported between variants should be regarded as indicative trends from a single
experimental run rather than statistically validated effects and should be interpreted with
appropriate caution.

100
90
80
70

60
50
40
30
20
10

0

K1 K2 K3 K4

= Start Finish

AT4, mgO,-g DM!

Figure 5. AT4 values of the tested variants with respect to dry matter.

3.7. Discussion

The higher cumulative temperature recorded for K1 compared with the K3 control can
plausibly be attributed to two combined factors. First, the presence of plastic fragments
increased the bulk density and improved the structure of the substrate mixture, which is
likely to have facilitated a more even airflow distribution and a reduced short-circuiting of
aeration through the bed, allowing more heat to be retained rather than being removed by
the air stream. Second, exothermic oxidative degradation of the plastic surfaces themselves,
in addition to microbial oxidation of the biodegradable fraction, may have contributed an
additional heat source. The relative contribution of these two mechanisms (aeration-related
heat retention versus additional oxidative heat release) could not be separated within the
scope of the present single-run experiments, and their disentanglement is recommended as
a direction for future, replicated studies.

In addition to the main temperature peak observed during the first 48 h and the sec-
ondary peak following the turning on day 14, smaller temperature rebounds were observed
around day 7 and again around days 18-20 in several of the bioreactors. These secondary
rises are consistent with the activity of slower-growing microbial populations becoming
dominant once the readily degradable fraction of the substrate has been depleted, as well
as with localized re-aggregation of moisture and substrate within the bed creating new
pockets favorable to microbial activity. While these rebounds were of smaller magnitude
than the main peaks and did not materially change the overall mass loss or AT4 outcomes,
they illustrate that the biodrying process did not proceed as a single monotonic decay and
that intermediate turning or aeration adjustments could be used in future work to manage
these secondary activity phases.

In this laboratory-scale experiment, the plastic fraction was separated from the bio-
dried material manually on a sieve, which proved labor-intensive. At an industrial scale,
manual sorting would not be economically viable, and separation would need to rely on
established mechanical sorting technologies already used in waste-to-fuel processing lines,
such as near-infrared (NIR) optical sorters, which distinguish plastics from organic material
based on spectral reflectance, and density-based separators (e.g., air classifiers or ballistic
separators); the latter exploit the lower density and different aerodynamic behavior of dried
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plastic fragments relative to the biodegradable matrix. Integration of such technologies
would be a necessary step before the approach described here could be scaled beyond the
laboratory and represents an important direction for future techno—economic assessment.

It should also be noted that, although biodrying relies on biological heat generation
rather than external energy input, thermal drying processes used elsewhere in waste
valorization chains are energy-intensive and can carry substantial environmental burdens.
A recent prospective life-cycle assessment of waste drying for biorefinery purposes found
that the climate-change impact of drying could vary from 0.42 to 0.11 kg CO,-eq per kg
of evaporated water depending on the energy carrier and process temperature used, with
capital goods contributing up to 36.9% of this impact at higher drying temperatures [73].
This underlines the environmental advantage of biodrying, which avoids dedicated drying
energy inputs altogether, and suggests that a full life-cycle assessment comparing biodrying
with conventional thermal drying of the plastic-containing fraction would be a valuable
direction for future work.

4. Conclusions

The results obtained for the biodrying process carried out prove that the experiment
was conducted correctly. This was confirmed by the parameters related to the change in
temperature and the differences between the concentrations of oxygen and carbon dioxide
emitted during the process, as well as the mass loss in each of the investigated mixtures. In
addition, the use of the biodrying process had a positive effect on improving the calorific
value of plastics, which can be a suitable material for the production of RDF fuels. The
main reason for the increase was a significant reduction in moisture content from 58%
to 21%. This factor improved the calorific value from 9.6 to 26.8 MJ-kg~!. However, it
should be noted that there were difficulties in separating the plastics on the sieve. This
concerned the relatively small distribution of dry hay contained in the green waste, which
was characterized by a similar granulometric size; therefore, the plastic separation process
was done manually.

The plastics had a bulk density of 150 kg-m 3, which contributed to the bulk density
of the individual feedstocks. This was certainly due to the nature of the plastics, to which
the dry grass material stuck, increasing its bulk density. Moreover, the addition of plastics
contributed to a higher maximum feedstock temperature (72.94 and 70.4 °C) compared
to samples without their addition (70.19 and 69.56 °C). It also contributed to 11% and
20% higher cumulative temperatures (corresponding to 12% and 18% higher average
temperatures, respectively) in the cases with the addition of plastics—a difference that, as
discussed in Section 3.7, is likely attributable to a combination of improved aeration-related
heat retention and additional oxidative heat release from the plastic fraction. Furthermore
the samples with the addition of plastics were characterized by a significantly higher
reduction in dry organic matter. These preliminary, single-run results suggest that pre-
treated plastics recovered from the mechanical unpacking of food waste may have potential
as a structuring material in biodrying systems, as an alternative to wood chips. This
finding applies specifically to the biodrying context studied here, where the end product is
intended as a solid fuel, and should not be extended to agricultural composting aimed at
producing organic fertilizers or soil improvers, where the presence of plastic residues in
the final product would be undesirable. Confirmation in replicated trials, together with an
assessment of any associated microplastic release, would be required before this application
could be recommended more broadly.
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