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Abstract: To produce a valuable final product from anaerobic digestion (AD), one of the preferred
methods of organic recycling, high quality feedstock must be ensured. In this study, separately
collected real biowaste (B) was used, consisting of 90% food waste and 10% green waste. The
priority issues of AD are both high methane production (MP) and high organics removal efficiency
(as organic matter, OM and dissolved organics, and DCOD), which may be improved after pre-
treatment. In this study, the effect of hydrothermal pre-treatment (BHT) and enzymatic additives
(BE) on MP and organics removal from biowaste in mesophilic (37 ◦C) conditions was analyzed.
To assess the adequacy of pre-treatment application, biowaste without treatment (BWT) was used.
Pre-treatment of biowaste prior to AD affected the maximal MP, the removal effectiveness of both
OM and DCOD, and the kinetic parameters of these processes. For BWT, the maximal cumulative
MP reached 239.40 ± 1.27 NL/kg OM; the kinetic coefficient of MP (kCH4) and the initial MP rate
(rCH4) were 0.32 ± 0.02 d−1 and 76.80 ± 1.10 NL/(kg OM·d), respectively. After hydrothermal
pre-treatment, the MP of BHT (253.60 ± 1.83 NL/kg OM) was 6.3% higher than BWT. However, the
highest MP was found for BE, 268.20 ± 1.37 NL/kg OM; to compare, it increased by 12.1% and 5.5%
with BWT and BHT, respectively. However, the kinetic parameters of MP were highest with BHT:kCH4

0.56 ± 0.02 d−1 vs. 0.32± 0.02 d−1 (BWT) and 0.34± 0.02 d−1 (BE); rCH4 141.80± 0.02 NL/(kg OM·d)
(BHT) vs. 76.80 ± 1.10 NL/(kg OM·d) (BWT) and 89.80 ± 0.50 NL/(kg OM·d) (BE). The effectiveness
of OM removal was highest with BE, similarly to the MP with the use of an enzymatic additive. The
kinetics of OM removal (rOM, kOM) were highest with BHT, similarly to the kinetics of MP (rCH4,
kCH4). The highest effectiveness of OM and, consequently, its lowest final content obtained with BE
means that the organics were used most efficiently, which, in turn, may result in obtaining a more
stable digestive system.

Keywords: biowaste; hydrothermal pre-treatment; enzymatic additive; anaerobic digestion; the
kinetics; methane production; organic matter removal; organic recycling

1. Introduction

The growth of urbanization and the global population have caused an increase in
the mass of municipal solid waste (MSW) that is produced. In recent years, there have
been visible changes in the waste management hierarchy. According to the EU’s “waste
management hierarchy”, prevention and reuse are the most desirable scenarios, followed
by recycling (including organic recycling), then recovery (e.g., incineration of waste to
generate energy), and finally, disposal (e.g., by landfilling), which is the most harmful
option for both the environment and health, although one of the cheapest [1]. Unfor-
tunately, in some EU countries, over 60% of household waste goes to landfills, and the
problem of landfilled biodegradable municipal waste has been increasing in recent decades.
Landfilling of biodegradable municipal waste is especially dangerous for the environment
because it is associated with the emission of greenhouse gases and leachate generation. The
Council Directive indicated that the amount of biodegradable municipal waste had to be
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significantly reduced (to 50% of levels in 1995 by 2009 and 35% by 2016) [2]. To fulfill this
requirement in the EU, mechanical-biological treatment (MBT) installations were devel-
oped in many countries. Previously, these installations were managed with mixed MSW.
In the mechanical part of MBT plants, secondary materials are recovered (e.g., plastics,
glass, metals, and high-calorific alternative fuel, so-called Refuse Derived Fuel RDF). In
the biological part of the plants, the organic fraction of municipal solid waste (OFMSW)
that has been mechanically separated on a sieve is stabilized [3–5]. Because OFMSW is
separated from mixed MSW, it is contaminated with various wastes, e.g., plastic, glass,
stones, etc. Although the biological stabilization of OFMSW decreases its biodegradability
and ensures its stability, thus reducing the emission of greenhouse gases, the final product
of OFMSW stabilization can only be landfilled [6,7]. Moreover, the amounts of landfilled
stabilization (that cannot be considered compost) are not taken into account in recycling
rates. A total of 50% of municipal waste (at least four categories, i.e., paper, glass, metals,
plastics) in EU Member States should have been recycled and prepared for reuse by 2020 [8].
In 2015, the European Commission published “Closing the loop—An EU action plan for
the circular economy (Circular Economy Package)” [9]. This led to the adoption of new
targets: 55% of municipal waste should be recycled and prepared for reuse by 2025, 60% by
2030, and 65% by 2035 [8].

The overall recycling rate in the EU (material recycling, composting, and digestion)
increased from 31% in 2004 to 45% in 2016. If data from non-EU and EEA member countries
(Iceland, Liechtenstein, Norway, Switzerland, and Turkey) are added to the aggregated
EU country data, the increase was from 28 to 41%. This improvement comes from a
combination of a reduction in the amount of MSW generated and an increase in the total
quantity undergoing material and organic recycling. MSW recycling rates differ widely
between European countries, ranging from 70% in Germany to 11% in Malta in 2020 [10].
In 2017, 3 countries were already recycling 55% or more of their MSW, 28 countries were
recycling 55% or more of their packaging waste, and 15 countries were recycling 65%
or more of their packaging waste. To meet the target of 65% by 2035, while also taking
into account the new method by which recycling levels are calculated, changes in waste
management are required. Existing MBT plants should not manage mixed MSW, but
separately collected waste materials. MBT plants should serve as centers for recycling in
which waste materials, such as paper, glass, metals, and plastics, should only be cleaned
to be received by the recyclers. Then, after recycling, waste materials can be used on the
market as secondary materials that can be included in the production cycle in accordance
with the functioning of a circular economy. Due to the new method of calculating recycling
levels, achieving the required recycling rates without organic recycling is impossible. Thus,
organic recycling methods (composting and digestion) for selectively collected biowaste
should be implemented to increase the recycling rate. In Poland, recycling biowaste is one
of the essential elements in the transformation of the economy into a circular economy.

Organic recycling (composting or methane fermentation) of selectively collected
biowaste, which allows the recovery of organic compounds from compost or digestate,
is a part of sustainable municipal waste management. Nowadays, anaerobic digestion
(AD) has received increasing attention as an approach to both organic waste treatment
and renewable energy generation. AD is a cost-effective option due to its potential to
produce energy and limited environmental impact [11–13]. Furthermore, it is a promising
alternative to incineration and composting [14,15]. Although biowaste accounts for ca.
40% of MSW, only 16% was recycled in the EU [15]. The amount of biowaste in MSW
indicates that a large amount of methane can be generated with this substrate. To produce
a valuable final product from AD, it is necessary to ensure the quality of the biowaste; thus,
it should be separately collected. Polish regulations specify what kinds of organic waste
can be collected together. Biowaste may include food and kitchen waste (produced by
households, catering establishments, or restaurants) and green waste from gardens and
parks (e.g., leaves, grass, or branches). This means that lignocellulosic materials with a
high share of lignin may be present in separately collected biowaste, which are considered
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to be less degradable than, e.g., proteins, carbohydrates, or fats. Therefore, to increase the
efficiency of AD and methane production, the biodegradability of lignocellulosic materials
must be increased. This can be achieved with the use of pre-treatment methods. For pre-
treatment, mechanical, chemical, thermal, and biological methods have been used [16–19].
These methods cause disruption of the recalcitrant structure of lignocellulosic materials as
a result of the breakage of the lignin sheath. Pre-treatments increase the breakdown of the
long cellulose and hemicellulose chains into sugar monomers, enabling the degradation of
hemicellulose and reduction in the crystallinity and degree of polymerization of cellulose.
For example, alkaline chemical pre-treatment modified the crystalline and morphological
structure of cellulose and, in turn, polysaccharide chain breakdown and crystal saponifi-
cation take place [20,21]. Chemical pre-treatment under acidic conditions damages lignin
structure, dissolves hemicellulose, and decomposes cellulose into simple sugars [22,23].
In high-temperature pre-treatment (240 ◦C), hemicellulose and lignin can be degraded
faster than cellulose [24,25]. All of these pre-treatment methods allow for converting less
degradable materials into more biodegradable ones. However, it is important to assess
to what extent the increase in biodegradability results in an increase in biogas/methane
production, and the objective of the present study was to undertake such an assessment.
More specifically, this study aimed to determine the effect of different real biowaste pre-
treatments (hydrothermal and enzymatic pre-treatment) on methane production. Moreover,
kinetic models were used to describe both methane production and the removal of organics.
In this way, the rates of methane production and the removal of organics were determined,
as well as the kinetic coefficients. For comparison, prior research did not combine the
analyses of kinetics to describe methane production and removal of both (i) organic matter
(OM) and (ii) dissolved organic compounds (expressed as COD, DCOD).

2. Materials and Methods
2.1. Selectively Collected Biowaste and the Inoculum Used in the Measurements of
Methane Production

In the present study, real biowaste, comprising kitchen waste (90%) and green waste
(10%), was used as a substrate. The biowaste for analyses of methane production was
randomly collected from containers for selective collection (total mass ca. 200 kg) lo-
cated in a city with 200,000 inhabitants (north-eastern Poland). For standardization, the
biowaste was dried (at 60 ◦C), then ground to a 0.5–1 mm diameter for storage and further
physicochemical analyses and analyses of methane potential.

The biowaste was relatively wet with a moisture content of 70.88 ± 1.20%. Although
biowaste before grinding was dried, the minimal moisture content of the ground material
was due to the absorption of a small amount of water from the air. The OM content was
about 88.50 ± 0.85% DM. The moisture and OM content were considered when calculating
the mass of biowaste needed to ensure the appropriate initial organic loading rate (OLR)
during the measurement of methane production. The water extract had high contents
of dry residue (DR) (ca. 31 g DM/L and ca. 22 g DM/L, respectively, before and after
filtration). Organic residue (OR) constituted more than 90% of DR in the water extract
before filtration and more than 80% in the water extract after filtration. In the water extract
after filtration, the concentration of organic compounds (expressed as COD) was high,
245.03 ± 1.60 g COD/kg DM, whereas the concentration of total nitrogen (TN) was merely
0.87 ± 0.10 g/kg DM (Table 1).
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Table 1. The characteristics of biowaste and the inoculum used in the measurements of methane
production.

Characteristics Units Fresh Biowaste Ground Biowaste Inoculum

Basic analyses
Moisture content % 70.88 ± 1.20 4.54 ± 0.27 98.61 ± 0.20
Dry mass (DM) % 29.13 ± 0.80 95.50 ± 1.20 1.39 ± 0.10

Mineral mass (MM) % DM – 11.50 ± 0.15 32.20 ± 0.26
Organic matter (OM) % DM – 88.50 ± 0.85 67.80 ± 0.20

Water extract from biowaste (10 g dry biowaste in 100 mL water)
Units Before filtration After filtration Difference (%)

Dry residue (DR) g DR/L 31.33 ± 1.15 21.71 ± 0.50
30.70 ± 0.23 ↓g/kg DM 328.10 ± 5.80 227.30 ± 2.80

Organics residue (OR)
g OR/L 28.87 ± 0.25 17.83 ± 0.25

38.24 ± 0.25 ↓g/kg DM 302.30 ± 2.30 186.70 ± 3.30
% DR 92.20 ± 0.75 82.15 ± 0.80

Mineral residue (MR)
g MR/L 2.46 ± 0.01 3.88 ± 0.01

57.72 ± 0.65 ↑g/kg DM 25.76 ± 1.10 40.63 ± 2.15
% DR 7.80 ± 0.20 17.85 ± 0.45

Water extract from biowaste after filtration
Units Value Units Value

COD mg/L 23,400.00 ± 150.74 g/kg DM 245.03 ± 1.60
TN g/L 83.20 ± 1.36 g/kg DM 0.87 ± 0.10

N-NH4 mg/L 20.72 ± 0.97 g/kg DM 0.22 ± 0.010
VFA mg/L 283.86 ± 2.60 g/kg DM 2.97 ± 0.02
PO4 mg/L 301.74 ± 2.75 g/kg DM 3.16 ± 0.02

P-PO4 mg/L 98.40 ± 0.60 g/kg DM 1.03 ± 0.06
Alkalinity (TA) mval/L 76.00 ± 0.56 – –

pH – 5.83 ± 0.10 – –
COD/TN – ~281.00 – –

Anaerobically digested sewage sludge was used as the inoculum for the analysis
of the methane potential of biowaste (Table 1). Digested sewage was collected from a
closed mesophilic (37 ◦C) chamber in the municipal wastewater treatment plant for a city
with 200,000 inhabitants (north-eastern Poland). The plant has a designed capacity of
60,000 m3/day. The alkalinity and the reaction of the inoculum were 34.10 ± 0.30 mval/L
and 7.26 ± 0.20, respectively.

2.2. Experimental Setup for the Measurements of Methane Production

The Automatic Methane Potential Test System II (AMPTS II) was used for analyses of
mesophilic methane production. The equipment has three units. In the sample incubator,
15 bioreactors (500 mL) containing sample and inoculum were incubated at 37 ◦C. The
bioreactors possessed small stirrers and were mixed at a speed of 80 rpm for 1 min every
hour. In the CO2-absorbing unit, the biogas produced in each bioreactor passes through an
individual vial containing an alkaline solution, including 1200 mL of 3 M NaOH solution
with 0.4% thymolphthalein pH-indicator (a ratio of 1 L NaOH/0.5 mL thymolphthalein).
Several acidic gas fractions, such as CO2 and H2S, are retained by chemical interaction with
NaOH, allowing only CH4 to pass through to the device for measuring biomethane gas
volume. The volume of CH4 gas released in the bioreactors was measured using a wet
gas flow measuring device with a multi-flow cell arrangement (15 cells). This measuring
device works according to the principle of liquid displacement and buoyancy and can
monitor ultra-low gas flows; a digital pulse is generated when a defined volume of gas
flows through the device. Finally, the computer was used to record, display, and analyze
the results.
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2.3. Experimental Variants

In the present study, variant number 1 consisted of the inoculum only (I). Variant
number 2 contained inoculum and biowaste (without treatment) (I+BWT). Variant number 3
comprised inoculum and biowaste (after hydrothermal (HT) pre-treatment) (B/water (w/w)
of 0.2, 90 ◦C, 1 h) (I+BHT). HT pre-treatment may cause organic compounds and nutrients
to liquefy and be released from the biowaste into the water solution. Variant number 4
consisted of inoculum, biowaste, and an enzymatic additive (I+BE). The enzymatic additive
(1500 mg) was mixed in 2500 mL of the inoculum resulting in a dose of 600 mg/L (0.6 g/L);
this inoculum was supplied for the AMPTS bioreactors in variant 4. The enzymatic additive
contained mainly cellulase, xylanase, beta-glucanase, and carbohydrase. Enzymatic pre-
treatment can promote hydrolysis of lignocellulosic materials. Microcrystalline cellulose
(reference material) was used as a positive control to confirm the experimental setup and
the performance of the inoculum.

Three repetitions of each variant were performed. Each AMPTS bioreactor was con-
nected by Tygon tubing to the carbon dioxide trap mentioned above. Using pressure and
temperature measurements taken by the system, the volume of methane was automatically
observed by the device and recorded by the software. In each bioreactor, the volume of the
inoculum was 300 mL, and the doses of biowaste were identical, 1.7 g DM, which ensured
adjusted initial organic loading rates (OLR) of 5 kg OM/m3 (Table 2).

Table 2. Experimental variants used for the AMPTS II tests; doses of the inoculum, the enzymatic
additive, and biowaste are given.

Variant Inoculum
(mL)

Enzymatic Additive
(g/L)

Biowaste
(g)

Inoculum (I) 300 – –
Inoculum and biowaste (without treatment) (I+BWT) 300 – 1.7

Inoculum and biowaste after HT pre-treatment (I+BHT) 300 – 1.7 and water
(B/water of 0.2)+T *

Inoculum, biowaste and enzymatic additive (I+BE) 300 0.6 1.7

* T—temperature of 90 ◦C.

To determine the physicochemical properties of the mixture of inoculum and biowaste
without interruption of methane production (as in the AMPTS), additional bioreactors were
prepared in the same manner as those prepared for AMPTS. Seven of these bioreactors
were prepared for each variant. In the bioreactors, the weight of the inoculum and the
biowaste were 150 mL and 0.85 g, respectively, to ensure the same inoculum and biowaste
ratio and the same initial OLR of 5 kg OM/m3 as in the AMPTS bioreactors.

2.4. Kinetics Model

Anaerobic methane production (MP) can be assumed to follow pseudo-first-order
kinetics, and thus, MP can be described with the Equation (1):

Ct,CH4 = C0,CH4 x×
(

1− ekCH4
∗t
)

(1)

where:

Ct,CH4 (NL/kg DM; NL/kg OM) is the cumulative MP at digestion time t (days);
C0,CH4 (NL/kg DM; NL/kg OM) is the maximal MP;
kCH4 (d−1) is the kinetic coefficient of MP.

The rate of MP (rCH4 in NL/(kg DM·d) or NL/(kg OM·d)) is the product of kCH4 and
C0,CH4.

The removal of OM (in I+BWT, I+BHT, and I+BE) follows first-order kinetics according
to this Equation (2):

Ct,OM = C0,OMx× e−kOM∗t + C1, OM (2)
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where:

Ct,OM (% DM) is the OM content at digestion time t (days);
C0,OM (% DM) is the OM removed during the period of digestion;
C1,OM (% DM) is the final OM content;
kOM (d−1) is the kinetic coefficient of the OM removal.

The rate of OM removal (rOM in % DM/d) is the product of kOM and C0,OM.
The concentration of dissolved organic compounds (expressed as COD, DCOD) was

calculated by subtracting the DCOD concentration in the supernatant of I only from that
in the supernatants of I+BWT, I+BHT, and I+BE (separately for each). For this, in the latter
part of the manuscript, the following statement was used: DCOD concentration in the
supernatant of BWT or BHT or BE.

The DCOD removal follows first-order kinetics, as given in this Equation (3):

Ct,DCOD = C0,DCOD ∗ e−kDCOD ∗t+C1,DCOD (3)

where:

Ct,DCOD (mg COD/L) is the DCOD concentration at digestion time t (days);
C0,DCOD (mg COD/L) is the DCOD removed during the period of digestion;
C1,DCOD (mg COD/L) is the final DCOD concentration;
kDCOD (d−1) is the kinetic coefficient of DCOD removal.

The rate of DCOD removal (rDCOD in mg/(L·d)) is the product of kDCOD and C0,DCOD.
The values of C0,CH4, C0,DCOD, C0,OM and kCH4, kDCOD, kOM were obtained by non-

linear regression analysis with Statistica software, version 13.3 (StatSoft 13.3).

2.5. Energetic Effectiveness of Methane Production

The energy obtained from methane production (ECH4) was calculated according to the
following Equation (4):

ECH4 = YCH4 × CVCH4 (4)

where:

YCH4 (NL/kg) is methane yield obtained in the present study;
CVCH4 (Wh/NL) is methane calorific value (9.17 Wh/NL) [26,27].

2.6. Analytical Procedures

To characterize the fresh biowaste used in the experiment, the contents of moisture and
of DM were determined at 105 ◦C. In the ground biowaste and the inoculum, the moisture
content, DM content, and organic matter content OM (%DM) as loss after ignition (at 550 ◦C)
were determined. In the water extract from the biowaste (before and after filtration), dry
residue (DR) after evaporation in the water bath then after drying at 105 ◦C and organic
residue (OR) at 550 ◦C, as loss after ignition, were determined. In the water extract from
the biowaste after filtration, the following characteristics were determined: COD (with
potassium dichromate), VFA, TN and N-NH4 (distillation method with titration), P-PO4
(spectrophotometric method with a use of ammonium molybdate), pH (TitroLine 6000), and
alkalinity (TA) (titration to pH 4.5 using a device of TitroLine 6000). Every 2–4 days during
the 30 days of methane fermentation, samples from the additional bioreactors (mentioned
above) were taken to determine, in the whole sample, the contents of DM and OM, whereas
in the supernatant pH, TA, DCOD, VFA, N-NH4, and P-PO4 were determined. All analyses
were determined according to standard methods [28].

3. Results and Discussion
3.1. Conditions during the Measurements of Methane Production from BWT, BHT, and BE

The pH and TA are essential characteristics of anaerobic digestion that should be
monitored during the process. These characteristics influence the performance and growth
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of the various microorganisms involved in the different stages of the fermentation process.
Therefore, for highly effective methane production, the pH needs to be maintained in the
desired range (7–8.5). In the present study, it was maintained by feeding the bioreactors at
an OLR of 5 kg OM/m3 which did not disturb the process. Figure 1 shows the pH and TA
in the supernatants from all variants of the experiment: I, I+BWT, I+BHT, and I+BE.
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Figure 1. pH and TA in the supernatant from I, I+BWT, I+BE, and I+BHT during the measurements of
methane production from BWT (a), BHT (b) and BE (c).

The pH values in the supernatants from the variants with biowaste were slightly lower
than that in the supernatant from I. Generally, a slight increase in pH values in all variants
was observed during measurements. In contrast, the TA values in the supernatants from
variants with the addition of biowaste were higher than that in the supernatant from I.
During the 30 days of measurement, with the dosage of 150 mL of inoculum and 0.85 g of
biowaste and at the initial load of 5 kg OM/m3, the pH in the supernatant from I, I+BWT,
I+BHT, and I+BE ranged from 7.26 ± 0.20 to 8.02 ± 0.20 and the alkalinity (TA) ranged from
30.00 ± 1.50 mval/L to 42.00 ± 1.50 mval/L.

Figure 2 shows the concentrations of P-PO4 (Figure 2a–c) and N-NH4 (Figure 2d–f)
in the supernatant from I, I+BWT, I+BE, and I+BHT during the measurements of methane
production. As was mentioned (Section 2), the N-NH4 and P-PO4 concentrations of the
water extract from the biowaste did not affect the concentrations of these parameters much.
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Figure 2. P-PO4 (a–c) and N-NH4 (d–f) concentrations in supernatants from I, I+BWT, I+BE, and
I+BHT during the measurements of methane production.

At the beginning of the measurements, the P-PO4 concentrations from I, I+BWT, and
I+BE equaled 150.50 ± 1.75 mg/L. The P-PO4 concentrations of I, I+BWT, I+BHT, and I+BE
remained at the same value from the 9th day to the 17th day. On the last day, the P-PO4
concentrations from I, I+BWT, I+BHT, and I+BE were 122.20 ± 1.36 mg/L, 147.60 ± 1.70
mg/L, 131.20 ± 1.25 mg/L, and 122.50 ± 1.25 mg/L, respectively (Figure 2a–c).

Generally, the N-NH4 concentrations of I, I+BWT, and I+BE increased during the
first 17 days. The N-NH4 concentration of I was the lowest during the time of mea-
suring. It was 453.50 ± 2.80 mg/L initially and then did not change until the final day
(520.60 ± 2.90 mg/L). In the case of I+BWT, the concentration increased slightly until the
24th day, and on the final day, the value reached its highest value (568.20 ± 3.10 mg/L). The
N-NH4 concentration of I+BHT on the first day was lower than that in I (443.40 ± 2.40 mg/L).
The N-NH4 concentration on the final day reached its peak of 557.50 ± 2.60 mg/L. In the
first 10 days, the N-NH4 concentration of I+BE and I were at about the same value. Over the
next days, the N-NH4 concentration of I+BE increased slightly more than that of I. Then, the
concentration in I+BE was only slightly higher than that of I on the last day (Figure 2d–f).
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In the case of a BMP test, the use of inoculum is necessary. Mostly, the inoculum consti-
tutes fermented sludge or any other fermented material from the AD chamber that provides
fermentative microorganisms which initiate anaerobic biodegradation with methane pro-
duction. According to BMP test methodology, the inoculum should be used in excess, and
the dosage of the substrate should be assumed to obtain the adjusted OLR. This means
that the dosage of organic substrate, for which methane potential is measured, is low in
comparison to the dosage of the inoculum. This also means that the characteristics of
the inoculum (for example, pH or TA and other physicochemical parameters) determine
the conditions during anaerobic degradation. This is the appropriate approach because it
means the appropriate conditions for MP from the tested substrates. In the present study,
the values of pH, the alkalinity, or the concentrations of ammonium or orthophosphate in
the variants with the addition of biowaste were similar to those in the inoculum only.

The same relationship was also found in a previous study by Bernat et al. [29]. During
measurements of the biogas potential of organic substrates with the use of a BMP test,
the authors found that the pH remained stable at about 7.70 ± 0.20 and TA ranged from
45.50 ± 2.30 to 62.50 ± 2.40 mval/L in a solution with an inoculum dose of 100 g and a
starting load of 5 kg OM/m3. The obtained values resulted from the use of inoculum with
specific characteristics.

3.2. Kinetic Parameters of Methane Production, DCOD and OM Removal

The results expressed in NL were recalculated to express methane production based
on the biowaste’s OM and DM content. Changes in methane production are presented in
Figure 3. Overall, the changes in the profiles of methane volume were similar with BHT, BE,
and BWT. In all cases, methane was produced very intensively in the first days of anaerobic
digestion. Then, the production rose slightly, and finally it plateaued. After the first few
days, over 80% of the total methane production had been achieved, and the maximum
cumulative methane production was reached by the 15th day.

Figure 3d shows a comparison of the values of methane production between BHT,
BE, and BWT over 30 days. In general, the methane production differed between the three
variants: BE was the highest value, ca. 270 NL CH4/kg OM, BHT was 253.60 ± 0.83 NL
CH4/kg OM, and BWT was the lowest value of 239.40 ± 1.27 NL CH4/kg OM. However,
from the analyses of the curve of methane production from BHT, it can be found that
methane was produced very intensively during the first five days. This is because the
higher the availability of organic compounds, especially in dissolved form (as it was noted
in the variant with HT pre-treatment of biowaste), the higher the methane production. The
methane production from BE increased more slowly, but it surpassed that of BHT from day
8, and finally achieved the highest value.

In a study by Heo et al. [30], the methane production from food waste (FW) (with
an OM concentration 18% DM) during 40 days at a mesophilic temperature (35 ◦C) with
an OLR of 2.43 kg OM/m3 was 489 L/kg OM. This FW consisted of boiled rice (10–15%),
vegetables (65–70%), and meat and eggs (15–20%) and was crushed to a size of 2–4 mm. The
methane production in that study was also higher than what was obtained in the present
study. However, it should be emphasized that, in the study by Heo et al. [30], the FW was
prepared in laboratory conditions and contained only highly biodegradable components.
In the present study, real biowaste was used, which was collected in containers for separate
collection in the city; this biowaste may have contained not only highly biodegradable
components but also components that are less degradable like lignocellulosic compounds.
In contrast, Suhartini et al. [31] estimated low biogas potential (166–191 L/kg VS) despite
the use of similar organic substrates (food waste with more than 96% of vs. in TS, and the
mixture (50:50) of food waste and tofu solid waste/dreg waste).
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Our results indicate that pre-treatment improved methane production. Moreover, com-
paring the two methods of pre-treatment, biowaste with the enzymatic additive produced
more methane than biowaste after hydrothermal treatment. An increase in biogas/methane
production with pre-treated substrates was also demonstrated in previous studies [32,33].
The pre-treatment process improves the disintegration of material and, therefore, acceler-
ates biodegradation during anaerobic digestion, increasing methane yield [16–19,32,33].

In the present study, it was found that not only was methane production from BE higher
than from BWT, but also that it was produced faster from BE than from BWT. Bochmann
et al. [34] indicated that enzymatic pre-treatment promoted hydrolysis of lignocellulosic
materials which can be a limiting step in anaerobic degradation. The enzymatic pre-
treatment causes a breaking down of lignocellulosic materials into lower molecular weight
materials, and thus increases their biodegradability. The authors found that enzyme
application to spent grain increased its solubility, biogas production, and the quality of the
biogas. Dubrovskis et al. [35] used Alpha-amylase enzyme (protein enzyme that hydrolyses
polysaccharides, e.g., starch and glycogen, yielding glucose and maltose) to assess the
impact of enzymatic pre-treatment on methane production from two plant substrates
differing in their methane productivity (pellets from lucerne and birch leaves with 401 and
214 L/g OM, respectively). In both cases, the addition of Alpha-amylase enzyme caused ca.
20% increase in MP.

Bonilla et al. [36] used enzymes to enhance the anaerobic digestibility of biosludge
produced during wastewater treatment processes in pulp and paper mills. The biosludge
characterized low methane yields and was considered as hardly biodegradable under
anaerobic conditions due to the complexity and resistance [37]. Four out of the six enzymes
tested by Bonilla et al. [36] improved biogas production from biosludge. A maximum
improvement of 26% in biogas yield was observed with protease from Bacillus licheniformis.
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Yin et al. [38] used the fungal mash, rich in hydrolytic enzymes originated form As-
pergillus awamori, for enzymatic pre-treatment of sewage sludge, food waste, and their mix-
ture. The pre-treatment (hydrolysis step) lasted 24 h at 60 ◦C. The authors showed the solu-
ble organic compounds (expressed as COD) concentrations released from activated sludge,
food waste, and their mixture and the concentrations were as follows 3470.5 ± 344.3 mg/L,
6853.8 ± 223.7 mg/L, and 7650.0 ± 831.0 mg/L, respectively. Methane production with
these substrates was 367, 817, and 600 L/g VS, and was 52, 34, and 45% higher than without
enzymatic pre-treatment.

In the present study, methane production from biowaste during anaerobic fermen-
tation was accompanied by the removal of the organic compounds from the substrate
(expressed as DCOD and OM content). Generally, only the DCOD concentration in the super-
natant of I remained at almost the same level throughout the entire time of measurements
(ranging from 551± 32 to 497± 22 mg/L). As mentioned in the Materials and Methods, the
COD concentration of the water extract from biowaste was very high (23,400 ± 5.74 mg/L).
Thus, the addition of biowaste into the inoculum increased its DCOD concentration. As a
result, the DCOD concentrations in the supernatant of I+BWT, I+BHT, and I+BE were higher
than that of the supernatant of I, and it decreased moderately during the first days. The
changes in the concentrations of DCOD with BWT, BHT, and BE are shown in Figure 4a–c.
The initial DCOD concentration with BWT was 1062 ± 3.48 mg/L and was the lowest of all
three variants. The DCOD concentration with BHT reached a peak on the starting day at
1352 ± 4.62 mg/L, and this value was highest among all variants. HT pre-treatment caused
organics release from the biowaste, and thus increased DCOD concentration. In the case
of BE, DCOD concentration peaked already after 2 days. This indicates that organics were
probably released in time from the biowaste due to the use of the enzymatic additive.

Energies 2023, 16, x FOR PEER REVIEW  12  of  18 
 

 

 

Figure 4. Changes in the DCOD concentrations with BWT, BHT, and BE. First‐order kinetic models (black 

lines) for DCOD removal are provided on (a–c), the changes in DCOD concentration from BHT, BE, and 

BWT (d). 

The initial intensive decrease in DCOD content with BWT, BHT, and BE was associated 

with  intensive daily methane production. The DCOD  concentration with BWT decreased 

moderately from 1062.50 ± 6.40 mg COD/L to a value over 800.50 ± 5.90 mg COD/L in the 

first 2 days. Then, it remained at values above 340.00 ± 4.90 mg COD/L until day 30. Sim‐

ilarly, the DCOD concentration with BHT dropped rapidly in the first 5 days (from 1350.50 ± 

14.60 to 400.20 ± 5.20 mg COD/L), after which it decreased only slightly to 210.20 ± 2.40 

mg COD/L. In contrast, the concentration of DCOD with BE peaked at 1570.50 ± 17.30 mg 

COD/L after 2 days, and then the concentration decreased significantly to a value of about 

180.40 ± 2.60 mg COD/L on day 12. After this, it remained stable until the end of the pro‐

cess. However, at the end of the process, the DCOD concentration with BWT was the highest 

(335.00 ± 4.20 mg COD/L), and the DCOD concentration with BE was the lowest (160.50 ± 

1.50 mg COD/L). This means that considering the initial and final DCOD concentration, the 

amount of dissolved COD that was removed was lowest in case of BWT and highest in case 

of BE (Figure 4a–c). 

Figure 5a–c shows the changes in the organic matter (OM) content in I only, I+BWT, 

I+BHT, and I+BE. Due to the addition of biowaste into the inoculum at the beginning of the 

experiment, the OM content in I+BWT, I+BHT, and I+BE peaked at ca. 74% DM. During meas‐

urements, the OM content in I+BWT decreased intensively during the first 7 days to 66.60 

± 0.50% DM, and then it only decreased slightly by the 18th day when it reached ca. 65% 

DM. In I+BWT, during the measurements of methane production, the overall removal of 

OM content was 8.68 ± 0.10% DM. However, with the pre‐treatment step, the OM content 

in I+BHT decreased sharply during the first 4 days from ca. 74% DM to 66 ± 1.50% DM. In 

contrast, the OM content in I+BE decreased to 65.20 ± 1.23% DM over 7 days. On the 11th 

day of the experiment, the OM content in I+BE reached a value similar to that in I (ca. 64% 

DM) and remained at about the same level as in I until the end of the measurements. 

0

400

800

1200

1600

2000

0 5 10 15 20 25 30

D
C
O
D
 (m

g 
C
O
D
/L
)

Time (day)

a)

Ct,COD = 727  e–0.15 t + 346 
R2 = 0.98

CODrem = 727±5 mg COD/L

BWT

0

400

800

1200

1600

2000

0 5 10 15 20 25 30

D
C
O
D
(m

g 
C
O
D
/L
)

Time (day)

b) BHT

CODrem = 1142±10mg COD/L

Ct,COD = 1142  e
–0.31 t + 208

R2 = 0.98

0

400

800

1200

1600

2000

0 5 10 15 20 25 30

D
C
O
D
(m

g 
C
O
D
/L
)

Time (day)

c) BE

Ct,COD = 1410  e
–0.45 t + 153

R2 = 0.99
CODrem = 1410±15 mg COD/L

0

400

800

1200

1600

2000

0 5 10 15 20 25 30

D
C
O
D
(m

g 
C
O
D
/L
)

Time (day)

d)

BHT

BE

BWT

Figure 4. Changes in the DCOD concentrations with BWT, BHT, and BE. First-order kinetic models
(black lines) for DCOD removal are provided on (a–c), the changes in DCOD concentration from BHT,
BE, and BWT (d).
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The initial intensive decrease in DCOD content with BWT, BHT, and BE was associated
with intensive daily methane production. The DCOD concentration with BWT decreased
moderately from 1062.50 ± 6.40 mg COD/L to a value over 800.50 ± 5.90 mg COD/L
in the first 2 days. Then, it remained at values above 340.00 ± 4.90 mg COD/L until
day 30. Similarly, the DCOD concentration with BHT dropped rapidly in the first 5 days
(from 1350.50 ± 14.60 to 400.20 ± 5.20 mg COD/L), after which it decreased only slightly
to 210.20 ± 2.40 mg COD/L. In contrast, the concentration of DCOD with BE peaked at
1570.50 ± 17.30 mg COD/L after 2 days, and then the concentration decreased significantly
to a value of about 180.40 ± 2.60 mg COD/L on day 12. After this, it remained stable until
the end of the process. However, at the end of the process, the DCOD concentration with
BWT was the highest (335.00 ± 4.20 mg COD/L), and the DCOD concentration with BE was
the lowest (160.50 ± 1.50 mg COD/L). This means that considering the initial and final
DCOD concentration, the amount of dissolved COD that was removed was lowest in case of
BWT and highest in case of BE (Figure 4a–c).

Figure 5a–c shows the changes in the organic matter (OM) content in I only, I+BWT,
I+BHT, and I+BE. Due to the addition of biowaste into the inoculum at the beginning
of the experiment, the OM content in I+BWT, I+BHT, and I+BE peaked at ca. 74% DM.
During measurements, the OM content in I+BWT decreased intensively during the first
7 days to 66.60 ± 0.50% DM, and then it only decreased slightly by the 18th day when
it reached ca. 65% DM. In I+BWT, during the measurements of methane production, the
overall removal of OM content was 8.68 ± 0.10% DM. However, with the pre-treatment
step, the OM content in I+BHT decreased sharply during the first 4 days from ca. 74% DM
to 66 ± 1.50% DM. In contrast, the OM content in I+BE decreased to 65.20 ± 1.23% DM
over 7 days. On the 11th day of the experiment, the OM content in I+BE reached a value
similar to that in I (ca. 64% DM) and remained at about the same level as in I until the end
of the measurements.

The OM removed from I+BE was the highest, around 11% DM, 20% higher than
the amount removed from BWT, and 13% higher than the amount removed from BHT
(Figure 5a–c). The use of the pre-treatment prior to AD of biowaste also affected the
effectiveness of OM removal. It was assumed that 100% effectiveness of OM removal
is when OM content in the I+BWT, I+BHT, and I+BE would equal OM content in variant
with I only. Thus, the highest efficiency of OM removal, more than 95%, was found with
the enzymatic additive. The highest effectiveness of OM removal and, consequently, the
lowest final content of OM with BE means that in this case the organics were degraded
most efficiently. In turn, it may mean that in technological scale more stable digestate can
be obtained.

The summary of the kinetic parameters of MP, DCOD and OM removal were provided
in Figure 6a–c. The first-order kinetic model accounted for nearly all of the variation in
methane production during the anaerobic digestion of biowaste (R2 > 0.98) (Figure 3a–c).
The maximal MP from BWT was equal to 239.4 ± 1.27 NL/kg OM. In this variant, the
kinetic coefficient of MP (kCH4) and the initial MP rate (rCH4) were lowest, 0.32 ± 0.02 d−1

and 76.8 ± 1.10 NL/(kg OM·d). The use of the pre-treatment step prior to AD affected
both (i) the maximal MP and (ii) the kinetic parameters of MP. After HT pre-treatment, the
maximal MP of BHT was 6% higher than that of BWT. However, when enzymatic additives
were added to the biowaste, the maximal MP from BE was the highest.
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Figure 5. Changes in the OM content in I+BWT, I+BHT, and I+BE. First-order kinetic models for OM
removal are provided (a–c) (arrows show the amount of OM removed). The dotted line refers to the
effectiveness of OM removal (E), taking into consideration that 100% effectiveness of OM removal is
when OM content in the I+BWT, I+BHT, and I+BE would equal OM content in I. The changes in OM
content from I+BWT, I+BHT, and I+BE (d).

Taking into consideration kinetic parameters, the kinetic coefficient of MP (kCH4) from
BHT was higher than that of BWT and BE (0.56± 0.02 vs. 0.32± 0.02 and 0.34 ± 0.02 d−1). Fur-
thermore, the initial methane production rate (rCH4) was highest for BHT at 141.8 ± 1.2 NL/
(kg OM·d) (Figure 6a). As mentioned, the use of biowaste after HT pre-treatment increased the
initial dissolved organics in the highest extent. This means that just from the beginning of the
measurements, the organic dissolved substances were easily available for microorganisms for
methane production. The use of the pre-treatment step prior to AD of biowaste affected both
(i) the amount of DCOD and OM that was removed during the period of digestion and (ii) the
kinetics of DCOD and OM removal (Figure 6b). The changes in DCOD concentration and OM
content during AD were described with a first-order kinetic model, which appeared to explain
these changes well (R2 values of 0.99) (Figures 4 and 5). In the case of BWT, the DCOD removed
during digestion was the lowest, equaled to 727.50 ± 5.00 mg/L. The kinetic parameters
were also the lowest. The kinetic coefficient of DCOD removal (kDCOD) was 0.15 ± 0.01 d−1,
whereas the rate of organic compound removal (rDCOD) was 112.00 ± 6.30 mg/(L·d). Af-
ter HT pre-treatment, the DCOD concentration removed was 57% higher than with BWT.
Moreover, with the enzymatic additive, the DCOD concentration removed was the highest
(1410.00 ± 25.00 mg COD/L). For BHT and BE, the kinetic coefficients of DCOD removal
(kDCOD) were 0.31± 0.01 and 0.45± 0.01 d−1, and the rates of DCOD removal (rDCOD) were
355.20 ± 4.20 and 638.70 ± 4.30 mg/(L·d), respectively.
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Figure 6. The kinetic parameters of (a) MP, (b) DCOD removal, and (c) OM removal.

In the case of BWT, the OM content removed was the lowest, equalizing to 8.68 ±
0.10% DM. The kinetic coefficient of the removal of OM content (kOM) was 0.20 ± 0.01 d−1,
whereas the rate of OM removal (rOM) was 1.74 ± 0.02% DM/d. After HT pre-treatment,
the OM content removed was about 7% higher than without pre-treatment. Moreover, the
OM content removed from BE was the highest (10.47 ± 0.20% DM). For BHT and BE, the
kinetic coefficients of OM removal were 0.35 ± 0.01 d−1 and 0.17 ± 0.01 d−1, and the rates
of OM removal were 3.24 ± 0.02% DM/d and 1.78 ± 0.02% DM/d, respectively (Figure 6c).

The kinetic parameters of methane/biogas production are shown in the literature.
However, the kinetic parameters of OM and of DCOD removal have been presented rarely.
For example, in our previous study, the kinetic parameters (MP and OM removal) during
biodegradation of food waste (FW) and green waste (GW) were determined, but DCOD
was not considered [29]. The authors found a lower rate and kinetic coefficient of organic
matter removal with green waste (GW) (0.91 ± 0.10 kg VS/(m3·d), 0.36 ± 0.02 d−1) than
with FW (2.99 ± 0.10 kg VS/(m3·d), 0.68 ± 0.02 d−1).

3.3. Energy Effectiveness of Methane Production from Biowaste without and after Pre-Treatment

The energy obtained from methane production from BWT was 2195.30± 0.10 kWh/ton
OM (548.13 ± 0.10 kWh/ton FM) (Table 3). The application of both pre-treatment methods
resulted in an increase in the amount of energy gained. A greater increase in energy
production of ca. 12% was gained with BE than it was gained with BWT. Regarding
hydrothermally pre-treated biowaste energy production, it was more than 5.8% higher than
without pre-treatment.
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Table 3. The energy effectiveness of MP from biowaste without and after pre-treatment.

BWT BHT BE

Methane production
NL/kg OM (m3/ton OM) 239.40 ± 1.27 253.36 ± 0.83 268.20 ± 1.37
NL/kg DM (m3/ton OM) 205.20 ± 1.21 217.30 ± 0.73 229.90 ± 1.37
NL/kg FM (m3/ton OM) 59.77 ± 1.50 63.30 ± 1.30 66.97 ± 1.28

Energy production (ECH4)
kWh/kg OM (MWh/ton OM) 2.20 ± 0.01 2.32 ± 0.01 2.46 ± 0.01
kWh/kg DM (MWh/ton DM) 1.88 ± 0.01 1.99 ± 0.01 2.11 ± 0.01
kWh/kg FM (MWh/ton FM) 0.55 ± 0.01 0.58 ± 0.01 0.61 ± 0.01

Energy production assuming that 1 MJ equals 0.27 kWh
MJ/ton OM 7903.07 ± 42.15 8363.92 ± 27.46 8853.82 ± 45.33
MJ/ton DM 6774.06 ± 37.20 7173.51 ± 24.22 7589.46 ± 40
MJ/ton FM 1973.28 ± 9.36 2089.64 ± 10.17 2210.81 ± 12.64

Increase in production of methane and energy in
comparison to BWT (%) – 5.82 ± 0.20 12.03 ± 0.50

Banks et al. [39] calculated the net energy production from methane produced from
food waste (95.5% of source-segregated domestic food waste, 2.9% of commercial food
waste from restaurants and local businesses (including a small amount of whey), and 1.6%
grass cuttings) at 405 kWh/ton FM. This net recoverable energy considered energy con-
sumption for heating the anaerobic chamber (mesophilic conditions). Suhartini et al. [31]
estimated the electricity potential of biogas from food waste, without considering a com-
prehensive energy balance, at 307.2–473.8 kWh/ton. Despite the high organic matter
content in organic substrates, the energy production was much lower than those from the
present study.

Demichelis et al. [40] compared energy production from the following types of organic
waste: wastewater and sewage sludge, organic fraction of municipal solid waste, waste
from agricultural livestock, and waste from the food industry. The authors found that the
highest energy productions were obtained with wastes from the food industry, especially
dairy waste (12.9–13.6 kWh/kg) and olive and oil waste (11.6 kWh/kg). These high values
are related to the high content of proteins and lipids in these kinds of food industry waste.

4. Conclusions

The present study has shown that although separately collected biowaste effectively
produced methane, both pre-treatments allowed for obtaining higher MP and a higher rate
of MP compared to biowaste without pre-treatment. The highest MP, 268 NL/kg OM, was
obtained using the enzymatic additive (12.1% increase compared to BWT). However, the
hydrothermal pre-treatment had a greater effect on the kinetic parameters of MP (1.75-fold
increase in the kinetic coefficient of MP and 1.85-fold increase in the rate of MP compared to
BWT). The biowaste pre-treatments also affected the effectiveness of dissolved organics and
organic matter removal, as well as the kinetic parameters of these processes. The enzymatic
additive gave the highest effectiveness of OM removal and, in turn, the lowest final OM
content in the digestate. Both the highest MP and the lowest OM content in the digestate
mean that the enzymatic additive was most efficient in utilizing the organic matter in the
biowaste.
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