
Citation: Buivydas, E.; Navickas, K.;

Venslauskas, K.; Žalys, B.; Župerka, V.;

Rubežius, M. Biogas Production

Enhancement through Chicken

Manure Co-Digestion with Pig Fat.

Appl. Sci. 2022, 12, 4652. https://

doi.org/10.3390/app12094652

Academic Editors: Silvia Tabasso and

Emanuela Calcio Gaudino

Received: 7 April 2022

Accepted: 3 May 2022

Published: 6 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Biogas Production Enhancement through Chicken Manure
Co-Digestion with Pig Fat
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Abstract: Chicken manure and pig fat are found abundantly around the globe, and there is a
challenge to get rid of them. This waste has considerable energy potential to be recovered into
fuel, but extracting this energy from some by-products, especially fat, isn’t an easy task. When
anaerobic digestion technology stepped to the level of anaerobic co-digestion, the utilisation of hardly
degradable waste became feasible. Our research was conducted on anaerobic co-digestion of chicken
manure as the primary substrate with pig fat as a fat reach supplement in a semi-continuous mode
at different organic load rates. The influence of fat waste on the process of biogas production from
chicken manure and the composition of the obtained products was determined using an organic
load rate of 3.0–4.5 kg VS·(m3·day)−1. A sturdy and continuously growing biogas production was
observed at all organic load rates, implying the synergetic effect on chicken manure and pig fat
co-digestion. The highest specific methane yield, 441.3 ± 7.6 L·kg VS−1, was observed at an organic
load rate of 4.5 kg VS·(m3·day)−1. The research results showed that co-digestion of chicken manure
with pig fat is an appropriate measure for fat utilisation and contributes to the increase in biogas
yield, methane concentration, and overall methane yield at investigated organic load rates.

Keywords: anaerobic co-digestion; manure; fat; biogas production; methane concentration; methane
yield; biogas production efficiency; biomethane; volatile solids

1. Introduction

Nowadays population around the globe continues to grow and has reached almost
8 billion by the end of 2021, according to Daniela Palacios-Lopez et al. [1], and the projected
human population of 9.8 billion is anticipated by 2050 [2]. This growing number of people
will require an increase in global crop production to fulfil food demand, leading agricultural
lands or productivity (croplands and animal productivity) to increase [3]. According to
the statistic source [4], the worldwide number of animals and chickens is rising every year,
satisfying a share of the food demand of the growing world population [2]. The number
of chicken birds only hikes year on year and has increased more than three times in the
last 20 years. Meat production and consumption have increased worldwide in recent
years too, and it is expected to grow up to 366 × 106 tonnes by 2029 [5]. If we take for
instance the pork industry in the European Union (EU) only, the number of slaughtered
pigs reached 256 × 106 in 2019 [5]. The animal amount that remains after processing and
is unfit for human consumption can reach 25–50% wet animal basis [6,7]. These residues
are known as animal by-products and consist mainly of wastes of cattle, sheep, pigs, goats,
chickens, turkeys, and a few other animal wastes [8]. We can use a part of these by-products
as a source for pets’ feed and other purposes, but bones and fats remain in significant
amounts unused.
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All the mentioned waste (manure and by-products) can be transformed into energy in
the so-called “waste-to-energy” (WtE) method, because this way leads us to clean and safe
energy production, contributing to the mitigation of the harmful environmental impact
created by fossil fuel usage [9]. Since livestock manure has been processed in various ways,
its detrimental effect on the environment has been mitigated [10,11]. However, utilisation
of some waste and by-products is a problem, which involves scientists finding different
energy production approaches from such waste materials. Still, it remains a challenging
task of recognising a better WtE technological solution [8,12]. Through the WtE method,
the demand for renewable energy rises every year because many countries signed the Paris
agreement [13] and have decided to reduce greenhouse gas (GHG) emissions in favour of
more clean and sustainable energy sources. This movement is promising, as it will address
the environmental issues and energy shortage more efficiently for future generations [14].
It is obviously predicted that agricultural production, contributing to many other sectors,
will grow by almost 50% by 2050 when compared to 2012 to meet this rising demand for
food, fibre, and energy [15]. For this reason, agriculture is also considered one of the largest
sectors that can produce a high amount of biomass, which as a source is an important input
for the circular bioeconomic [16].

While the agricultural sector plays a strategic role in improving the availability of
food [17], on the other hand, it is among the most significant drivers of global environmen-
tal change in the Anthropocene and a substantial emitter of greenhouse gases [3]. Recent
research [18] showed that farming was responsible for approximately 16–27% of all an-
thropogenic emissions. Agriculture more or less emits waste at every stage of production.
Emission starts from seed preparation and occurs in storage, processing and production
distribution [18], generating an abundance of agricultural waste: crop residue, livestock
by-products, agro-industrial and aqua-culture waste [16]. So, agriculture’s relation with
other sectors is significant and requires different research approaches from several sides
and an appropriate waste management system.

The main objective of the waste management systems is dealing with energy and
material recovery and the discarding of residues. It is also a quest for a regulatory arrange-
ment on conserving the environment in the area of concern and selecting decent technology
for waste handling with all the essential standards for effective operation. So far, there
are many available techniques for degradable waste transformation to energy, which we
could assort into groups according to the standard method of technology: the group of
thermal conversion (incineration, gasification, pyrolysis, etc.), the group of biochemical
conversion (anaerobic digestion (AD), ethanol fermentation, etc.), the group of chemical
and mechanical treatment, and the group of new trends of WtE technologies [9]. What
exact technology we choose depends on our needs, the possibility of implementing that
technology, local regulations for that technology, and WtE conversion’s effectiveness.

So far, processed fat could be used as a renewable fuel [8], but burning that kind of
matter does not help to meet the Green energy targets of the European Union [19] and Paris
agreement [13] because flue gas contaminates the environment with nitrogen oxides and
solid particles. According to the literature [20,21], livestock by-products, mainly generated
from the meat processing industry, are sustainable feedstock for the synthesis of biodiesel
production [20,21]. Other authors [22] also have noted that biodiesel could be made from
broadly available animal fat wastes (also called lipid-rich wastes [22]) instead of vegetable
oils. This way is a more promising and sustainable method, allowing elimination of the
need for crops in the debate of food vs. fuel simultaneously. Still, in the EU, there is a
gap between the centralised and industry-level facilities targeting lipid-rich wastes. As a
consequence, these substrates are often disposed of uncontrolled instead of being re-used
for WtE conversion to biogas under anaerobic digestion. It should be emphasised that the
production of biogas from lipids is increasing in popularity among anaerobic digestion
studies, and biogas production could be considered as the appropriate way for producing
bioenergy from anaerobic digestion in the frame of modern bioeconomy, too [23].
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So far, AD is a well-known technology and an effective method for dealing with
animal manure. This technology is a good measure for organic waste utilisation, pollution
and greenhouse gas emission reduction, renewable energy production, and digestate as
valuable fertiliser used in agriculture [24]. As was mentioned, the fermentation of animal
and chicken manure is considered an appropriate option for the management of such waste.
However, the high organic nitrogen content (30 g·kg−1 fresh weight) and low carbon-to-
nitrogen (C/N) ratio (7:1) [25] is a major drawback that inhibits the anaerobic process.
In such cases, even at a low organic load, the ammonia concentration can exceed the
inhibition threshold and cause process interruption [25]. In this case, improving the C/N
ratio with carbon-rich additives can help to optimise co-digestion. The latest studies show
that animal manure can be well co-digested with other biodegradable organic materials
such as fat waste, producing renewable fuel–biogas and the organic fertiliser–digestate.
It is predicted that adding other materials can increase the total solids’ (TS) concentration,
causing difficulties in pumping and mixing the digester substrates [26]. Depending on
the TS content of the feedstock, anaerobic digestion can be categorised into wet anaerobic
digestion with a TS content <10%, semi-dry anaerobic digestion with a TS content ranging
from 10 to 20%, and dry anaerobic digestion with a TS content ≥20% [24].

The quality of feedstock conversion to biogas characterises the efficiency of AD conver-
sion systems. According to the literature [27], the AD conversion efficiency is generally high
at low organic loads (OLRs), because microorganisms access nutrients well. Still, too low
OLR can cause low activity of microorganisms due to inadequate provision of nutrients
for their metabolism, and conversion efficiency drops. On the other hand, the conversion
efficiency can also drop at high OLR because of microbial inhibition and nutrient washout.
According to the same literature [27], the AD system registers the highest specific biogas
potential vs. consumption at critical OLR, where the substrate conversion efficiency reaches
75%. Any OLR value that suppresses efficiencies below 70% is regarded as sub-optimal.
In those cases, OLRs are either too high or too low [27,28].

The main task of this study was to investigate the possibility of fat waste usage
for biogas production enhancement throughout the anaerobic co-digestion with manure.
Relying on co-digestion synergy, which can be possible between the primary substrate and
supplements added, the biogas was produced from chicken manure in co-digestion with
pig fat, determining the changes in biogas production parameters at different OLRs.

2. Materials and Methods

The research was performed in an anaerobic continuous feeding bioreactor with
controlled environmental conditions to treat chicken manure and pig fat at the biogas
laboratory of Vytautas Magnus University, Agriculture Academy. Anaerobic co-digestion
opportunities and challenges associated with this substrate and supplements were identi-
fied by analysing factors that affect digestate composition, digestion process, biogas and
methane yield, and methane concentration in biogas. The biogas production efficiency of
the anaerobic process was evaluated relating to the reactor OLR.

2.1. Material Preparation for Experiments

Experimental materials were composed of chicken manure (RM) and thermally pro-
cessed pig fat (FAT). The chicken manure (droppings only) was collected from a large-scale
ecological farm. The required amounts of manure for the entire research were collected
at once, packed into 400 g tight plastic boxes, and stored in a freezer at −18 ◦C until the
experiment ended. Pig fat was taken away from a fat trap of a meat processing company
for the entire research at once. The material obtained was thermally processed, obtaining a
liquid fraction of fatty matter. The liquid fraction of melted fat was separated by a sieve,
poured into a 3 kg plastic container, and stored in a refrigerator at +5 ◦C. The solid remain
of melted fat was left at the slaughterhouse. The inoculum for anaerobic digestion was
obtained from a local wastewater treatment plant (WWTP) and, while it was fresh, poured
into the laboratory reactor.
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The composed feeding material (FM) is given in Table 1. The first feeding material of
experiment OLR3.0 was prepared from chicken manure, diluting manure with tap water.
This feeding material corresponded to the initial OLR of 3.0 kg VS·(m3·day)−1. Every
following feeding material of experiments OLR3.5, OLR4.0, and OLR4.5 was prepared with
the fat added to the initial feeding material of 3.0 kg VS·(m3·day)−1 by increasing the OLR
in steps 0.5 kg VS·(m3·day)−1.

Table 1. Feeding material composition.

Experiment FM Description OLR, kg VS·(m3·Day)−1 FM Mass, g

OLR3.0 RM + water 3.00 399.4
OLR3.5 RM + water + fat 7 g 3.50 406.4
OLR4.0 RM + water + fat 14 g 4.00 413.4
OLR4.5 RM + water + fat 21 g 4.50 420.4

Every single dose of feeding mass for the reactor was prepared one day before the
reactor feeding time and kept in a refrigerator until feeding. The needed amount of chicken
manure at a temperature of about 5 ◦C was weighed on laboratory scales, diluted with hot
tap water of about 45 ◦C to obtain appropriate dry matter for digestion and a temperature
of 30–35 ◦C of the substance. Just before feeding the reactor, the substance was agitated and
poured into the reactor. The feeding material dose was added once a day to the bioreactor.
The digestate was removed before feeding the reactor. The reactor was fed with diluted
chicken manure substance for 30 days for obtaining the chicken manure-based digestate.
At the end of this stage, the digestate was analysed for the chemical composition and
physical features. The chicken manure co-digestion with pig fat was started after stabilised
digester performance for 10 days. Additionally needed amount of the fat at a temperature of
about 5 ◦C was weighed, added into the prepared chicken manure substance, and agitated,
obtaining melted fat and a homogeneous substance for the reactor feeding.

2.2. Laboratory Equipment and Instruments

The biogas production experiment took place in the continuous feeding BTP-2 lab-
oratory biogas pilot reactor (Umwelt- und Ingenieurtechnik GmbH, Dresden, Germany)
(Figure 1). The airtight reactor construction fully ensured anaerobic conditions, and the
heating controller ensured the reactor operation under the mesophilic temperature of
37.0 ± 0.5 ◦C. Entire biogas production lasted 90 days, including a ten-day run-up of the
digestion process. A similar run-up duration was observed in the study [29], with semi-
continuous anaerobic co-digestion of food waste with chicken manure. The semi-automated
laboratory bioreactor system consisted of a 15-L glass vertical reactor (a reactional volume
of 14 L) with electrical heating, an electric mixer, a biogas volume meter, and a biogas
storage tank. The mixing cycle and temperature of the biogas reactor substrate were con-
trolled automatically by the heating controller. The temperature and pH of the substrate
and biogas yield data were recorded by a reactor programmable logic controller and stored
in the internal database. The produced biogas was continuously counted with the RITTER
TG 0.5 PLASTIC (Dr.-Ing. RITTER Apparatebau GmbH & Co. KG, Bochum, Germany,
measurement accuracy ±0.5%) drum-type volumetric biogas flowmeter and continuously
collected in a 25 L RESTEK (Restek Corporation, Bellefonte, PA, USA) bag of 25 L volume.

The collected biogas once a day was manually disconnected from the reactor and anal-
ysed with an AwiFlex biogas analyser (Awite Bioenergie GmbH, Langenbach, Germany,
measurement: CH4 0–100%, ±0.2%; CO2 0–100%, ±0.2%; O2 0–25%, ±0.2%; H2S 0–10,000 ppm,
±5 ppm; H2 0–40,000 ppm, ±5 ppm). The spare bag was instead connected. Samples of the
reactor feeding materials were weighted manually on electronic scales KERN EG4200-2NM
(Kern & Shon GmbH, Balingen, Germany, accuracy ±0.02%). The pH of the raw material
and the digested substrate was determined during each loading with a Hanna PH213 m
(Hanna Instruments Ltd., Woonsocket, RI, USA, measurement accuracy ±0.01). Manure, fat,
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and digestate samples were sent to the accredited Agrochemical Research Laboratory of the
Lithuanian Research Centre for Agriculture and Forestry for detailed composition analysis.
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with insulation; 5—Heating controller; 6—Temperature sensor; 7—pH electrode; 8—Biogas output
port, 9—Gas volume meter; 10—Monitor and computer; 11—Biogas valves; 12—Two gas bags;
13—Biogas analyser; 14—Feeding port; 15—Substrate drain valve; 16—Digestate sampling port;
17—Moister meter; 18—Manual operation (biogas and digestate convey to analysis).

2.3. Biogas Production at Different OLRs

Biogas production at different OLRs was performed in four experiments (OLR3.0,
OLR3.5, OLR4.0, and OLR4.5). Each experiment has been named as a stage (Stage I, Stage II,
Stage III, and Stage IV) of the entire research. The first research stage was dedicated
to digestate preparation, starting the digestion process and biogas production from raw,
diluted chicken manure. The further three stages were dedicated to biogas production from
raw, diluted chicken manure co-digestion with pig fat. In the first research stage, the reactor
was fed with chicken manure at an OLR of 3.0 kg VS·(m3·day)−1. This OLR value was
selected based on results and suggestions of an earlier study reported in [27,30]. In this case,
the daily feeding input of the reactor consisted of 158.7 g of chicken manure and 240.7 g
of hot tap water, setting up the total solods of feeding material of 10.5% and ensuring
efficient substrate mixing and the appropriate distribution of organic matter inside the
digester. The fat was used and added to the reactor in the further stages. The research with
fat addition was conducted at three organic load rates: 3.5, 4.0, and 4.5 kg VS·(m3·day)−1.
When biogas production had been stable for ten days, as suggested by [31], the composition
of drained digestate was analysed for total solids (TS) and volatile solids (VS) determination.
Such measurements of VS and TS allowed finding the OLR value when the increase of
biogas production stopped [27], and further increasing of OLR would be less effective.

2.4. Analytical Objects

The entire anaerobic digestion process consists of many different parameters [27,32].
At first, the chemical composition and physical properties of raw material, feeding material,
and drained digestate were analysed. Several essential parameters of biogas were used to
indicate the biogas production process and to calculate the biogas production efficiency
parameters. The chosen process indicatory parameters for biogas were: volumetric raw
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biogas production per day (Bdt), methane concentration in the raw biogas (Cm), and hydro-
gen sulphide concentration in the raw biogas (Cs). The methane yield (Mfm) obtained from
the feeding material mass—L·kgFM−1, the specific methane yield (Mts) obtained from the
feeding material total solids—L·kgTS−1, and the specific methane yield (Mvs) obtained
from the feeding material volatile solids—L·kg VS−1 were calculated for comparative
analysis of the results by the modified equations [25]:

Mfm = Cm·100−1·Bdt·m−1 (1)

Mts = Cm·100−1·Bdt·mts
−1 (2)

Mvs = Cm·100−1·Bdt·mvs
−1 (3)

where Bdt—the volume of biogas produced during the time interval (dt), in litres; m—the
feeding material mass, kg; mts—the mass of total solids of the feeding material, in kilograms;
mvs—the mass of volatile solids of the feeding material, in kilograms; Cm—the methane
concentration in biogas, as a percentage.

The methane yield Mfm is an important parameter for calculations of the efficiency of
biogas plant production. The specific methane yield Mts obtained from total solids allows
the comparison of the same material containing different amounts of water. The specific
methane yield Mvs is the most important parameter for comparing any feeding materials
because Mvs indicates the possible extent of biodegradable material and shows how
much material will degrade, depending on specific material chemical composition and
physical features.

Basically, the biogas energy is determined by methane concentration in biogas. In our
research, the methane energy value obtained from biomass biological conversion under
anaerobic conditions EBG was calculated using ISO6976:2016 standard [33] to determine
the parameters of a gas mix by formula:

EBG = Σ(En·Cn·100−1) (4)

where En—the energy value of single gas presented in the biogas under standard conditions,
MJ·(m3)−1; Cn—the concentration of single gas presented in the biogas, as a percentage.

According to ISO6976:2016, the calculation of natural gas energy evaluates the influ-
ence of any single gas presented in the natural gas mixture (biogas belongs to the gas mix).
Every single gas has different properties, and each single gas influences the value of gas
mix energy. In commercial gas (natural gas, biomethane, and biogas, too), the important
parameter is Wobbe Index, which is not in a linear expression, thus it significantly changes,
depending on carbon dioxide concentration especially. However, the high and low energy
values of gas mixture depend less on other gases of the mixture and biogas energy usually
is calculated by a simplified formula with an expression of methane energy multiplied by
methane concentration in biogas only. The difference of such energy calculation is low
when compared to ISO6976:2016 standard (less than 0.15%), and it is possible to calculate
by the simplified formula [25].

The normality of the distribution and the differences between the variables were
found from a sequence of the following measurement at the same OLR. After a change of
OLR, the process stabilises within several days, and the biogas was produced with some
deviations. In our experiment, we calculated the average value of the variable and the
standard deviation at each OLR.

3. Results and Discussion
3.1. Raw Materials’ Characteristics

The main characteristics of materials used for anaerobic digestion and also found in
similar studies [3,26,34–36] prescribe a content of total solids (TS), volatile (VS), carbon
and nitrogen ratio (C/N), total ammonium nitrogen (TAN), total sulphur (S), and others,
depending on study objectives. The composition of chicken manure (RM) and pig fat (FAT)
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exposed with anaerobic digestion in our experiments are given in Table 2. The features of
the material investigated in our study were: TS and vs. content, total carbon, total nitrogen,
total sulphur, and pH value. The TS content of the chicken manure we took away from a
farm and investigated was 37.75% of raw material mass basis (RM); the VS Content—26.46%
of RM; the total carbon—26.80% of RM; the total nitrogen—2.36% of RM; the TAN—0.55%
of RM. According to the literature, chicken manure contains a high nitrogen concentration
contributing to further TAN formation in a digested substrate [35,37,38]. Subsequently,
the increase of TAN in digestate can inhibit biogas production. Sometimes, this inhibition
leads to a complete stop of biogas production, as described in studies where nitrogen-
rich materials were used [35,39,40]. The pH of RM was 7.80, indicating a slight move to
alkaline substances. It is predictable because the higher TAN in the material influences its
pH [38,41]. The chemical element of total sulphur was 0.39% of RM. Sulphur contributes
to unwanted and harmful pollutant formation in biogas production—hydrogen sulphur
(H2S). In our case, the total sulphur wasn’t as high as in the cases where protein-rich
materials were used for biogas production [42]. Pig fat mainly consisted of VS content
(99.96% of RM), which was constituted by high carbon amount (86.0% of RM). Such a high
number of VS concentrations allowed us to use pig fat in low amounts for OLR increases.
Furthermore, the high amount of carbon helps to improve the C/N ratio; thus, biogas
production increases [24,26,27,43]. The analysis of fat properties shows that fat consists of
two times more sulphur than the chicken manure we used, but such an amount of sulphur
slightly changes the overall sulphur percentage in the feeding dose because of a small
fraction of fat added.

Table 2. Physical and chemical parameters of raw material (wet matter basis).

Parameter Description
Material Analysed

RM FAT

Total solids (TS), % 37.76 ± 0.62 99.98 ± 0.01
Volatile solids (VS), % 26.45 ± 0.27 99.96 ± 0.02

Total carbon (C), % 26.8 ± 0.3 86.0 ± 0.1
Total nitrogen (N), % 2.36 ± 0.12 0.93 ± 0.10

C/N ratio 11:1 93:1
Total sulphur (S), % 0.39 ± 0.28 3.16 ± 0.15

Ammoniacal nitrogen (TAN), % 0.55 ± 0.15 n/d
pH 7.80 ± 0.03 n/d

n/d—Not determined.

3.2. Biogas Production at Different OLRs

Biogas production was carried out in anaerobic digestion under mesophilic conditions.
This digestion process involves a metabolism hierarchy between microbial populations,
where the hydrolysing bacteria, acetogens, acidogens, and methanogens are the leading
players. All microbes differ in morphology, optimum growth conditions, final product
formation, sensitivity to changing microenvironments, and require personal conditions
to survive. All those conditions are widely described in scientific literature, but authors
continue new findings in relations between microbes and investigate obstacles in their
lives [44–47]. Therefore, the monitoring and controlling of essential biogas production
parameters ensures a healthy balance between microbial populations responsible for dif-
ferent processes. The task of achieving a steady, effective, and productive anaerobic
digestion process is a driver in finding improvements for biogas production in both our
and other studies [48–50].

The first and highly important parameter of biogas production is the biogas yield
at any biogas production scale. Figure 2 depicts the daily raw biogas production rate
throughout the entire experiment. The four stages presented in the diagram of clustered
columns indicate the biogas production change at different OLRs. In the first experiment
stage, the biogas production started at OLR 3.0 kg VS·(m3·day)−1 on the basis of a WWTP
inoculum, adding diluted chicken manure.
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On the first day of the experiment, the biogas production rate was the lowest,
but increased within the following days. However, the growth was not steep, and the
biogas production range reached the highest value of 491.2 L/kg VS on the seventh day of
the experiment. This slower growth of biogas yield can be explained due to the change of or-
ganic matter of feeding material from WWTP sewage to chicken manure. When the feeding
material changes, the microbe population needs time to adapt to new organic structures and
for the new population development, as reported by literature [34,35]. After a run-up of ten
days, the biogas production rate stabilised at the average value of 434.2 ± 34.7 L·kg VS−1,
which became a reference for further experiments. In the second stage, when OLR was
increased to 3.5 kg VS·(m3·day)−1 by fat addition, biogas production started slowly to grow
and reached the highest value of 557.2 L·kg VS−1, but finally settled on an average biogas
production rate of 494.4 ± 42.2 L·kg VS−1. This slow growth of biogas production rate
can be explained due to the change of organic matter of feeding material after fat addition.
The microbe population needs time to adapt to new organic structures and time for the new
population to be developed because microbe populations differ in different environments,
as reported by [51]. Some studies reported this phenomenon [38,52,53] too, and according
to the authors, there is a lag in the biological activity of microorganisms living on certain
digestion products in the biogas reactor [43,51,54].

In the two following stages of the experiment, when OLR was increased to 4.0 and
4.5 kg VS·(m3·day)−1, the increase in biogas production rate was steeper at the beginning
of OLR change than in the previous stages of the experiment. The duration of reaching the
highest biogas production rate value was shorter and lasted five days in the third stage
and three days in the fourth stage. This greater performance of biogas production can be
explained by relying on the same literature mentioned above. In these cases of the third
and fourth stages, the organic composition of feeding matter was the same as in the second
stage, with only one exclusion of fat concentration, which had been changing because of
the increasing of OLR. In the third and fourth stages, germs did not need to adapt to new
organic matter but had to adjust to the new OLR of the feeding material only. Every OLR
increase with fat addition contributed and corresponded to a biogas yield increase at all
OLRs. The average biogas production at an OLR of 4.0 and 4.5 kg VS·(m3·day)−1 was
629.1 ± 29.9 and 708.4 ± 14.5 L·kg VS−1, respectively. A pick of biogas yield rate was
obtained at the OLR of 4.5 kg VS·(m3·day)−1, reaching 733.8 L·kg VS−1.

3.3. Main Changes in Biogas Composition

The methane concentration in biogas is undoubtedly the second important parameter
of biogas production. However, any single gas in biogas composition plays a role when
biogas is used either for burning, purification, or other purposes. Almost in all further use
of biogas, because it is treated as a substitute for natural gas, biogas contaminants such
as hydrogen sulphide (H2S) and water vapour have to be always removed. According
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to the literature [49], in conventional continuously fed biogas reactors or biogas plants
under anaerobic conditions, the methane concentration usually varies between 55% and
65%. In some cases, the methane concentration can reach up to 70% [55], depending on
feeding material composition, digestion conditions, and activity of the microbiological
community [56–58]. In a review [59], we can even find numbers of methane concentrations
reaching up to 80%.

The CH4 and H2S concentrations (Cm and Cs) of daily biogas produced have changed
throughout the research (Figure 3). In the stage of OLR 3.0 kg VS·(m3·day)−1, the Cm
was the highest at the beginning of the experiment, when we started feeding the rector
with diluted chicken manure only, but within several days this slightly dropped, and the
value settled on an average of 57.8 ± 1.4%. This value of Cm, such as biogas production
rate, was used as a reference for the following experiments. The drop of Cm value can
be explained due to the change of organic matter of feeding material [34,35], such as the
run-up of biogas production rate was explained. In the second stage, when we added fat
to the feeding material for an OLR increase to 3.5 kg VS·(m3·day)−1, the Cm value lifted
and, after reaching the highest level of 61.1%, settled on an average level of 59.0 ± 1.3%.
The ramping up of Cm value at the beginning of the stage was longer than in other stages,
indicating the bacterial community change, referring to the publications [60,61]. In the third
stage, after OLR increased, the Cm value lifted too and reached the highest level of 63.2%.
The lowest Cm value was reached at a level of 59.0%, and the average-level of 61.5 ± 1.0%.
In the fourth stage of the experiment, at OLR of 4.5 kg VS·(m3·day)−1, we observed the
highest average Cm value of 62.3 ± 0.5%.
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Meanwhile, the Cs value in biogas had reversed curve character when compared to
the Cm value curve. The H2S always presents in biogas because sulphur presents in feeding
material in more or fewer amounts [35,38,49,62,63]. Even a low concentration of H2S is
toxic to methanogens, and researchers are still trying to find techniques that could mitigate
the sulphur impact on biogas production [62,64]. This means that biogas production
requires the constant monitoring of H2S concentration and finding control measures to
avoid inhibition of the digestion process. Fat addition did not increase H2S concentration
in biogas, and we did not need additional measures to be applied for H2S reduction. If the
Cm value rose at any OLR increase, the Cs value dropped with every OLR increase in all
our experiments. This decrease in Cs can be explained because the sulphur percentage in
feeding material mass did not change after fat addition. The sulphur formation rate was
left at the same level while the CH4 and CO2 production in biogas increased. This increased
amount of biogas diluted H2S gas and diminished H2S concentration. The second parameter
influencing the H2S concentration in biogas is the pH of the substrate, because the pH
of the substrate determines gaseous H2S and ionic HS− relations in the substrate [65].
In our experiment, the H2S change strongly corresponded to the reverse of the Cm change
(p < 0.05). The authors of another study [35] claim similar results. In the first stage of our



Appl. Sci. 2022, 12, 4652 10 of 17

research, the Cs value was the highest, but during the experiments almost halved. The pick
of the Cs value 3479 ppm was spotted in the first stage, when digesting diluted chicken
manure only, but the Cs dropped after each OLR increase. At the end of the research,
the lowest Cs value was observed. It reached 2045 ± 39 ppm on average when chicken
manure was co-digested with pig fat at OLR of 4.5 kg VS·(m3·day)−1. Such a constant drop
of H2S in biogas showed that pig fat addition augmented biogas quality, and less treatment
expenditure of biogas would be needed in further biogas usage.

3.4. Biogas Production Indicators

The change of the methane yield Mfm, specific methane yield Mts, and Mvs on an aver-
age daily biogas basis at different OLRs is given in Figure 4. In our study, the methane yield
Mfm (Figure 4a), the methane yield Mts (Figure 4b), and the methane yield Mvs (Figure 4c)
increased at every OLR after fat addition. The highest methane yield obtained from the
daily biogas basis corresponded to the highest OLR of 4.5 kg VS·(m3·day)−1. At this OLR,
the Mfm, Mts, and Mvs were on average 154.6 ± 3.1 L·kg FM−1, 343.2 ± 6.8 L·kg TS−1 and
441 ± 7.1 L·kg VS−1, respectively. However, the change of FM mass (biomass) at this OLR
was comparatively low because the added fat increased the FM mass by 5.26% only.
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The experiment results also showed that the methane production curve resembled
the biogas production curve. This similarity was due to the counting of methane yield by
Formula (4), where two essential components (biogas yield and methane concentration)
played a role and determined methane yield. Biogas yield increased more considerable
than methane concentration, and the methane yield curve repeated the curve character of
biogas yield. Although methane concentration increased too, its increase was too weak to
remarkably influence methane yield curve character.

According to the studies reviewed [66–69], carbon-rich material addition to the di-
gested substance significantly affected the methane concentration increase, but we could
not increase methane concentration in our experiment as expected. From our point of view,
the Cm is a very important parameter if biogas is used in biogas upgrading and biomethane
is produced. As much methane raw biogas consists of less energy and other expenditures,
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we will need further methane purification technologies. Despite the fact that we had a low
increase of Cm, overall, the methane yield increase met our expectations.

Figure 5 illustrates the average energy value of biogas obtained, Eb, and the average
energy value obtained from feeding material Efm at different OLRs was investigated.
In evaluating the energy potential of biogas produced, the experiment showed that the
energy of one cubic meter of biogas increased at every OLR. The result was the best at the
highest OLR of 4.5 kg·(m3·day)−1, reaching 25.9 ± 0.2 MJ·(m3)−1. The highest biomass
energy value obtained from one kilogram of feeding material was 6.43 ± 0.05 MJ·kgFM−1

at the same OLR of 4.5 kg·(m3·day)−1. The reference energy values were obtained in the
first stage at OLR 3.0 kg·(m3·day)−1; 23.1 ± 0.6 MJ·(m3)−1, and 2.63 ± 0.07 MJ·kgFM−1,
respectively. In our study, the energy of biogas increased at every OLR. This increase was
not proportional to the rise of fat addition, showing a synergistic relationship between the
primary feeding material and added supplement. The other studies also describe a similar
synergetic phenomenon [70,71].
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Basically, fat addition to chicken manure improved biogas production, and an increase
in many parameters were observed (Table 3). According to the methodology of this study,
the increase (in percent) of OLR and the feeding material mass directly depended on
added fat quantity. Still, the specific methane yield Mvs was not proportional to OLR
increase. At OLR 3.5 kg·(m3·day)−1, the Mvs and OLR ratio was around 3:2, but at the
OLR 4.5 kg·(m3·day)−1, this ratio became much higher and reached more than 4:2. So,
this change to a higher ratio at higher OLR implied the synergistic relationship between
primary feeding material and added supplement.

Table 3. Indicators of biogas production.

Parameter
Experiment

OLR3.0 OLR3.5 OLR4.0 OLR4.5

OLR increase, % n/a 16.7 28.6 37.5
FM increase, % n/a 1.75 3.51 5.26
Cm increase, % n/a 5.20 7.96 9.57
Mvs increase, % n/a 25.1 55.8 77.3

n/a—The parameter is not available.

3.5. Fat Influence on Digestated Substrate Changes

Biogas production depends on many digested substrate features and digestion process
conditions in anaerobic digestion. We can monitor and instantly control some process
factors, such as substrate flow, temperature, or agitation. However, monitoring and con-
trolling the digestion process depending on the change in substrate features and bacteria
behaviour is not easy. The analysis of substrate features and parameters is needed to follow
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digestion process performance and stability factors. The most analysed parameters for that
purpose are the TS, VS, pH, and TAN.

3.5.1. Digestate pH and TAN

While the composition of the digested substrate impacts microbe population growth
and nourishment for biogas production, the pH of the digestate supports acclimatization
of the bacteria population and facilitates the uptake of specific nutrients for organisms.
Furthermore, the pH of the anaerobic digester affects the mass transfer rate, thus impacting
digestion performance. The carbohydrates, lipids, and proteins supply nutrients to mi-
croorganisms, maintaining a carbon-to-nitrogen ratio (C/N). The proteins are the primary
source of nitrogen upon degradation into ammonia. The free ammonia (NH3) and ammo-
nium ions (NH4

+) are the degradation end-products of the protein: amino acids and urea.
For example, a high level of proteins can come from meat products, leading to a lower
C/N ratio and process instability. In the substrates containing a high concentration of am-
moniacal nitrogen, pH determines the free ammonia (NH3) and ionized ammonia (NH4

+)
ratio [72] and free hydrogen sulphide (H2S) and ionized sulphide (HS−) ratio as well. When
pH goes down, the inhibition of H2S can occur; when it goes up, the inhibition of NH3 can
occur. H2S plays a role in digestate and biogas. Ammoniacal nitrogen (N-NH4

+), as total
ammoniacal nitrogen (TAN), acts in digestate. In the biogas, the gaseous NH3 presents only
in low concentrations [25]. Such concentrations do not make an essential impact on biogas
quality and do not restrict biogas from being used. Additionally, TAN does not change
significantly even at higher OLRs and can remain relatively stable throughout the entire
biogas production period.

According to a study [73], the anaerobic digestion process can proceed well around
TAN of 6000 mg·L−1, but it is also reported in another study [74] that TAN concentration
can increase to 8000 mg·L−1 because methanogens are able to acclimatize to increasing
TAN with time. In our experiments, TAN was at the level of 3500–4600 mg·L−1 and did
not play any role in inhibiting the digestion process. Some literature [65] suggested a pH
of 6.8–7.5 as suitable for the methanogen population in manure co-digestion. However,
through our experiment, the pH value was in the range of 7.8–8.0, and the digestion process
seemed to be stable with no inhibitions. The highest pH value of 8.0 ± 0.1 on average was
observed in the fourth stage at the highest OLR when biogas yield rate and Cm value were
the highest too. The pH value of 7.8 ± 0.1 on average was the same in the first three stages.

3.5.2. TS Reduction and VS Consumption

The TS reduction and VS consumption in the digested substrate after being drained
from the reactor are given in Figure 6. The best performance of TS reduction and VS
consumption was observed in the stage of 4.0 kg VS·(m3·day)−1. The TS reduction and
the VS consumption were the greatest and reached 70.3 and 74.7%, respectively. However,
the worst performance of TS reduction and VS consumption was observed in the stage of
4.5 kg VS·(m3·day)−1. At this OLR, we expected to get much better TS reduction and VS con-
sumption because biogas yield reached the highest level of the entire experiment. However,
in our experiments, we found the VS consumption at OLR of 4.5 kg VS·(m3·day)−1 less
effective than at organic load rates of 3.5 kg and 4.0 kg VS·(m3·day)−1. The TS reduction
and the VS consumption at OLR 4.5 kg VS·(m3·day)−1 reached 63.1 and 66.4%, respectively.
It was even below what was observed at the lowest OLR of 3.0 kg VS·(m3·day)−1 when only
diluted chicken manure was digested. This indication of worse digestion stopped us from
going to higher OLR, avoiding reactor overload. Overload of the reactor with further OLR
increases can lead to decreased biogas production. Other authors [49,50,75,76] described
such reactor overloading processes in their studies. In our study, the best performance of
TS reduction and VS consumption was at the OLR of 4.0 kg VS·(m3·day)−1.
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The changes in the TS and VS concentration at the end of each research experiment are
given in Table 4. Both parameters indicate around the same values in the first three experi-
ments (OLR3.0, OLR3.5, and OLR4.0): TS reduction is around 5.43%, and VS consumption
is about 3.70%. In the last experiment at OLR of 4.5 kg VS·(m3·day)−1, TS reduction and VS
consumption became significantly worse at 7.11 and 5.03, respectively. However, the biogas
production was still increasing, but a further increase in TS and VS concentration in the
digestate could impact biogas production.

Table 4. Digestate TS and VS concentration.

Parameter
Experiment

OLR3.0 OLR3.5 OLR4.0 OLR4.5

TS, % 5.28 ± 0.46 5.68 ± 0.31 5.32 ± 0.21 7.11 ± 0.59
VS, % 3.95 ± 0.28 3.72 ± 0.19 3.42 ± 0.12 5.03 ± 0.22

The similar change in the tendency and character of TS and VS justifies that TS
and VS are relevant parameters. The results of TS measurement we can obtain within
a few hours after the digestate is drained, the instruments for TS evaluation are pretty
simple, not expensive, and every biogas plant and laboratory can afford to have them
on hand. However, the VS measurement results are more complicated, requiring costly
instruments, and obtaining the results after a few days. Many biogas plants and even
some academic laboratories cannot afford VS analysers and buy outsourcing services from
larger-scale laboratories instead. Obtaining analysis this way extends VS measurement
time and does not allow the making of any rapid corrections to the digestion process
if VS analysis indicates the bad performance of the digestion process. Relying on our
experiment and following other authors [76], we recommend monitoring TS reduction
constantly or regularly as often as possible in real-scale biogas plants as a measure for
reactor overload prevention.

4. Conclusions

Though fat is a biodegradable organic material, it decomposes very slowly, and anaero-
bic digestion of single fat is impossible. However, the research results showed that pure pig
fat used in co-digestion with chicken manure was feasible, justifying fat waste utilisation
possibility through anaerobic co-digestion.

Pig fat as a supplement for primary substrate increased organic load rate in the biogas
reactor and significantly enhanced biogas production, contributing to biogas yield, methane
concentration, and overall methane yield increase in the biogas at all organic load rates
investigated. In our case, fat addition directly and significantly impacted the rise of biomass
energy obtained. The highest biogas yield of 246.9 ± 5.8 L·kg VS−1, the highest methane
concentration of 62.3 ± 0.5%, and the highest biomass energy of 6.43 ± 0.05 MJ·kg FM−1
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obtained corresponded to the highest OLR of 4.5 kg VS·(m3·day)−1. However, the increase
in the biogas calorific value was weak because fat addition did not change the methane
concentration significantly.

The inhibitory indicators such as hydrogen sulphide concentration in biogas and total
ammonia nitrogen in the digestate were presented in low concentrations and did not play
an essential role in biogas production quality. The pH of digestate being on a stable level
(varied in the range of 7.8–8.0) also justified that fat addition did not show any signs of
possible process inhibition.

Despite overall biogas production increase at each OLR investigated, the TS reduction
and VS consumption were the greatest at an OLR of 4.0 kg VS·(m3·day)−1, reaching 70.3
and 74.7%, respectively. However, the TS reduction and the VS consumption dropped at
OLR of 4.5 kg VS·(m3·day)−1 to the lowest level of the entire research, reaching 63.1 and
66.4% only. This drop implied further OLR increases, with such pig fat addition approaches
to limit the effective digestion process and, subsequently, biogas production. According
to our research results, the TS reduction and VS consumption could be highlighted as the
monitoring indicators for biogas production performance as an additional measure for
predicting the efficiency of substrate co-digestion. Optimising costs of expensive substrate
material analysis, TS only can be analysed by controlling digestion process efficiency
instead of both (TS and VS) because TS and VS changes in the digestate have the same
tendencies and are related parameters.

In our work, waste management problems, the demand for renewable energy, and the
lack of appropriate utilisation technology of fats still exist. The extensive literature on the
so-called FOG (fat, oil, grease) utilisation issues shows that scientists are still searching
for new, sustainable, and effective ways to solve such global problems. Our research
targeted the implementation of anaerobic co-digestion in existing and new-built chicken
manure driven biogas plants. The results of our work provide new knowledge about the
process investigated, revealed parameters to be controlled for obtaining additional value in
a commercial scale, and environmental benefits in having a new option to solve the FOG
utilisation problem.
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58. Dębowski, M.; Zieliński, M.; Kisielewska, M.; Kazimierowicz, J. Evaluation of Anaerobic Digestion of Dairy Wastewater in an
Innovative Multi-Section Horizontal Flow Reactor. Energies 2020, 13, 2392. [CrossRef]

59. Kasinath, A.; Fudala-Ksiazek, S.; Szopinska, M.; Bylinski, H.; Artichowicz, W.; Remiszewska-Skwarek, A.; Luczkiewicz, A.
Biomass in Biogas Production: Pretreatment and Codigestion. Renew. Sustain. Energy Rev. 2021, 150, 111509. [CrossRef]

60. Schwan, B.; Abendroth, C.; Latorre-Pérez, A.; Porcar, M.; Vilanova, C.; Dornack, C. Chemically Stressed Bacterial Communities in
Anaerobic Digesters Exhibit Resilience and Ecological Flexibility. Front. Microbiol. 2020, 11, 867. [CrossRef]

61. Stiborova, H.; Strejcek, M.; Musilova, L.; Demnerova, K.; Uhlik, O. Diversity and Phylogenetic Composition of Bacterial
Communities and Their Association with Anthropogenic Pollutants in Sewage Sludge. Chemosphere 2020, 238, 124629. [CrossRef]

62. Forouzanmehr, F.; Solon, K.; Maisonnave, V.; Daniel, O.; Volcke, E.I.P.; Gillot, S.; Buffiere, P. Sulfur Transformations during
Two-Stage Anaerobic Digestion and Intermediate Thermal Hydrolysis. Sci. Total Environ. 2022, 810, 151247. [CrossRef]

63. Marin-Batista, J.D.; Villamil, J.A.; Qaramaleki, S.V.; Coronella, C.J.; Mohedano, A.F.; de la Rubia, M.A. Energy Valorization of Cow
Manure by Hydrothermal Carbonization and Anaerobic Digestion. Renew. Energy 2020, 160, 623–632. [CrossRef]

64. Mahdy, A.; Song, Y.; Salama, A.; Qiao, W.; Dong, R. Simultaneous H2S Mitigation and Methanization Enhancement of Chicken
Manure through the Introduction of the Micro-Aeration Approach. Chemosphere 2020, 253, 126687. [CrossRef]

65. Ma, G.; Ndegwa, P.; Harrison, J.H.; Chen, Y. Methane Yields during Anaerobic Co-Digestion of Animal Manure with Other
Feedstocks: A Meta-Analysis. Sci. Total Environ. 2020, 728, 138224. [CrossRef]

66. Guo, H.; Zhao, S.; Xia, D.; Zhao, W.; Li, Q.; Liu, X.; Lv, J. The Biochemical Mechanism of Enhancing the Conversion of Chicken
Manure to Biogenic Methane Using Coal Slime as Additive. Bioresour. Technol. 2022, 344, 126226. [CrossRef]

67. Weiland, P. Biogas Production: Current State and Perspectives. Appl. Microbiol. Biotechnol. 2010, 85, 849–860. [CrossRef] [PubMed]
68. Rasapoor, M.; Young, B.; Brar, R.; Sarmah, A.; Zhuang, W.-Q.; Baroutian, S. Recognizing the Challenges of Anaerobic Digestion:

Critical Steps toward Improving Biogas Generation. Fuel 2020, 261, 116497. [CrossRef]
69. Koniuszewska, I.; Korzeniewska, E.; Harnisz, M.; Czatzkowska, M. Intensification of Biogas Production Using Various Technolo-

gies: A Review. Int. J. Energy Res. 2020, 44, 6240–6258. [CrossRef]
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