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Abstract

This study evaluates the biogas and methane production potential of three organic substrates, namely slaughterhouse waste,
camel dung, and brewery waste (brewers’ spent grain), to assess their suitability for anaerobic digestion and renewable energy
production. The evaluation was based on the physicochemical characterization of the substrates, including organic matter content
and carbon-to-nitrogen (C/N) ratio, which are recognized as key factors influencing microbial activity, process stability, and
methane generation. Fresh samples were analyzed using standardized laboratory methods to estimate theoretical biogas potential
together with expected biogas and methane vyields. Results show that physicochemical composition strongly affects
methanogenic performance. Camel dung exhibited high organic matter content and a favorable C/N ratio (20.2), resulting in a
methane yield of 111 Nm=3CH./t FM and good process stability. Its balanced nutrient composition provides favorable conditions
for methanogenic microorganisms, promoting efficient organic matter degradation and stable methane production. These
characteristics identify camel dung as the most suitable substrate for anaerobic digestion among those investigated. In contrast,
brewery waste showed the highest theoretical biogas potential (650 LN/kg OM) due to its high biodegradable organic matter
content. However, its low C/N ratio (5.4) increased the risk of ammonia inhibition, limiting methane yield to 75 Nm=3CHJ/t FM
despite its considerable energy potential. This finding demonstrates that a high theoretical biogas potential does not necessarily
result in high methane production when nutrient balance is unfavorable for microbial metabolism. Although slaughterhouse
waste had an optimal C/N ratio (23.3), it produced the lowest methane yield (32 Nm3CH./t FM), suggesting lower
biodegradability. This reduced performance may be associated with the presence of protein- and lipid-rich compounds capable
of generating inhibitory intermediates that negatively affect methanogenic activity and methane conversion efficiency. Overall,
camel dung appeared to be the most balanced substrate, while spent grain represents a promising energy-rich co-substrate and
slaughterhouse waste a complementary feedstock for co-digestion. Their complementary characteristics suggest that co-digestion
could optimize the C/N ratio, improve process stability, and enhance methane production. Analyses were conducted at the Biogaz
PlanET France laboratory.
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1. Introduction

Anaerobic digestion is a widely recognized biological tech-
nology for the treatment and energy recovery of organic waste
[1]. It converts biodegradable organic matter into biogas,
mainly composed of methane (CH4) and carbon dioxide (CO>),
through the successive action of different groups of microor-
ganisms [2]. This technology combines waste management
with renewable energy production, contributing to greenhouse
gas emission reduction by replacing fossil fuels in electricity
and heat generation. After upgrading to increase its methane
content, biogas can also substitute natural gas in gas distribu-
tion networks and the transport sector [3, 4].

The performance of anaerobic digestion strongly depends
on the physicochemical and biochemical characteristics of the
treated substrates. Parameters such as dry matter content, or-
ganic matter fraction, carbon biodegradability, biochemical
composition, and the carbon-to-nitrogen (C/N) ratio directly
affect process stability and methane yield [5]. Imbalances in
these parameters may lead to inhibitory effects, particularly
through ammonia accumulation or volatile fatty acid build-up,
thereby reducing methanogenic activity [6].

Animal manure exhibits different physicochemical proper-
ties depending on animal species, feeding practices, and ma-
nure management systems, all of which influence methane
production potential [7]. Livestock manure generally falls
within the recommended C/N ratio range for anaerobic diges-
tion (15-30) [8]. In addition, moisture content and total solids
concentration are key factors affecting methane production, as
these characteristics vary considerably according to manure
collection and handling methods [9].

Organic wastes from diverse sources have attracted increas-
ing interest as feedstocks for anaerobic digestion. Slaughter-
house waste presents a high energy potential because of its
richness in organic matter, although its biodegradability may
be limited by the complexity of its organic compounds. Camel
dung is commonly used in anaerobic digestion due to its fa-
vorable nutrient balance and its ability to maintain process sta-
bility [10]. Brewery waste (spent grain) is also considered a
promising substrate because of its high organic content and
significant energy potential.

The biochemical composition of substrates, particularly the
proportions of carbohydrates, proteins, and lipids, directly in-
fluences methane yield and substrate biodegradability. Lipid-
rich substrates generally exhibit higher methane production
potential because of their high energy density [11, 12]. When
experimental digestion tests are unavailable, the theoretical
methane potential estimated from physicochemical and bio-
chemical characteristics provides a reliable approach for as-
sessing substrate suitability in anaerobic digestion projects
[13].

Therefore, this study aims to evaluate and compare the bio-
gas and methane production potential of three organic sub-
strates: slaughterhouse waste, camel dung, and brewery waste
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(spent grain). Experimental analyses carried out at the Biogaz
PlanET France laboratory were used to investigate the influ-
ence of substrate physicochemical characteristics on methano-
genic performance. The objective was to identify the most
suitable substrate and assess the potential of these feedstocks
for maximizing methane production within anaerobic diges-
tion and co-digestion strategies.

2. Materials and Method

2.1. Sample Description

Three types of organic substrates were investigated in this
study. The substrates were collected from three distinct sites
located in the city of N'Djamena, selected based on their avail-
ability and potential for biogas production.

Slaughterhouse waste (Figure 1a) was collected from the
Walia slaughterhouse, located in the Walia area in southern
N'Djamena (12.081814 °N, 15.095276 °E). Sampling was car-
ried out directly at the site to ensure representativeness and
minimize any alteration of the material.

Camel dung (Figure 1b) was collected from a fé&ik (no-
madic livestock camp) also situated in southern N'Djamena
(12°03'45.4" N, 15°06'16.5” E). This site was selected due to
the abundance of this resource within local pastoral systems
and its recognized methanogenic potential.

Finally, brewery waste (brewers’ spent grain) (Figure 1c)
was collected from the Farcha brewery, located in the indus-
trial zone of the Farcha district in N'Djamena (12°07'51.8" N,
15°00'49.2" E). These lignocellulosic residues generated dur-
ing the brewing process are of particular interest because of
their high content of biodegradable organic matter.

All samples were collected following a rigorous sampling
protocol designed to preserve their initial physicochemical
characteristics prior to laboratory analyses.

(b)

(a)

Figure 1. (a) Slaughterhouse waste, (b) Camel dung, and (c) Brew-
ery waste (brewers’ spent grain).

(c)
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2.2. Methods

2.2.1. Sample Preparation

The substrates were collected in their fresh state and sub-
sequently homogenized to ensure analytical representative-
ness. Slaughterhouse waste was mechanically ground to re-
duce particle size and improve the accessibility of organic
matter to microorganisms. Camel dung was cleaned of
coarse impurities (sand and stones) prior to homogeniza-
tion. Brewery waste (brewers’ spent grain) was stored un-
der controlled conditions to minimize biological degrada-
tion before analysis. Sample preparation and homogeniza-
tion constitute essential steps to ensure the reliability of
physicochemical analyses and the estimation of methano-
genic potential.

2.2.2. Physicochemical Analyses

The analyses were performed on fresh matter (FM), dry
matter (DM), and organic matter (OM) using standardized
methods. The parameters analyzed included: dry matter (DM),
organic matter (OM), total nitrogen, ammoniacal nitrogen, to-
tal organic carbon, total lipids, and total carbohydrates. These
parameters are essential for characterizing substrates intended
for anaerobic digestion and for estimating their theoretical me-
thane production potential [12].

2.2.3. Carbon-to-Nitrogen Ratio (C/N)

The carbon-to-nitrogen (C/N) ratio is a fundamental indica-
tor of a substrate's suitability for anaerobic digestion. A bal-
anced C/N ratio promotes efficient microbial activity. Carbon
serves as the primary energy source for anaerobic microorgan-
isms, whereas nitrogen plays a crucial role in microbial
growth and biomass synthesis. The C/N ratio reflects the over-
all nitrogen availability, the accumulation of ammoniacal ni-
trogen released during digestion, the formation of volatile
fatty acids within the digester, and the nutrient status of the
feedstock. Microorganisms require an appropriate C/N ratio
for their metabolic processes; therefore, anaerobic digestion
performance is highly sensitive to this parameter. According
to most studies reported in the literature, the optimal C/N ratio
ranges from 20:1 to 30:1, with a value of approximately 25:1
generally considered ideal for bacterial growth and process
stability [14].

2.2.4. Estimation of Theoretical Biogas Potential

The theoretical biogas potential corresponds to the maxi-
mum volume of biogas that can be produced from biode-
gradable organic matter. This potential can be estimated
from the biochemical composition of the substrate using

conversion coefficients established in the scientific literature.

[15] Several studies have demonstrated that the biochemical
composition of substrates strongly influences methane pro-
duction.
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2.2.5. Biogas Yield

Biogas yield was expressed as Nm?-t* of fresh matter and
calculated from the specific biogas production potential rela-
tive to the organic matter content of the substrate. This ap-
proach is based on the principle that biogas production is pro-
portional to the biodegradable organic fraction, generally ex-
pressed as volatile solids, and that the methanogenic potential
can be estimated from the biochemical or elemental composi-
tion of the substrate using stoichiometric relationships or con-
version coefficients reported in the literature [16].

2.2.6. Methane Yield

Methane yield was determined from the total volume of bi-
ogas produced while taking into account the volumetric frac-
tion of methane, according to the following relationship:

Rena = Rpiogaz X Fena 1)

Where:

1) Ry, 1S the methane yield,

2) Rpiogaz 1s the biogas yield, and

3) Fcy, IS the volumetric methane fraction.

This method is widely used to express the actual energy
production potential of biogas. Methane content generally
ranges from 45% to 75%, with typical values between 50%

and 70%, depending on the substrate characteristics and the
operating conditions of the anaerobic digestion process [17].

3. Results and Discussion

3.1. Physicochemical Characterization and
Biochemical Properties of the Investigated

Substrates
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Figure 2. Distribution of dry matter and organic matter content in
the substrates: slaughterhouse waste (Sample 1), camel dung (Sam-
ple 2), and brewer’s spent grain (Sample 3).

Figure 2 presents the physicochemical characterization of
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the substrates, which is essential for assessing their suitability
and potential for anaerobic digestion. Camel dung (Sample 2)
exhibited the highest dry matter content (approximately 59%)
and organic matter content (approximately 48%). These high
values are associated with its richness in lignocellulosic fibers,
which may, however, slow down the biodegradation process
in the absence of appropriate pretreatment. [18]. Nevertheless,
co-digestion has been identified as an optimal strategy for en-
hancing biogas production, improving process stability
through pH regulation, and reducing the risk of inhibitory ef-
fects during anaerobic digestion [19].

The results indicate that camel dung exhibits the highest or-
ganic carbon content (approximately 27%), followed by brew-
ery waste (approximately 11%) and slaughterhouse waste (ap-
proximately 7%). The high carbon content observed in animal
manure may be attributed to the presence of lignocellulosic
residues derived from partially digested plant fibers, particu-
larly cellulose and hemicellulose [20]. Consequently, animal
manures are considered substrates rich in biodegradable or-
ganic matter and are widely used in anaerobic digesters either
as primary feedstocks or as biological inocula.

However, the presence of lignocellulosic compounds may
slow down the hydrolysis stage, which is often regarded as the
rate-limiting step in anaerobic digestion. Recent studies have
shown that fiber-rich substrates frequently require optimiza-
tion strategies, such as co-digestion or pretreatment processes,

to enhance their biodegradability and methane production per-
formance.

Brewery waste (brewers’ spent grain) exhibits an interme-
diate organic carbon content. This agro-industrial residue is
mainly composed of fibers, proteins, and fermentable organic
compounds, making it a promising substrate for biogas pro-
duction. Several recent studies have reported that the anaero-
bic digestion of brewers’ spent grain can achieve high me-
thane yields and improve organic matter removal efficiency
when co-digested with other organic substrates [21].

Slaughterhouse waste shows the lowest organic carbon con-
tent in Figure 2. This may be explained by its high moisture
content and its composition, which is predominantly charac-
terized by proteins and lipids rather than structural carbon
compounds. Nevertheless, this waste stream possesses a high
energy potential, since lipid degradation can generate substan-
tial amounts of methane.

Table 1 presents the results of the physicochemical analysis
of the different substrates investigated in this study. It summa-
rizes the parameters measured for each sample analyzed in the
laboratory. To facilitate data interpretation and comparison,
each set of results is associated with a specific substrate type.
Sample 1 corresponds to slaughterhouse waste, Sample 2 rep-
resents camel dung, and Sample 3 refers to brewery waste
(brewers’ spent grain). All results are summarized in the table
below.

Table 1. Organic carbon content, total nitrogen content, and C/N ratio of the studied substrates.

Substrates Organic Carbon (C)
Sample 1 7

Sample 2 27,3

Sample 3 11,4

The characterization of organic carbon (C), total nitrogen
(N), and the C/N ratio constitutes a key indicator of anaerobic
digestion performance. The results show that camel dung
(Sample 2) exhibits the highest carbon content (27.3%) and a
balanced C/N ratio (approximately 20.2), which is favorable
for methanogenic microbial activity [21]. Indeed, a C/N ratio
ranging from 20 to 30 is generally considered optimal for en-
suring stable biogas production and preventing nutrient limi-
tations.

Slaughterhouse waste (Sample 1) exhibits a C/N ratio of
23.3, which also falls within the optimal range, despite its
lower absolute carbon and nitrogen contents. This suggests a
suitable nutritional balance for microbial growth. However, its
high protein and lipid contents may lead to the formation of
ammonia and inhibitory fatty acids when the organic loading
rate is excessive [22]. Recent studies have shown that these

Total Nitrogen (N) C /N Ratio
0,3 23,3
1,35 20,2
2,11 5,40
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substrates often require co-digestion to mitigate such inhibi-
tory effects and improve process stability.

In contrast, brewery waste (Sample 3) exhibits a very low
CI/N ratio (approximately 5.40), indicating a relative excess of
nitrogen. This condition is unfavorable for anaerobic digestion
because it promotes the accumulation of free ammonia, which
inhibits methanogenic archaea and reduces methane yield [23].
Recent studies further confirm that C/N imbalances can result
in a significant decrease in biogas production and compromise
process stability [23, 24].

The comparative analysis highlights a clear complementa-
rity among the substrates. Camel dung, which is rich in carbon
and fibrous materials, can compensate for the carbon defi-
ciency of brewery waste, while slaughterhouse waste provides
readily biodegradable energy-rich compounds. This synergy
forms the basis of co-digestion, which is widely recognized as
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an effective strategy for optimizing biogas yield. Recent re-
search has demonstrated that adjusting substrate mixtures can
significantly enhance methane production and improve the
overall performance of anaerobic digesters [23].

The results presented in Table 1 indicate that only Samples
1 and 2 provide conditions favorable for stable anaerobic di-
gestion, whereas Sample 3 requires adjustment through co-di-
gestion. Therefore, combining these substrates represents a
relevant approach for optimizing the C/N ratio and maximiz-
ing biogas production.

3.2. Comparative Analysis of Biogas Potential
and Methanization Performance of the
Investigated Substrates

The results presented in Figure 3 reveal significant differ-
ences among the three substrates in terms of biogas potential,
biogas yield, and methane yield. These variations primarily
reflect differences in the biochemical composition and bio-
degradability of the substrates, which are recognized as key
factors governing anaerobic digestion performance [25].

mmm Biogas potential - 200
600 - Biogas yield
mm Methane yield L 175
500 4 - 150
= L =
= 400 4 125 i
o =
- 100
= 300 E
3 z
-l L 75
200 4
- 50
100 4 L 25
0 - -0
Sample 1 Sample 2 Sample 3
Substrates

Figure 3. Comparison of the biogas potential (blue), biogas yield
(orange), and methane yield (green) of the three substrates.

Sample 1 exhibited a moderate biogas potential (~450
LN/kg OM), associated with a relatively low biogas yield (59
Nm3 CH4/t FM) and a limited methane yield (32 Nm?® CHa/t
FM) compared with the other substrates. This overall poor
performance suggests a reduced biodegradability of the or-
ganic matter, likely due to the presence of complex or poorly
hydrolysable compounds. Indeed, the accumulation of com-
pounds such as long-chain fatty acids may inhibit methano-
genic activity and reduce conversion efficiency [26].

In contrast, Sample 2 showed the highest biogas and me-
thane yields, reaching approximately 202 Nm3/t FM and 111
Nm?3 CH/t FM, respectively, despite having a biogas potential
of about 420 LN/kg OM. This observation reflects excellent
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biodegradability and a high efficiency of organic matter con-
version. These performances may be attributed to a composi-
tion rich in readily biodegradable substrates and to environ-
mental conditions favorable for microbial activity. Recent
studies have demonstrated that the adaptation of microbial
communities can improve methane yields by nearly 25%,
highlighting the importance of biological factors in the anaer-
obic digestion process [26].

Sample 3 exhibited the highest biogas potential (~650
LN/kg OM), but intermediate biogas and methane yields (137
Nm?3 CH4/t FM and 75 Nm® CH4/t FM) were respectively,
compared with Sample 2. This discrepancy between theoreti-
cal potential and actual yield indicates the presence of refrac-
tory organic fractions, particularly lignocellulosic compounds,
which limit hydrolysis and methane conversion. This behavior
is consistent with recent literature reporting that lignocellu-
lose-rich substrates often require pretreatment to improve di-
gestibility and enhance methane production [27].

4. Conclusions

This study aimed to evaluate the methanogenic potential of
three distinct organic substrates, namely slaughterhouse waste,
camel dung, and brewery waste (brewers’ spent grain). The
assessment was based on their physicochemical characteriza-
tion and the theoretical estimation of their biogas production
potential. The results highlight the decisive role of biochemi-
cal composition and the carbon-to-nitrogen (C/N) ratio in de-
termining both the stability of the anaerobic digestion process
and the efficiency of methane production.

The comparative analysis revealed that camel dung pro-
vides the most favorable conditions for anaerobic digestion.
Its balanced C/N ratio (approximately 20.2) falls within the
optimal range for methanogenic microbial activity. This sub-
strate also exhibited the highest biogas and methane yields,
reaching 202 Nm3/t FM and 111 Nm® CHa/t FM, respectively,
indicating stable and efficient biological conversion.

In contrast, brewery waste displayed the highest theoretical
biogas potential owing to its high content of biodegradable or-
ganic matter. However, its low C/N ratio (approximately 5.4)
indicates an excess of nitrogen, which may lead to ammonia
accumulation, causing partial inhibition of methanogenic mi-
croorganisms and consequently limiting the effective methane
yield.

Although slaughterhouse waste exhibited a C/N ratio within
the optimal range, it showed the lowest methanogenic perfor-
mance. This can be explained by the presence of proteina-
ceous and lipid-rich compounds whose degradation may gen-
erate inhibitory substances such as ammonia and long-chain
fatty acids.

Overall, the results demonstrate a functional complementa-
rity among the investigated substrates. Camel dung contrib-
utes to the biological stability of the process, brewery waste
provides a high energy potential, and slaughterhouse waste
serves as an additional source of organic matter. Therefore,
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co-digestion appears to be a promising strategy for optimizing
the C/N ratio, improving biodegradability, and maximizing bi-
ogas production.

Abbreviations

FM  Fresh Matter
DM Dry Matter
OM Organic Matter
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