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Abstract

This research assesses the potential of composting and anaerobic digestion (AD) to convert laying hen manure into valuable
resources in Benin Republic, offering solutions to pressing environmental and agronomic issues. Field surveys revealed that
85% of farms use litter systems, producing 38.5 tons/month of manure, primarily managed by direct spreading (95% of
farmers), leading to plant burns and ammonia emissions. Physicochemical analysis showed litter manure (LM) had higher
organic matter (OM: 16.2% vs. 5.7%) and potassium (1.22% vs. 0.61%) than battery manure (BM), but both exhibited low
nitrogen (<1%) and imbalanced C/N ratios (5.4 - 15.8). Composting with sawdust improved C/N (17.5) and OM (37.9%),
meeting fertilizer standards. AD of LM yielded 32.6m3 biogas/ton, significantly outperforming BM (3.4 m3/ton). Kinetic
modeling identified the modified logistic model (R? = 0.993) and first-order kinetic model (R ? = 0.999) as best describing
biogas production, respectively for LM and BM, with LM showing biphasic degradation of complex organics. Temperature
profiles confirmed efficient composting, with thermophilic phases (>55°C for 15 days) ensuring hygienization. The results
underscore the promise of a dual-output system that generates renewable biogas alongside nutrient-rich compost. Optimal
amendments included LM (C/N 15.8, OM 16.2%), composted BM (N 1.64%, OM 34.7%), and sawdust-amended LM compost
(OM 37.9%, C/N 17.5). Digestates required further composting (N 0.07%, C/N 43.4). These findings advocate for replacing
direct spreading with circular economy approaches, emphasizing scalable C/N adjustment and substrate optimization for
West African contexts. Future research should pilot these methods with techno-economic analyses to facilitate adoption.
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goals.

Introduction

Poultry production, particularly the rearing of laying hens,
generates significant quantities of manure rich in organic matter
and nutrients"®. In Benin, a country with an economy
essentially based on agriculture and livestock®®, these manures
are continuously available, with a total population of 17,638,841
heads of poultry in 2023°.

However, the current management of animal waste in Benin,
mainly based on direct spreading or artisanal composting’?,
could be the source of major environmental problems, such as
soil pollution, greenhouse gas emissions (NH3; , N, O) and
plant burn due to unbalanced mineralization.

International and local regulations (FAO, EU, Beninese

standards...) govern the use of organic fertilizers, requiring
minimum nitrogen levels (N>0.5%), an optimal carbon/nitrogen
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(C/N) ratio (10-25) and an organic matter content (OM > 20%)
to ensure their agronomic effectiveness and limit environmental
impacts'®*®. However, raw manures or those poorly composted
can present marked imbalances, highlighting the need to
evaluate current practices in order to propose more efficient
recovery methods. Furthermore, Benin, like many developing
countries, faces an energy deficit, with limited access to
renewable sources despite resources availability*®*.

The methanization (AD) of laying hen manures could offer a
dual solution: producing biogas (renewable energy source)
while generating stabilized or stabilizable digestates, usable as
organic amendments. This approach is part of a circular
economy logic, and directly support Sustainable Development
Goal (SDGs), particularly SDG 7 (Affordable and Clean
Energy) and SDG 13 (Climate Action).
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This study thus evaluates current practices for managing hen
manures, compares composting and methanization methods, and
suggests ways to optimize their recovery, considering aspects
related to agronomic interest and environmental, economic, and
social issues in a Beninese context.

Materials and Methods

Surveys and sample collections: We conducted surveys with
20 farms and 21 market gardeners in Atlantique, Benin, to
assess manure management practices.

Physicochemical characterization: Dry matter % (DM): The
dry matter content (Equation-1) was determined according to
European standard EN 14774,

M105°C
%DM =
Msample

x 100 1)

Total phosphorus: For total phosphorus analysis, we employed
the molybdenum blue method, where the sample undergoes acid
digestion (HNO; and HCIO, ) before spectrophotometric
determination at 880 nm*°,

Potassium: Potassium is determined using the atomic
absorption spectrometry (AAS) method. After acid digestion of
the sample, the digestate is injected into a spectrometer after
dilution, and the potassium concentration is detected by a
potassium-specific lamp®.

Total nitrogen: Total nitrogen is measured by the Kjeldahl
method?".

Organic matter content %OM: Following standard protocols,
organic matter content was ascertained by measuring the mass
reduction after heating the samples to 550 °C (Equation-2)%.

M105°C-M550°C
%OM = M105°C

Total organic carbon: Equation-3 was used
carbon content?®.

x 100 2
to determine

_ %OoM
%C= 1.724 ©)
Finally, the C/N ratio was determined from the N and C
contents.

These parameters were determined first for raw manures and
then for compost and digestive. Each parameter was determined
three times, and the means were calculated.

Compost Preparation and Monitoring: Four compost piles
were prepared on plastic tarps using either 30 kg of pure manure
or 45 kg of manure-sawdust mix (2:1 w/w). Each was layered,
starting with a moistened 10 kg base, followed by incremental
additions. Piles were covered with breathable fabric to retain
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moisture and heat. During the first two weeks, piles were turned
every 72 hours, followed by watering to maintain moisture;
afterward, both turning and temperature monitoring were done
weekly for the remainder of the three months®. Temperature
data were used to assess decomposition efficiency (Figure-1).

Anaerobic digestion: In four identical 500 ml plastic jerrycans
(two for each type of excreta), 1:1 w/w mixtures of each type of
excreta with water are made®, and these hermetically sealed
cans are connected to graduated test tubes via perfusers nozzles,
and filled with water to measure gas production. The amount of
the mixture in the first canister is less than that in the second to
study the reactor's effect on the gas production efficiency. Gas
production was recorded daily (every 24 hours) by measuring
the displacement of the water level in the test tubes for 91 days
(Figure-1).

Figure-1 (a&b): Compost piles; Figure-1 (c&d): Anaerobic
digestion sets.

Kinetic modeling: To control the experimental data and to
determine other important parameters for accuracy, four Kinetic
models (Equations 4-7) were applied to the cumulative gas
productions 2°%,

First-order kinetic model:

Pe(t) =P ma (1- e_at) 4)
Second-order kinetic model

Pc(t) =P max (1- e—(quaxt) %)
Modified Gompertz model

P e(1) =P macX exp (—exp (5o—(1~ D+ 1)) (6)
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Modifies Logistic

P
P C ( t) = 4Tl’c1ax
Pmax(}” —-t)+2)

()

1+exp(:

Where P (t), Prax > 0, W, k and A are respectively cumulative
biogas yield at time t (ml/g VS),ultimate biogas yield (ml/g VS),
first-order kinetic rate constant (day™), second-order kinetic rate
constant (g/ml.day), maximum biogas production rate (ml/g
VS/day) and lag phase time (day)

Static analysis tools: We evaluated differences in
physicochemical parameters using a one-way ANOVA (Python
3.12), preceded by the Shapiro-Wilk test to verify normality of
residuals. For datasets violating normality assumptions, the non-
parametric  Kruskal-Wallis’s test was applied instead.
Significant results (p< 0.05) were further analyzed with post hoc
tests: Tukey's HSD following ANOVA, and the Dunn test after
Kruskal-Wallis, to compare group means. Kinetic analyses were
conducted in Excel, while all graphical representations were
generated using Prism software (version 8.3.0).

Results and Discussions

Survey results: The survey results indicate that most (85%) of
farmers raise laying hens exclusively on litter system, compared
to 15% who have mixed battery and litter systems (Figure-2a).
This choice of system can be justified by its ease of installation
and affordable cost compared to the battery system, which
requires more investment.

Considering the twenty farms in the Atlantic, 38.5 bags of 50kg
of manure are generated per month per farmer, i.e. an average of
1.925 tons produced. At least 5 bags, i.e. 250 kg of manure, are
produced per month; this quantity can go up to 120 bags, i.e. 6
tons of manure, with a combined total production of770 bags,
representing 38.5 tons per month (Table-1). The quantity of
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manure produced on the farms varies depending on the size of
these farms.

Similarly, (Table-1) shows a varied but significant demand for
laying hen manures by market gardeners. On average, each
market gardener buys about 56 bags (2.8 tons) per month, with
individual quantities ranging from 2 bags (100 kg) to 500 bags
(25 tons) with a cumulative total purchase of 1175 bags,
representing 58.75 tons per month.

Furthermore, 55% of breeders sell their manures directly,
compared to 20% who use them as compost and 25% for direct
spreading (Figure- 2b). Among market gardeners, 95.24%
directly spread the manure, while only 4.76% compost them
before use (Figure-3c).

All farmers and market gardeners mentioned the burning of
plants and odor nuisance, while also mentioning the low-cost
accessibility and rapid growth of vegetables when the dejecta
are applied to the crops.

These surveys have revealed that laying hen manures are
available in large quantities and continuously, and their current
management remains ineffective, posing environmental
problems beyond those visible. Current ways of recovering
these manures, direct spreading or composting, do not explore
the full transformable and beneficial potential of animal waste
in general, particularly laying hen manures. This expresses the
need to provide scientific data on a comprehensive and efficient
way of valorizing waste for sustainable environmental
sanitation.

Physicochemical characteristics: Table-2 present the mean
values and the variation of the physicochemical parameters in
the samples considered in this study.

Table-1: Quantity of manure produced by breeder and purchased by market gardener per month.

Farm 1 2 3 4 5 6 7 8 9 10 | 11 | 12 13 14 | 15| 16 | 17 | 18 | 19 | 20 i
Production | 40 | 50 | 120 | 50 | 25 | 40 | 80 | 100 5 5 6 5 20 | 15 |15 | 12 | 90 | 30 | 50 | 12
Purchased | 20 | 10 2 100 5 50 | 15 | 30 100 | 25 1 40 | 500 | 20 | 10 | 50 | 25 | 60 | 12 | 10 g

Table-2: Means of physicochemical parameters on raw manures, composts and methanization digestates

BM LM CBM CBMS CLM CLMS DBM DLM p-value
DM% | 87.242+1.696 | 78.396+0.919 | 80.287+0.423 | 85.826+0.596 | 94.22+0.401 | 79.434+0.072 | 91.538+0.134 | 93.0680.107 | 2.35E-03
N% | 0.608+0.025 | 0.599+0.042 | 1.635+0.161 | 0.521+0.068 | 0.364+0.077 | 1.266£0.113 | 0.773+0.102 | 0.073x0.010 | 1.60E-10
P% | 0.054+0.004 | 0.064+0.001 0.06+0.003 0.062+0.009 | 0.072#0.013 | 0.042+0.005 | 0.0710.033 0.06£0.009 | 1.33E-01
K% | 0.606+0.089 | 1.217+0.139 0.42+0.161 0.284+0.068 | 0.897+0.077 | 0.361+0.113 | 0.462+0.102 | 0.584%0.010 | 1.93E-06
OM% | 5.73621.633 | 16.166+0.784 | 34.696+0.423 | 33.404+0.668 | 26.699+0.401 | 37.909£0.075 | 6.555:0.134 | 5.372+0.107 | 2.58E-03
C% | 3.327+0.948 | 9.377+0.455 | 20.126+0.423 | 19.376+0.611 | 15.487+0.379 | 21.989+0.121 | 3.802+0.134 | 3.116+0.107 | 5.65E-18
CIN | 5.427+1.346 | 15.755+1.603 | 12.398+0.901 | 37.791+4.659 | 44.126+7.531 | 17.493+1.384 | 5.034+0.876 | 43.401+5.358 | 8.53E-09
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Dry matter varied significantly (p<0.05) in the 8 samples, with
BM (87.2%) higher than LM (78.4%). In the composts and
digestates of these manures, the DM are 80.287%, 85.826% and
91.538% respectively for BM, CBMS, and DBM; then 94.22%,
79.434% and 93.068% respectively for CLM, CLMS, and DLM
(Table-2). These contents exceed a little bit the EU standards®.
Although these DM contents may promote better retention of
nutrients  (phosphorus, potassium), humidification before
spreading or mixing with the soil may be necessary before their
use as fertilizer.

Organic matter (OM) enhances soil fertility by supplying
nutrients, forming humus, and stimulating microbial activity***",
OM content varied significantly among manure types (p < 0.05).
Although the volatile organic matter content of LM is almost
three times that of BM (16.166 % versus 5.736 %), these
contents remain low compared to international standards and
well below those (69.74%) of chicken manure studied by Chen
et al.*2. Moreover, the difference between these values can be
explained by the nature of the system; manures litter are often
mixed with straw or wood shavings, which can increase the OM
content, unlike battery manures, which are exclusive and liquid.
Furthermore, the low OM levels in these manures can be
explained by the diet of laying hens, their metabolism, their
digestive types, their hydration and even the environmental
conditions in which they are raised®.

These contents are enriched during the composting of manures
to 34.696% and 33.404% respectively for CBM and CBMS;
then 26.699% and 37.909% for CLM and CLMS. These new
values are comparable to the quality standards of organic
fertilizers. The observed enrichment likely results from the
breakdown of complex organic compounds like lignin and
cellulose, a process that releases volatile organic compounds
(e.g., volatile fatty acids) and gases including ammonia.>**.

However, the OM content remains practically invariable for
digestates from the methanization of manure on battery 6.555%,
then drops to 5.372% for digestates from the methanization of
manure on litter. This depletion may lead to the digestates being
composted again.

Closely linked to organic matter, total organic carbon shows the
same trend and effects, with contents of 3.327% in BM and
9.377% in LM, both below standards and levels reported in
previous studies on poultry manure®*’.

The nitrogen concentration in animal manure is a critical factor
in selecting a recycling method, as it directly affects the
agronomic value and environmental footprint of the resulting
products. Nitrogen contents in both manures are similar (<1%),
with 0.608% in battery and 0.599% in litter, both below
international standards®*® and those reported by other
researchers®”*%*!,

These low concentrations are well suited for direct application
on nitrogen-rich soils or in low-demand systems like permanent
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grasslands and legumes***. The gradual mineralization of

nitrogen from these dejecta lowers the risk of nitrate (NO; ~)
leaching, making them more suitable for building soil organic
matter than for providing a immediate nitrogen boost*.
However, they may have a low impact on the nitrogen
requirements of crops and may require additional mineral
nitrogen fertilizer to meet the needs of plants. Also, these low
nitrogen levels reduce ammonia (NHs ) losses during the
composting process®, limit the formation of free ammonia
(NH3 ), and reduce the risk of inhibition of methanogens during
methanization®®.

Furthermore, C/N ratios of these raw manures are not
statistically different (p>0.05), 5.427 and 15.755, respectively,
for manures on battery and on litter.

These values are similar to those reported for chicken and
chicken manures with residues by Hwang et al.,*” and for
chicken dung*®.Regarding compliance, the C/N ratio for battery
manures was non-compliant with commercial fertilizer
regulations, while the ratio for litter manures was compliant.

Given their low nitrogen content and unbalanced C/N ratios,
battery manures may cause fertility issues and nitrogen losses,
potentially explaining burns reported by farmers. Their limited
carbon content hinders stabilization, leading to ammonia or
N, O emissions during spreading or composting, and toxic
NHs buildup during methanization. In contrast, litter-based
manures are more suitable for direct fertilization.

These findings show that direct manure spreading is neither
agronomically nor environmentally optimal, requiring carbon-
rich additives (e.g., straw, sawdust) to balance the C/N ratio.
Composting battery manures increased nitrogen to 1.635%,
though the C/N ratio (12.398%) showed no significant change
(p > 0.05). Still, this approach is more effective than direct use,
with improved N content and a higher C/N ratio compared to
some composted poultry manures reported in the literature®.

Sawdust addition significantly raised the C/N ratio to 37.79% (p
< 0.05), while nitrogen remained stable at 0.521% (p > 0.05),
potentially leading to crop nitrogen deficiency. In contrast,
methanization had little effect on nitrogen (0.073%) or the C/N
ratio (5.03%) (p > 0.05). Thus, digestates need composting or
co-composting to enhance nitrogen levels and balance the C/N
ratio before use as fertilizer.

For litter-based manures, composting and methanization
reduced nitrogen by 0.364% and 0.073%, while sharply
increasing C/N ratios to over 43%, indicating a need for
nitrogen supplementation before use. In contrast, sawdust
addition significantly raised nitrogen by 1.266% (p < 0.05)
without altering the C/N ratio (17.493%, p > 0.05), confirming
its suitability for compost improvement.

Phosphorus levels (Table-2) are low in all samples (<0.2% P or
0.5% P, Os ), slightly higher in metabolites than raw manure (p
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> 0.05). While supplementation with P-rich fertilizers may be
needed, these amounts support key functions like root growth
and stress resistance®®** without increasing leaching risks or
eutrophication®.

Potassium, vital for plant growth and stress resistance, ranged
from 0.284% to 1.20% (0.341% to 1.44% K, O) with
significant differences between samples (p < 0.05). Litter
manures contained about twice the potassium of battery
manures (p < 0.05). Composting didn’t affect potassium in litter
manure, but sawdust addition and methanization reduced it.
Potassium levels in battery manures remained stable, consistent
with®. These potassium levels are adequate for crops, possibly
needing minimal K, O fertilizer supplementation without risk
of leaching pollution.

Composts from battery manure have lower potassium and C/N
ratios but higher nitrogen and carbon than those from litter
manure. Sawdust addition lowers N and C in battery manure

Int. Res. J. Environmental Sci.

composts and raises their C/N ratio compared to litter composts.
Digestate characteristics mirror these trends, with higher
nitrogen but lower DM, potassium, and phosphorus in battery
manure digestates.

Among the eight samples evaluated according to FAO/EU
criteria. (C/N 10-25, N>0.5%, OM>20%), three profiles
emerged. Optimal amendments included LM (C/N 15.8, K
1.22%, OM 16.2%), CBM (N 1.64%, OM 34.7%) and CLMS
(OM 37.9%, C/N 17.5), which can be directly usable.
Amendments requiring correction included BM (C/N 5.4),
CLMS (C/N 37.8), DBM (C/N 5.0) and CLM (C/N 44.1),
requiring nitrogen-carbon rebalancing; DLM (N 0.07%, C/N
43.4) was found to be unsuitable as is and could be further
composted. This differentiation highlights the critical
importance of the C/N ratio and nitrogen contents for agronomic
and environmental efficiency. LM, CBM and CLMS samples
have the most suitable biochemical characteristics for
immediate use as high-performance organic amendments.

Composting

=3 BM B3 1M =

a)

Direct spreading

Composting

E=  Direct spreading

Sales E= Composting

Total=20 Total=20 Total=21
60
d)
§ 40—
j2d
2
o}
o
g
= 20 -~ CLM
- CBM
T -~ CLMS
== CBMS
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Figure-2: (a) type of farming system; (b) manure management by producer; (c) manure management by market gardener; (d)

composting temperatures.
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Temperature changes during manure composting were
monitored to evaluate compost quality (Figure-2d). The
mesophilic phase (<1 week) showed average temperatures of
26.3°C (litter manure), 26°C (battery manure), 26°C (litter+
sawdust), and 24.7°C (battery + sawdust) during initial
composting. Within this temperature range, mesophilic
microorganisms thrive, accelerating the breakdown of readily
available organic compounds like simple sugars and proteins™*.

The second phase, thermophilic one, did not follow the same
trend in the 4 different samples.

In the litter manures, there was a temperature jump of up to
58.5°C in the first 9 days after the mesophilic phase. This
temperature gradually decreased to 41°C over the following 15
days. Thus, after 24 days, microbial activity intensified,
promoting the rapid decomposition of complex organic matter
such as cellulose and hemicelluloses and ensuring the
hygienization of the compost by eliminating pathogens®.

However, for battery dejecta, this phase lasted only nine days in
total. In the first three days, the temperature jumped to 51.4°C
before dropping to 40.1°C over the following six days.

This significant difference in days and even temperatures can be
explained by the fact that litter manures contain more organic
matter and possibly more pathogens to decompose than manures
on battery. The organic matter contents of these samples
confirm this fact: 5.736% and 16.166%,respectively for manures
on battery and those on litter.

Furthermore, the maximum average temperature reached by
CLM is much higher than that reached by CBM during this
phase. This, combined with the relatively long duration (24 days
vs 9) of the phase by CLM, makes this type of compost more
effective for hygienization and more stable than CBM®® %,

In the case of litter manures mixed with sawdust, there was a
temperature jump of up to 50.2°C in the first six days after the
mesophilic phase; then, this temperature gradually decreased to
40°C three days later. The thermophilic phase, therefore, lasted
nine days in total.

In the raw battery-fed manure mixed with sawdust, there was a
temperature jump of up to 48.4°C in the first three days after the
mesophilic phase; then, this temperature gradually decreased to
42.5°C six days later. The thermophilic phase, therefore, lasted
a total of nine (9) days.

The maximum temperatures reached by the two types of dejecta
maintained with sawdust remained close but slightly lower than
those of the raw manures during the thermophilic phase having
the same duration (9 days). The addition of sawdust, therefore,
standardized the hygienization and stability of both types of
dejecta.
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Then the composts enter the final phase of cooling and
maturation, where the temperatures gradually decrease to
30.8°C and 27.6°C, respectively for raw manures on litter and
on battery, then 30.4°C and 24°C, respectively for manures on
litter and on battery mixed with sawdust.

During this last phase, the gradual reduction in temperature
enables mesophilic microorganisms to colonize and mature the
composts, resulting in a stable product rich in humic
compounds® . These results showed that battery dejecta reached
maturation earlier than litter dejecta.

Anaerobic digestion: Biogas production: In the case of battery
manure, biogas production increased rapidly to last only a few
days, 5 and 6 days respectively for BM-Water 1:1 w/w 1 and 2
(Figure-3). At the end of the process, biogas production is
68.032 ml/g VS i.e. 3.404 m * /ton of raw manure or 3.90E-03 m
® [kg DM for BM-Water 1:1 w/w (1), and 52.459 ml/g VS i.e.
2.625 m 3/t of raw manure or 3.01E-03 m % /kg DM for BM-
Water 1:1 wiw (2). These yields are negligible compared to
those estimated for Chicken litter in the works™.

Although these yields seem relatively low, it is noted that
reducing the substrate in the reactor has slightly improved the
gas production yield, with BM-Water 1:1 w/w (1) representing
75% of the BM-Water 1:1 w/w (2) in VS or raw manures.

Concerning the manures on litter, gas production starts quite
slowly and remains very low for about the first 10 days, then
increases progressively without stopping throughout the process
(Figure-3). At the end of the three months (91 days) considered
in this study, biogas production yield from LM-Water 1:1 w/w
(1) is 256.927 ml/g VS i.e. 32.562 m * /t of raw manures or
4.15E-02 m 3 /kg DM, whereas this yield is 147.391 ml/g VS i.e.
18.68 m 3 /t of raw dejecta or 2.38E-02 m % /kg DM for LM-
Water 1:1 w/w (2) .These yields are relatively good and even
comparable to those found for the co-digestion of food waste
and cow manure followed by rice straw co-digestion and poultry
droppings®”®.

Similarly to battery manure, substrate reduction in the reactor
considerably improved biogas yield, with LM-Water 1:1 w/w
(1) being approximately 65% of LM-Water 1:1 w/w (2) in VS
or raw manure. This finding implies the need to find the
optimum TS rate for improved yield as it indicates that too high
a TS rate can reduce digestion efficiency by limiting substrate
diffusion and too low a rate can dilute nutrients, reducing
microbial activity®’.

On stop days (5™ and 6™) of gas production by dejecta on
battery, the gas yields were 3.452 ml/g VS for LM -Water 1:1
w/w (1) and 2.525 ml/g VS and 2.841 ml/g VS for LM -Water
1:1 w/w (2), respectively. These data indicate that the
methanization of litter manures is energetically and
economically profitable compared to that of battery manure. It
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should be remembered that the amount of litter manure
methanized are even lower than those of battery manure.

The difference between the yields and the gas production rate of
the two types of excreta can be explained by daily biogas
production (Figure-3).

Daily biogas production from both samples of battery manure
reveals a single, well-pronounced peak during the first 24 hours
of methanization. This indicates that battery manure, despite its
low OM content, contains a significant proportion of easily
degradable organic matter such as simple carbohydrates, soluble
proteins, and lipids®".

On the other hand, for litter manures, the specific biogas

production indicates two distinct peaks. The first peak appears
300
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between days 19 and 21 for LM-Water 1:1 w/w (1) and day 14
for LM-Water 1:1 w/w (2). The second peak appears on days 45
and 33, respectively, for BM-Water 1:1 w/w (1) and (2). These
two distinct peaks are framed by other intermittent peaks.

The appearance of the first peaks suggests the degradability of
easily degradable organic compounds in these samples. The
second late peak and intermittent peaks could indicate the
decomposition of more complex compounds, such as fibers,
lignocellulose, etc., which take longer to be degraded into
simple compounds suitable for anaerobic digestion®.
Fluctuations and successive peaks may indicate delayed
solubilization and hydrolysis phases, where some organic
fractions become accessible after a period of acid fermentation,
exhibiting adaptation phenomena of microbial populations to
complex substrates.

J . BM-Water 1:1 w/w (1) Cumulative production of gas
250 o BM-Water 1:1 w/w (2)
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Kinetic study: To analyze anaerobic digestion Kkinetics,
cumulative biogas production data were evaluated using four
kinetic models (Figure-4).

As shown in (Figure-4a&b), the cumulative biogas production
from both battery manure systems was modeled with equivalent
precision by the first-order and second-order kinetic equations,
as indicated by their R?2 and RMSE values). In the BM-Water
1:1 w/w systems (1), both models correlate with the same R 2
0.999 and RMSE 0.281, while in the BM-Water 1:1 w/w
systems (2), these coefficients are R 20.996 and RMSE 0.425 as
shown in (Table-3).

For its simplicity, the first-order kinetic model is considered to
be the perfectible model for the describing the methanization of
laying hens’ battery manures.

In contrast, the modified logistic model provided the best fit for
the methanization of litter manures, achieving an R? of 0.993
and RMSE of 6.176 for LM-Water 1:1 w/w (1), and an R? of
0.956 with RMSE of 8.189 for sample (2), as detailed in Table
3.(Figure-4e) reveals that all the models follow the same trends
as the experimental data and all predict the same cumulative gas
production exactly equal to the maximum production (68.032
ml/g VS and 52.459 ml/g VS) at the end of 91 days of
methanization for battery manure. This justifies the reliability of
the experimental data. However, the first-order and second-
order kinetic models exhibit the greatest correlation (Table-3).
As the statistical performances of the two models are equivalent,
the choice of the model depends on the nature of the substrate
and the biodegradation dynamics observed in the system. Given
that the specific production indicates that battery manures are
easily degradable, the first-order kinetic model is therefore
better suited to prediction.

Similarly, all models show the same trend with experimental
production for litter manures. The first-order kinetic model
predicts the lowest production,68.40% and 69.18% of the
experimental production, respectively for LM-Water 1:1 w/w

Int. Res. J. Environmental Sci.

(1) and (2). In addition, the Modified logistic model
demonstrates the best reliable yields among all models 90.61%
and 84.03% of the experimental cumulative production
respectively for LM-Water 1:1 w/w (1) and (2). Also, the
predictions of the Modified Gompertz are quite close to the
Modified logistic, they are 86.15% and 79.64% of the
experimental production, respectively, for LM-Water 1:1 w/w
(1) and (2) (Table-3).

Next, the first-order kinetic model displays the kinetic constants
0.747 day * and 0.575 day ™ for the two samples of battery
manures (Figure-4h). These constants, substantially equal to 0.6
day " justify the relative speed of biogas production by battery
manures. This fact is further accentuated by the modified
Gompertz and logistic models, which display the low average
lag phase time equal to 0.99 day (Figure-4g) or approximately
24h, indicating the maximum biogas production in the first 24h
for battery manures.

Although the lag phase time predictions by both modified
models follow the same trend for litter manures, the Modified
Logistic model indicates 27.511 days and 16.488 days as the
times of maximum gas production for the two litter manures
samples, respectively.

According to the logistic model, the maximum biogas
production rates (k) reached 4.217 and 1.802 ml/(gVS-day) for
LM-Water 1:1 w/w samples (1) and (2), respectively (Figure-
41).The kinetic study shows data very close to the experimental
ones. Contrary to other studies that used heated digesters, this
study uses an unheated system (room temperature), which
shows a comparable vyield, which is promising for small
Beninese farms. The yields of gas production, particularly for
litter manure, encourage further exploration of the optimal
conditions for the methanization of these manures as well as the
characterization of the chemical composition of the biogas
produced. Furthermore, battery manure may require optimal
composting conditions or be co-methanized with litter manures.
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Figure-4: (a,b,c&d) cumulative gas production predicted by kinetic models; (e,f,g&h) Kinetic parameters evolution.
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Table-3: Kinetic parameters.
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Parameter Model BM-Water 1 BM-Water 2 LM-Water 1 LM-Water 2
o (day™ 1) 1st order 0.747 0.575 0.012 0.013
w (g/ml-day) 2nd order 0.011 0.011 0.100 0.000
Gompertz 3,664.283 3,320.110 4.002 1.672
k (ml/gVS-day)
Logistics 3,276.864 3,276.914 4.217 1.802
Gompertz 0.990 0.992 23.855 10.961
A (day)
Logistics 0.989 0.992 27.511 16.488
Pmax given (ml/gVS) — 68.032 52.459 261.366 148.337
1st order 68.032 52.459 175.747 101.964
Pmax model (ml/gVs) 2nd order 68.032 52.459 261.366 101.964
Gompertz 68.032 52.459 221.353 117.386
Logistics 68.032 52.459 232.790 123.859
Pmax experi (ml/gVs) — 68.032 52.459 256.927 147.391
1st order 0.999 0.996 0.892 0.898
2nd order 0.999 0.996 0.017 0.898
RZ
Gompertz 0.941 0.877 0.981 0.940
Logistics 0.941 0.877 0.993 0.956
1st order 0.281 0.425 34.668 14.594
2nd order 0.281 0.425 179.808 14.594
RMSE
Gompertz 1.953 2.308 10.985 9.487
Logistics 1.953 2.308 6.176 8.189

Conclusion

This study reveals that laying hen manures in Benin, although
available in large quantities, are undervalued, with current
practices (direct spreading) generating environmental nuisances.
Physicochemical analyses highlight nutritional imbalances (low
N, unsuitable C/N), while composting and methanization offer
promising alternatives.

Composting with the addition of sawdust produces organic
amendments that comply with standards (MO > 20%, C/N =
17.5), but the methanization of manure on litter is distinguished
by its high energy yield (32.6 m3/t). Kinetic models confirm the

International Science Community Association

feasibility of this method, with optimized production under
controlled conditions.

This study is the first in Benin to combine physicochemical
analyses, field trials and kinetic modelling (logistic model, R2 =
0.993), thus providing a scientific basis for replacing direct
spreading, the majority but unsustainable practice, with a dual
approach (biogas + compost).This dual approach offers a
scalable solution for West Africa’s circular agriculture, aligning
with SDGs 7 (energy) and 13 (climate). Future research should
test this approach on a pilot scale, integrating technical and
economic analyses to facilitate its adoption by local
stakeholders.
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Abbreviations:
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AD: Anaerobic digestion, LM: Litter

manures. BM battery manure, CLM Compost litter manures,
CLMS Compost litter manures + Sawdust, CBM Compost
battery manures, CBMS Compost battery manures +Sawdust,
DLM Digestates Litter Manures, DBM Digestates Battery
manures, TS Total solid, VS Volatile Solid.
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