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Abstract: The excessive use of fossil fuels and the increasing generation of solid waste, driven by 
population growth, industrialization, and economic development, have led to serious 
environmental, energy, and public health issues. In light of this problem, it is crucial to adopt 
sustainable solutions that promote the transition to renewable energy sources, such as biogas. 
Although progress has been made in optimizing biogas production, there is still no adaptable model 
for various environments that allows for the determination of optimal quantities of different organic 
wastes, simultaneously considering their composition, moisture content, control of critical factors 
for biogas production, as well as the biodigester's capacity and other relevant elements. In practice, 
the dosing of waste is done empirically, leading to inefficiencies that limit the potential for biogas 
production in real scenarios. The objective of this article is to propose a linear optimization model 
with nonlinear constraints that maximizes biogas production, taking into account fundamental 
parameters such as moisture percentage, pH, carbon-to-nitrogen ratio (C/N), substrate volume, 
organic matter, volatile solids (VS), and the potential biogas production from different wastes. This 
model allows for the estimation of optimal quantities in kg of organic waste according to the 
capacity of the biodigester, aiming to achieve maximum biogas production. The results obtained for 
the proposed scenarios, complemented by a sensitivity analysis using the Monte Carlo method, 
demonstrate that the model can be considered an efficient tool for optimizing biogas production 
and waste dosing in rural settings, with a confidence level of 95%. In addition to improving 
efficiency in biogas production, the model maximizes the utilization of organic waste, promoting 
clean and sustainable technologies. This model provides a distinctive value by offering a 
comprehensive methodology for biogas production, establishing a tool of great relevance for future 
research related to anaerobic digestion processes. 

Keywords: biogas; optimization; volatile solids; solid waste; biodigester: moisture percentage; pH; 
C/N; production potential 

 

1. Introduction 

Nowadays, garbage and poor solid waste management is one of the most important problems 
in the world, which have been increasing as a result of rapid population growth, rapid 
industrialization and economic development, causing the emergence of various social problems 
related to the environment, well-being and health mainly [1]. Solid waste includes a variety of 
materials, many of which are highly reusable, such as glass, paper, plastic, cardboard and metals. On 
the other hand, organic waste can be used for the production of compost, biofertilizers and biogas 
[2]. 

The bioeconomy is characterized by the sustainable and integrated conversion of renewable 
biological material into a range of bioproducts and bioenergy to replace fossil fuel-based production 
pathways. The transition to a bio-based economy is necessary due to resource scarcity, to address 
environmental challenges and changing market demands [3]. For this reason, the bioeconomy has 
become a very important strategy for various sectors since it offers sustainable alternatives, 
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particularly in the energy industry, where electricity, heat and fuel can be produced through the use 
of raw materials of biological origin [4]. 

The production of Biogas from urban organic solid waste and agricultural organic solid waste is 
considered worldwide as an alternative of great interest, contributing to the diversification of the 
energy matrix as well as to the development of distributed generation derived from biomass as a 
renewable energy source, promoting the emergence and incorporation of technologies aimed at 
improving energy efficiency levels [5]. In the particular case of Colombia, since 2019 a great step has 
been taken towards the so-called "Energy Transition", through which it seeks to diversify the 
electrical matrix with the incorporation of more non-conventional sources of renewable energy, 
where biogas is considered one of the most promising alternatives taking into account that Colombia 
is an agricultural country par excellence. 

Energy is an indispensable part of modern society and is considered one of the most important 
indicators of socio-economic development. However, despite technological advances, there are 
around three billion people worldwide, located mainly in rural areas of developing countries, who 
lack electricity in their homes, and even continue to satisfy their energy needs for cooking through 
traditional means, by burning raw biomass (firewood, crop residues and animal manure), where this 
type of practice is considered a major source of environmental, social, economic and public health 
problems [6]. In order to achieve sustainable development in these regions, it is necessary to have 
access to clean and renewable energy sources that are available in their environment. Given this 
situation, it is proposed to make better use of biomass resources that may be present in rural 
environments (mainly animal feces, kitchen waste and green waste), through the generation of 
Biogas, known as Renewable Natural Gas (RNG), which is classified as a clean, efficient, renewable 
and reliable energy source, which can be used as a source of heat and electricity [7]. 

Biogas is obtained through an environmentally friendly process known as anaerobic digestion 
of waste, and is considered a renewable energy source, as both humans and animals will continue to 
generate waste on an ongoing basis. Organic waste has the potential to produce large amounts of 
methane during its decomposition. Methane is a highly potent greenhouse gas, capable of retaining 
heat in the atmosphere in greater proportion than carbon dioxide. To reduce greenhouse gas 
emissions and mitigate the risk of waterway pollution, organic waste can be harnessed for biogas 
production [8]. This biogas can be stored and used as a clean, renewable and reliable source of energy, 
especially in applications such as cooking, lighting and heating. Unlike other renewable energy 
sources, biogas is not dependent on weather conditions, making it a more reliable option, while at 
the same time reducing the release of methane into the atmosphere and decreasing dependence on 
fossil fuels [9]. 

Implementing biogas systems allows waste management processes to be converted into an 
income opportunity, as well as a profitable, renewable and sustainable source of electricity, heat or 
fuel, promoting a reduction in dependence on fossil fuels, greenhouse gas emissions, improving 
environmental quality and generating new local jobs derived from this type of practices. Biomass and 
biogas systems also provide the opportunity to recycle nutrients into the food supply, reducing the 
need for both petrochemical and extracted fertilizers [10]. 

Biogas production has been the subject of multiple studies exploring both process optimization 
and performance prediction, employing various methodologies and technological approaches. 
However, significant challenges remain in terms of the accuracy and adaptability of the models 
developed, as well as in the implementation of emerging technologies. Studies such as that of [11] 
have addressed the optimization of biogas production from kitchen waste, pointing out the 
importance of factors such as waste type and temperature in the efficiency of the process. However, 
their experimental approach showed limitations, as gas production did not reach the expected levels 
according to the design criteria, highlighting the need to improve optimization methods for variable 
environments. 

Research that integrates prediction models based on artificial intelligence (AI), such as the work 
of [12], have demonstrated advances in model accuracy through the application of neural networks 
and optimization algorithms. Despite this, the inherent complexity of anaerobic digestion processes 
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and differences in waste composition between regions limit the direct applicability of these models 
in certain contexts. This gap highlights the need to adapt models to local conditions and simplify 
their implementation. 

More recent studies, such as that of [13], have proposed the integration of emerging technologies 
such as the Internet of Things (IoT) and machine learning to optimize biogas production in real time. 
These approaches allow for continuous monitoring and adjustment of key parameters, such as pH 
and temperature, improving process efficiency. However, large-scale implementation of these smart 
systems still faces challenges, especially in terms of infrastructure and costs. Other works have 
explored the use of advanced pretreatments in lignocellulosic biomass (LCB) to improve biogas 
production, such as the study of [14]. While these methods show great potential, operational and 
economic feasibility remains a challenge, underlining the need for further techno-economic and life 
cycle studies to assess the sustainability of these technologies. 

Despite significant advances in biogas production modelling and optimization, gaps remain in 
adapting models to diverse contexts and integrating emerging technologies. Although several 
models have been proposed to optimize biogas production, there is still no widely accepted model 
that allows for accurately determining the optimal amounts of different types of organic waste based 
on their composition, such as proteins, carbohydrates, fats and moisture content. Most current 
models focus on specific factors or ideal conditions, without comprehensively integrating waste 
characteristics and digester capacity together. As a result, in practice, waste dosing is often carried 
out empirically, which can lead to inefficiencies and limit the potential for biogas production in real-
world scenarios. 

This article seeks to address these limitations by developing a Linear optimization model with 
non-linear constraints, which considers the particularities of the biomass used, with the objective of 
maximizing biogas production from different types of waste and the level of influence of factors such 
as: pH, % moisture, C/N ratio, % organic matter, % volatile solids (VS) and the biogas production 
potential for each type of waste, allowing to estimate the optimal quantities of each type of waste.in 
terms of weight (kg) to achieve the maximum amount of biogas, according to the volume of the 
biodigester and loading capacity. 

2. Materials and Methods 

2.1. What Is Biogas? 

Biogas is an energy-rich gas produced by anaerobic decomposition or thermochemical 
conversion of biomass. Biogas is composed primarily of methane (CH4), the same compound as 
natural gas, and carbon dioxide (CO2). The methane content of raw (untreated) Biogas can vary 
between 40% and 60%, with the remaining percentage being made up of CO2, water vapor, and other 
gases. Biogas is traditionally combusted and used for heat and electricity generation in the same way 
as natural gas. In turn, Biogas can be treated (Renewable Natural Gas RNG or biomethane) and 
injected into natural gas pipelines or used as fuel for vehicles [15]. 

Anaerobic decomposition of biomass occurs when anaerobic bacteria (bacteria that live without 
the presence of free oxygen) carry out the process of decomposing biomass, generating Biogas as a 
result. Anaerobic bacteria are found naturally in various places such as: soil, swamps, lakes, in the 
digestive tract of humans and animals, among others. An important aspect is that Biogas can be 
produced under controlled conditions through the use of special tanks called “anaerobic digesters” 
or “Biodigesters”. The material resulting from the anaerobic digestion process is called digestate, 
which is rich in nutrients and can be used as fertilizer [6]. 

Biogas offers multiple benefits, not only energy-related, but also environmental and economic. 
It acts as a renewable and reliable source of energy, reducing the release of methane and dependence 
on fossil fuels [16]. The digestate, a by-product of the process, has value as a fertilizer, reducing the 
need for chemicals and improving agricultural efficiency. In addition, work is being done on 
certifying the digestate, which could generate new business opportunities [17]. 
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The main sources of waste suitable for biogas production include food waste, landfills, animal 
waste, wastewater treatment and agricultural waste. Food waste, which makes up a large proportion 
of global waste, has significant energy potential, capable of supplying the needs of up to 1,400 
households per year [18]. Landfills also emit large amounts of methane, and countries like the United 
States have taken advantage of this source to generate electricity and natural gas [19]. Furthermore, 
animal manure residues, common in rural areas, are not only a source of biogas, but their anaerobic 
digestion reduces harmful emissions and pathogens [20]. On the other hand, although wastewater 
treatment plants have digesters, their infrastructure to take advantage of the biogas generated is 
limited [21]. For the particular case of the proposed model, only food waste, animal manure residues 
and some agricultural waste will be considered, taking into account that these are the types of waste 
that are most commonly available in rural environments. 

2.2. Important Factors in Biodigesters to Optimize Biogas Production 

In a biodigester, it is very important not to completely fill the volume of the container with 
organic material, since it is necessary to reserve a space for the accumulation of biogas produced 
during the anaerobic digestion process. Generally, it is recommended to fill between 60% and 75% of 
the total capacity of the biodigester with substrate, while the remaining 25% to 40% should be used 
for storing the biogas generated [22]. This proportion ensures that the gas produced does not generate 
an overpressure that could compromise the structure of the biodigester or reduce the efficiency of the 
process. In most practical applications, the volume of the substrate is considered to be 70% of the total 
capacity of the biodigester [23]. 

In addition, it is recommended to incorporate an agitation system, either manual or mechanical, 
to improve the homogenization of the substrate inside the biodigester. Regular agitation facilitates 
the uniform distribution of nutrients and microorganisms, prevents the formation of crusts on the 
surface and improves the efficiency of anaerobic digestion by ensuring that all the substrate is in 
contact with the methanogenic bacteria [7]. This, in turn, contributes to more efficient biogas 
production and more complete decomposition of the waste. In turn, the retention time or hydraulic 
residence time (HRT) must be considered, which is another critical parameter in the operation of a 
biodigester, since it determines the period necessary for the organic material to completely 
decompose. Under optimal conditions, this time varies between 20 and 40 days, depending on the 
composition of the substrate and the operating temperature. This interval ensures stable biogas 
production and complete digestion of the biomass. 

The volume and composition of biogas produced depends on multiple factors, including the 
type of substrate used (animal manure, food waste, agricultural waste, etc.) as well as operating 
conditions such as temperature, pH and retention time [24]. For example, substrates with a high 
proportion of carbohydrates and proteins tend to generate higher volumes of biogas, while those 
with a high content of lignin or cellulose can reduce the efficiency of the process by being more 
difficult to degrade by methanogenic bacteria [25]. Tables 1 and 2 show the average densities of 
various types of animal, food and agricultural waste most common in rural environments, in order 
to allow a practical estimate of the volume that the substrate could occupy in the biodigester based 
on the weight of each type of waste that can be used for biogas production [21]. 

Table 1. Densities for different types of animal waste. 

Species Density (kg/L) Density (kg/m³) 
Bovine 0.65 - 0.75 650 - 750 
Pig 0.60 - 0.70 600 - 700 
Hen / Chicken 0.50 - 0.60 500 - 600 
Horse 0.70 - 0.80 700 - 800 
Sheep 0.65 - 0.75 650 - 750 
Rabbit 0.55 - 0.65 550 - 650 
Goat 0.60 - 0.70 600 - 700 
Duck / Goose 0.55 - 0.65 550 - 650 
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Table 2. Densities for different types of food and agricultural waste. 

Waste Density (kg/L) Density (kg/m³) 
Fruit remains (peels) 0.40 - 0.60 400 - 600 
Vegetable waste 0.50 - 0.80 500 - 800 
Cereal crop residues (straw) 0.12 - 0.15 120 - 150 
Potato peels 0.55 - 0.65 550 - 650 
Egg shells 0.60 - 0.70 600 - 700 
Coffee grounds (coffee residue) 0.55 - 0.65 550 - 650 
Corn residues (leaves, stalks) 0.12 - 0.25 120 - 250 
Old bread / bread scraps 0.35 - 0.45 350 - 450 
Nut and seed shells 0.25 - 0.35 250 - 350 
Leftover cooked rice 0.75 - 0.85 750 - 850 
Leftover cooked vegetables 0.60 - 0.75 600 - 750 
Vegetable oils and fats 0.80 - 0.90 800 - 900 
Pasta (cooked) 0.65 - 0.75 650 - 750 
Leaves and plant remains 0.10 - 0.20 100 - 200 

To maximize biogas production, it is advisable to mix manure of different species with other 
organic waste such as food scraps or agricultural waste, in order to adjust the C/N ratio of the total 
mixture and in turn, improve the stability of the digestion process [26]. The manure of some species 
with low C/N (such as chicken manure) can acidify the medium, so it is necessary to add waste that 
allows the pH to be controlled and kept in an optimal range to ensure efficient biogas production 
[18]. Some manures, such as bovine or horse manure, contain high levels of fiber, which can cause 
delays in the decomposition process, but at the same time, can be considered as an agent that helps 
to stabilize the process. However, the use of manures with a more liquid texture, such as pig manure, 
promotes rapid biogas production, but in turn, requires adjustments in the mixture to control excess 
moisture. Below are some of the most outstanding factors in the mixture of organic waste for biogas 
production [27]: 
• % Moisture: It's the pproportion of water present in the residue.Moisture affects the fluidity of 

the waste and its ability to mix properly in the digester. Ideally, it should be between 50-60% in 
the digester. Manures with high moisture content (such as pig manure) may require dry material 
to balance. 

• %Total Solids (TS): It corresponds to the amount of residue that is not water (100% - % 
moisture).Higher values such as chicken manure suggest that they may require water or dilution 
to facilitate anaerobic digestion. 

• C/N (Carbon/Nitrogen) ratio: The C/N ratio is critical to the activity of anaerobic bacteria. An 
ideal ratio is between 20:1 and 30:1. 

• % SubjectOrganic (MO): It refers to the proportion of organic matter within the total 
solids.which can be decomposed by anaerobic bacteriaand which is essential for the production 
of biogas, A high organic matter content increases the efficiency of biogas production. 

• % Volatile Solids (VS): Corresponds to the fraction oforganic matter that can be converted into 
biogas during anaerobic digestion.This is a determining factor in estimating the amount of 
biogas that can be generated by each type of waste. High VS values imply a greater potential for 
biogas production. 

• Biogas Produced (BP): It is the amount of biogas expressed in [𝑚ଷ] that can be generated from 
organic solid waste, which is calculated as the product corresponding to the amount of VS in 
[kg] and the Biogas Production Potential (PP) specific for each type of waste in [/kg VS]. 𝐵𝑃 = 𝑉𝑆 × 𝑃𝑃 [𝑚ଷ]  (1) 

A comparison of the factors is presented in Tables 3 and 4 most outstanding for the production 
of biogas in various types of organic waste. Information considered very usefuland which is directly 
related to the estimation of the coefficients of the optimization model proposed to maximize biogas 
production [18,22,28,29]. 
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Table 3. Comparison of factors most outstanding in manure of different species. 

Species 
% 
Moisture 

% Total
Solids 

C/N 
ratio 

% 
Organic 
Matter 

% Volatile 
Solids (VS) Other Important Aspects 

Bovine 85-88% 12-15% 18-25:1 75-80% 70-75% 
Contains high fiber, slow
decomposition. Ideal for continuous
flow biodigesters. 

Pig 88-92% 8-10% 10-14:1 85-90% 80-85% 

High concentration of nutrients and
liquids, excellent for biogas
production due to its rapid
decomposition. 

Hen/Chicken 70-75% 25-30% 6-10:1 60-65% 55-60% 
High nitrogen content, requires
mixing with other waste to improve
the C/N ratio. 

Horse 75-80% 20-25% 20-30:1 60-65% 55-60% 
Manure with high fiber content and
low liquid content, useful as a
complement in biodigesters. 

Sheep 65-70% 30-35% 16-18:1 55-60% 50-55% 
Rapid decomposition, good option
for mixtures with drier waste. 

Rabbit 65-70% 30-35% 10-12:1 50-55% 45-50% 
Small manure with high nitrogen
content, excellent for biogas but
requires dilution. 

Goat 70-75% 25-30% 14-16:1 50-55% 50-55% 
Similar to sheep manure, but with
lower liquid content. 

Duck/Goose 80-85% 15-20% 8-12:1 60-65% 55-60% 
Contains high moisture and
nitrogen, requires pH adjustment
and C/N ratio. 

Table 4. Comparison of factors most outstanding in food and agricultural waste. 

Food and 
agricultural waste 

% 
Moisture 

%  
Total 
Solids 

C/N 
ratio 

% 
Organic 
Matter 

%  
Volatile 
Solids (VS) 

Other Important Aspects 

Fruit remains 
(peels) 

80% - 90% 10% - 20% 
35:1 -
40:1 

90% - 95% 85% - 90% 

High sugar content, rapid
degradation. High carbon content,
excellent for mixing with nitrogen-
rich manure. Provides stability in
anaerobic digestion. 

Vegetable waste 80% - 90% 10% - 20% 
12:1 -
20:1 

85% - 90% 80% - 85% 

High moisture, good nitrogen
supply. Good carbon source, ideal
for adjusting the C/N ratio in
combination with these animals. 

Cereal crop 
residues (straw) 

50% - 70% 30% - 50% 
60:1 -
80:1 

70% - 80% 60% - 70% 

High proportion of cellulose and
lignin, slow degradation. Very high
in carbon, requires to be combined
with nitrogen-rich residues to avoid 
inhibiting digestion. 

Potato peels 75% - 85% 15% - 25% 
20:1 -
25:1 

80% - 85% 75% - 80% 

Rich in starches, moderately high in
carbon, good for adjusting the C/N 
ratio when combined with more
nitrogen-rich residues. 

Egg shells 5% - 10% 90% - 95% 2:1 - 5:1 30% - 40% 10% - 20% 
Rich in calcium, low anaerobic
digestibility. 

Coffee grounds 50% - 60% 40% - 50% 
20:1 -
25:1 

80% - 85% 75% - 80% 

They contain lignin, a potential
inhibitor in high quantities. C/N
ratio close to ideal, favours biogas
production but requires adjustment
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with other waste to avoid
acidification. 

Corn residues 
(leaves, stalks) 

50% - 70% 30% - 50% 
40:1 -
60:1 

65% - 75% 60% - 70% 

High cellulose content, slow
degradation. High carbon content,
needs to be mixed with nitrogen-
rich waste to balance methane
production. 

Stale bread/bread 
scraps 

30% - 40% 60% - 70% 
20:1 -
30:1 

85% - 90% 80% - 85% 

High carbohydrate content, rapid 
degradation. Good C/N ratio,
provides sufficient carbon to
stabilize anaerobic digestion. 

Nut and seed shells5% - 10% 90% - 95% 
80:1 -
100:1 

40% - 50% 30% - 40% 

They contain lignin and fats, which
are slow to degrade. High levels of
carbon, and must be combined with
nitrogen-rich waste to obtain an 
adequate balance. 

Leftover cooked 
rice 

50% - 60% 40% - 50% 
15:1 -
20:1 

85% - 90% 80% - 85% 

High carbohydrate content, good
degradation. Low carbon ratio,
excellent for improving anaerobic
digestion efficiency when mixed
with more fibrous materials. 

Leftover cooked 
vegetables 

75% - 85% 15% - 25% 
10:1 -
15:1 

85% - 90% 80% - 85% 

High nitrogen content, good
degradation. Low carbon content,
needs to be mixed with carbon-rich 
materials to avoid acidification of 
the biodigester. 

Vegetable oils and 
fats 

0-2% 98-100% 20-30:1 95-99% 95-99% 

High energy concentration
improves biogas production. Its low
moisture content requires mixing
with wetter waste. 

Pasta 50-55% 45-50% 15-20:1 85-90% 80-85% 

Rapid degradation, ideal for co-
digestion to balance acidity. Can
generate volatile fatty acids if not
well controlled. 

Leaves and plant 
remains 

60-75% 25-40% 30-60:1 75-85% 65-75% 

They contain cellulose and lignin,
which can slow down digestion. 
They provide structure to the
mixture. Pretreatment
recommended to improve
biodegradation. 

2.3. Critical Parameter Control 

There are some suggested methods for adding some types of waste of a specific nature through 
which it is possible to achieve certain levels of control in parameters of great importance during the 
biogas production process such as the C/N ratio, pH, moisture, temperature and odor control 
specifically. Table 5 below describes these methods [30]: 
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Table 5. Critical parameters for biogas production. 

Critical parameters Description Recommendations for its control 

C/N ratio 
(Carbon/Nitrogen) 

The ideal C/N ratio for efficient anaerobic
digestion is between 20:1 and 30:1. 
 
It is essential to mix low C/N (high
nitrogen) waste with high C/N (high
carbon) materials to maintain a healthy
bacterial environment. 
 

 
High C/N ratio (35:1 or more): High carbon 
waste, such as fruit peels, crop straw, or corn
husks, are essential to stabilize the anaerobic
digestion process, but they must be mixed
with nitrogen-rich materials to prevent the 
process from becoming inefficient and slow.
 
Moderate C/N Ratio (20-30:1): These 
residues, such as vegetable waste or cow
manure, offer a good ratio of carbon to
nitrogen. They are ideal for maintaining a
stable balance in anaerobic digestion,
favouring continuous and efficient biogas
production. 
 
Low C/N Ratio (6-18:1): Nitrogen-rich 
wastes, such as chicken, pig or rabbit
manure, have a low C/N ratio, which
facilitates rapid decomposition and intense
biogas production. However, excess
nitrogen can cause acidification and reduce
the efficiency of the biodigester, so they
must be mixed with carbon-rich materials to 
optimize production. 

pH 

Waste with low C/N can reduce the pH
of the biodigester, so it is important to
monitor and adjust the pH to keep it
between 6.5 and 7.5, the range in which
methanogenic bacteria are most efficient.
 

The addition of waste such as eggshells or
livestock manure helps maintain pH
stability. 

Moisture 

Moisture should be maintained between
50% and 60% in order to maximize biogas
production and ensure the efficiency of
the biodigester. 
 
If Moisture > 60% (High): Biogas
production decreases due to nutrient
dilution and possible stratification,
affecting process efficiency. 
 
If Moisture < 50% (Low): Biogas
production is reduced because anaerobic
bacteria cannot efficiently decompose
biomass in a dry environment, which
inhibits the digestion process. 
 

The addition of organic waste with different
moisture levels can also influence the
balance of the biodigester, since too high or
too low moisture can affect the activity of
anaerobic bacteria. 
 
If moisture is high, dry materials such as dry
leaves, plant residues or sawdust can be
added, which help maintain the structure of
the biomass. 
 
If the moisture is low, water or waste with
high water content, such as fruit and
vegetable scraps, can be added to increase
the moisture content. 
 

Temperature 

Temperature is one of the most
important factors affecting microbial
activity during the anaerobic digestion
process. 
There are three thermal ranges where
microorganisms work efficiently: 

• Psychrophile (15-25°C) 
• Mesophilic (30-40°C) 

• Thermophilic (50-60°C) 

 
Maintaining a constant temperature within 
the optimal range for the type of
microorganisms present (mesophilic or
thermophilic) is crucial for the efficiency of
the process. To do this, it is recommended
to: 
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Each range affects the biogas production
rate and process stability. 
The mesophilic range is the most
commonly used due to its stability and
efficiency under standard conditions. 
The thermophilic range, although faster,
requires greater control and energy to
maintain high temperatures. 

• Thermal insulationfrom the 
biodigester to prevent heat loss. 

• Use of external or internal heaters in 
cold climates. 

• Constant monitoringof the internal 
temperature of the biodigester using 

sensors and automatic records to correct 
deviations. 

• In hot climates, shade the biodigester 
or use cooling systems if necessary to 

prevent overheating. 

Odor control 

During the biogas production process,
bad odors come mainly from the
anaerobic decomposition of organic
matter, such as animal feces and kitchen
waste. 
 
The responsible compounds include
hydrogen sulfide (H₂S), as well as
volatile fatty acids, ammonia (NH₃), and 
volatile organic compounds (VOCs).
These gases are generated by the activity
of microorganisms breaking down
proteins, fats, and carbohydrates under
anaerobic conditions. 

Odours can be minimised by adding 
residues rich in cellulose and lignin (plant
remains), and avoiding excessive greasy or
oily residues. 

2.4. Proposed Methodology for Estimating pH in a Mixture of Organic Waste 

To estimate the approximate pH value of a waste mixture, a common technique can be used 
which consists of weighting the pH values of each waste by its buffering capacity and its proportion 
in the mixture [8]. Although this methodology does not offer absolute accuracy due to the inherent 
complexity of the acid-base behavior of waste, it can provide a useful estimate to predict the pH of 
the mixture under real conditions. It is important to note that the acid-base interaction between waste 
is not linear, as it depends on factors such as the concentration of hydrogen ions in solution, the 
presence of buffer substances, and possible chemical reactions that occur during anaerobic digestión 
[29]. Despite these limitations, this approach can be a practical tool in planning anaerobic digestion 
processes and biogas production. 

Tables 6 and 7 present the average pH values and buffering capacity for different types of 
animal, food and agricultural waste most common in rural environments, according to the proposed 
model as factors of great influence in the anaerobic digestion process and biogas production. 

Table 6. Average pH values and buffering capacity for different types of animal waste. 

Type of Waste Average pH Cushioning Capacity (High, Medium, Low) 
Bovine 6.5 - 7.5 High 
Pig 6.0 - 7.0 Average 
Hen/Chicken 6.2 - 7.4 Average 
Horse 6.5 - 7.5 High 
Sheep 6.8 - 7.6 High 
Rabbit 6.3 - 7.3 Average 
Goat 6.8 - 7.6 High 
Duck/Goose 6.0 - 7.0 Average 
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Table 7. Average pH values and buffering capacity for different types of food and agricultural 
waste. 

Type of Waste Average pH 
Cushioning Capacity 
(High, Medium, Low) 

Fruit remains (peels) 4.0 - 5.5 Low 
Vegetable waste 5.5 - 7.0 Average 
Cereal crop residues (straw) 6.0 - 7.0 Average 
Potato peels 6.0 - 7.0 Average 
Egg shells 7.0 - 8.0 High 
Coffee grounds 4.5 - 6.0 Low 
Corn residues (leaves, stalks) 6.0 - 7.5 Average 
Stale bread/bread scraps 5.0 - 6.5 Low 
Nut and seed shells 5.5 - 6.5 Low 
Leftover cooked rice 6.0 - 7.0 Average 
Leftover cooked vegetables 6.0 - 7.5 Average 
Vegetable oils and fats 6.0 - 6.5 Low 
Pasta 5.5 - 6.5 Average 
Leaves and plant remains 6.5 - 7.0 High 

Animal waste, such as cattle, goat, sheep and horse manure, has a high buffering capacity, which 
helps maintain a relatively stable pH during the anaerobic digestion process. This stability is crucial 
to create optimal conditions for biogas production, as the process requires a pH close to neutrality 
(between 6.5 and 7.5). In contrast, food and agricultural waste, such as fruit peels, coffee grounds and 
stale bread, tend to be more acidic and have a low buffering capacity [31]. This can cause a decrease 
in the pH of the system, increasing the risk of acidification that inhibits the activity of methanogenic 
bacteria responsible for biogas production. For this reason, it is necessary to adjust the pH by adding 
materials with a higher buffering capacity, such as calcium carbonate or ash, to avoid imbalances that 
affect the efficiency of the process. 

The proposed procedure to estimate the pH in the mixture is as follows: 
1. Assign a weighting factor to the damping capacity ሺ𝐶𝐴ሻ as follows: 

Damping capacity Weighting factor (WF) 
High 3 

Average 2 
Low 1 

2. Calculate the weighted pHfor each residue i using the following mathematical expression: 𝑝𝐻௣௢௡௜ = 𝑝𝐻௜ × 𝐶𝐴௜ × 𝑃𝑀௜   (2) 

where, 
• 𝑝𝐻௣௢௡௜:Weighted pH of residue i 
• 𝑝𝐻௜: pH of residue i 
• 𝐶𝐴௜:Buffering capacity of the residue i 
• 𝑃𝑀௜:Proportion in the mixture of residue i, with 𝑃𝑀௜ = 𝑚௜/𝑚் 
• 𝑚௜: Weight in kg of the residue i 
• 𝑚்: Weight in kg of the total mixture 
3. Calculate the average pH value of the mixture (𝑝𝐻௔௩௚) by taking the quotient between the sum 

of the weighted pHs obtained for each residue and the sum of the weights. 

𝑝𝐻௔௩௚ = ∑ ௣ு೛೚೙೔೙೔సభ∑ ஼஺೔×௉ெ೔೙೔సభ     (3) 
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In order to understand the proposed methodology, the following example will be solved: It is 
desired to calculate the pH of a mixture composed of the following types of waste and its weight in 
kg. 

Waste used: 
• 20 kg of bovine manure 
• 10 kg of pig manure 
• 5 kg of fruit peels 
• 8 kg of vegetable waste 
• 5 kg of eggshells 
• 2 kg of coffee grounds 

The calculations corresponding to the factors 𝐶𝐴௜ , 𝑃𝑀௜ ,𝑝𝐻௣௢௡௜  established in the proposed 
methodology for the estimation of the average pH of the waste mixture 𝑝𝐻௔௩௚ are summarized in 
Table 8. 

Table 8. Calculations of the factors for the estimation of𝑝𝐻௔௩௚ . 
Residue 

Weight 
( 𝒎𝒊)
[kg] 

𝒑𝑯𝒊 Damping 
capacity 

factors 
(𝑪𝑨𝒊) 

𝑷𝑴𝒊 = 𝒎𝒊/𝒎𝑻 
𝒑𝑯𝒑𝒐𝒏𝒊= 𝒑𝑯𝒊𝑪𝑨𝒊𝑷𝑴𝒊 𝑪𝑨𝒊𝑷𝑴𝒊 

Bovine manure 20 7.0 High 3 20/50=0.4 8.4 1.2 
Pig manure 10 6.5 Average 2 10/50=0.2 2.6 0.4 
Fruit peels 5 4.5 Low 1 5/50=0.1 0.45 0.1 
Vegetable 
waste 

8 6.5 Average 2 8/50=0.16 2.08 0.32 

Egg shells 5 7.5 High 3 5/50=0.1 2.25 0.3 
Coffee grounds2 5.0 Low 1 2/50=0.04 0.2 0.04 

Total 𝑚் = 50  ∑ 𝑝𝐻௣௢௡௜௡௜ୀଵ =15.98 ∑ 𝐶𝐴௜ ×௡௜ୀଵ𝑃𝑀௜=2.36 

  𝑝𝐻௔௩௚ 
∑ 𝑝𝐻௣௢௡௜௡௜ୀଵ∑ 𝐶𝐴௜ × 𝑃𝑀௜௡௜ୀଵ = 15.982.36 = 𝟔.𝟕𝟕 

The result obtained in the example using the weighted methodology for estimating the pH in 
the mixture was 6.77, which indicates an environment conducive to biogas production. This value is 
within the optimal pH range (6.5-7.5), which is essential to maximize the activity of methanogenic 
bacteria and, therefore, biogas production. If the estimated pH had fallen outside this range, it would 
be necessary to incorporate waste with a high buffering capacity, such as animal manure or calcium 
carbonate, to correct the excessive acidity or alkalinity. This adjustment would help stabilize the pH 
within the optimal range and ensure the efficiency of the anaerobic digestion process. 

2.5. Biogas Production Calculation 

Biogas production can be preliminarily calculated based on empirically established average 
values related to biomass composition and conversion efficiency of each type of waste using the 
Biogas Production Potential (𝑚ଷ/kg SV). Through which, it is possible to estimate the amount of 
biogas produced expressed in [𝑚ଷ] that can be produced for each kilogram of volatile solids (VS) of 
biomass [32]. 

Tables 9 and 10 present a consolidated range of average values that have been established 
empirically by various studies for some types of animal, food and agricultural waste mainly. 
Additionally, some relevant aspects related to the characteristics of the waste and its impact on the 
biogas production process are included, such as the fiber, protein or carbohydrate content, 
whichThey may reflect dynamic behavior depending on the specific conditions of the biodigester and 
the efficiency of the process [13,33]. 
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Table 9. Biogas production potential from animal waste. 

Type of Waste Biogas Production
Potential [m³/kg VS] 

Relevant Comment 

Bovine 0.20 - 0.30 It depends on the fiber content. 
Pig 0.35 - 0.50 High protein and fat content 
Hen/Chicken 0.40 - 0.55 Generally high in nutrients 
Horse 0.18 - 0.28 High fiber content, lower efficiency 
Sheep 0.22 - 0.32 Contains more fiber, similar to bovine 
Rabbit 0.25 - 0.35 Better results in mixed digestion systems 
Goat 0.22 - 0.33 Fiber similar to sheep and cattle 
Duck/Goose 0.40 - 0.50 Similar to chicken waste in efficiency 

Table 10. Biogas production potential for some types of food and agricultural waste. 

Type of Waste 
Biogas Production
Potential [m³/kg VS] Relevant Comment 

Fruit remains (peels) 0.30 - 0.45 High in sugars, good efficiency 
Vegetable waste 0.20 - 0.35 Variable water and fiber content 
Cereal crop residues (straw) 0.18 - 0.25 Low in protein and fat, high in cellulose 
Potato peels 0.25 - 0.35 Good conversion due to starch content 

Egg shells 0.00 – 0.02 

The contribution of eggshell to biogas production is
negligible because eggshell matter is mainly inorganic
and does not contribute significantly to biogas
production, but it does provide nutrients to the mix. 

Coffee grounds 0.25 - 0.35 Moderate fat content, antioxidants 
Corn residues (leaves, stalks) 0.20 - 0.30 Fibrous, similar to cereal straw 
Stale bread/bread scraps 0.35 - 0.50 High in carbohydrates, good performance 
Nut and seed shells 0.15 - 0.25 High hardness, low biogas potential 
Leftover cooked rice 0.30 - 0.45 High in starch, similar to potatoes 
Leftover cooked vegetables 0.25 - 0.40 Varies depending on the plant, high efficiency 

Vegetable oils and fats 0.80 - 1.00 

High biogas production due toTheir high lipid content 
makes them an excellent source of energy for anaerobic
digestion. They can cause fatty acid overload.Ideal for 
co-digestion. 

Pasta 0.45 - 0.60 

They produce a moderate level of biogas due to their
carbohydrate and protein content.Generates volatile 
fatty acids (VFA), which can acidify the biodigester if
the pH is not monitored. 

Leaves and plant remains 0.20 - 0.30 

Low biogas production. They contain a high proportion
of lignin and cellulose, which slows down digestion.
Pretreatment is recommended.(pre-shredding or 
composting) to improve its biodegradability. 

The general equation for estimating the Total Biogas Production (𝑃்_௕௜௢௚௔௦) is given by the 
following expression: 𝑃்_௕௜௢௚௔௦ = ∑ 𝑃௜𝑊௜௡௜ୀଵ   (4) 

where, 
• 𝑃௜: Biogas production potential of component i (m³/kg). 
• 𝑊௜: Weight of volatile solids (VS) component i in the mixture, expressed in [kg]. 𝑊௜ can be 

calculated from the following expression: 𝑊௜ = 𝑆𝑇௜ × 𝑀𝑂௜ × 𝑆𝑉௜ × 𝑚௜  (5) 

where, 
• 𝑆𝑇௜:Total Solids Fraction of Waste i 
• 𝑀𝑂௜:Organic matter fraction of the residue i 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 November 2024 doi:10.20944/preprints202411.0989.v1

https://doi.org/10.20944/preprints202411.0989.v1


 13 

 

• 𝑆𝑉௜:Volatile Solids Fraction of the waste i 
• 𝑚௜: Weight in kg of the residue i 

2.6. Average Percentages Recommended in the Mixture of Waste as an Empirical Measure for Biogas 
Production 

Tables 11 and 12 describe the recommended percentages that are used empirically to estimate 
adequate biogas production using different types of manure (alone or mixed with other types of 
animal feces), food and agricultural waste, their importance for biogas production, and how they 
influence parameters such as pH, moisture and odor control. 

Table 11. Percentages of animal waste recommended empirically to estimate adequate biogas 
production. 

Biomass 
Component 

Recommended percentages 
on the total substrate mixture 
(%) 

Relevant 
chemical 
compounds 

Importance in biogas 
production 

Influence on pH, 
moisture and odors 

Individual Mixed 

Bovine 40-60 20-50 Proteins, Fiber 
Good biogas production, 
slow decomposition 

High moisture, 
stabilizes pH 

Pig 30-50 15-40 
Proteins, 
Nitrogen 

Fast decomposition, high 
productivity 

Moderate pH, high 
water content 

Hen/Chicken 10-20 5-15 Nitrogen 
Increase performance in 
small amounts 

Low moisture, high 
alkalinity, strong 
odor 

Horse 20-30 10-20 Fiber 
Structural complement, 
promotes stability 

Moderate moisture 
and stabilizes odors 

Sheep/Goat 5-25 10-15 Nutrients, Fiber 
Good balance between 
nutrients and 
decomposition 

Low moisture, 
moderate pH 
stabilization 

Rabbit 5-10 5-10 
Nitrogen, 
Phosphorus 

Small amounts improve 
biogas without 
overactivity 

Low moisture, good 
pH control 

Duck/Goose 5-15 5-10 Nitrogen 
High productivity with 
proper management 

Low moisture, 
requires odor control 

Table 12. Percentages of food and agricultural waste recommended empirically to estimate 
adequate biogas production. 

Biomass 
Component 

Recommended percentages
on the total substrate
mixture (%) 

Relevant 
chemical 
compounds 

Importance in biogas 
production 

Influence on pH, 
moisture and odors 

Fruit remains
(peels) 

10-20 
Carbohydrates, 
Sugars 

They accelerate 
anaerobic digestion, 
useful for mixing 

Moderate acidity, high 
moisture 

Vegetable waste 15-30 Fiber, Minerals 
Fast decomposition, 
good biogas yield 

Balances pH, 
moderates moisture 

Cereal crop
residues (straw) 

10-20 Cellulose 
Provides structure to the 
digester, improves 
stability 

High capacity to 
absorb moisture 

Potato peels 5-15 Carbohydrates 
Easy decomposition, 
provides additional 
nutrients 

Low acidity, high 
moisture 

Egg shells 5-10 Calcium 
Controls pH, provides 
alkalinity 

Reduces acidity, 
lowers moisture 

Coffee grounds 5-15 
Nitrogen, 
Minerals 

Rich in nutrients, in 
excess it inhibits 
digestion 

Acid pH, moderate 
odor control 
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Corn residues
(leaves, stalks) 

10-20 Fiber 
Supports stability and 
structure in the digester 

Low moisture, 
moderates odors 

Stale bread/bread
scraps 

5-15 Carbohydrates 
Easy degradation, 
stimulates biogas 
production 

Moderate moisture, 
provides simple 
carbohydrates 

Nut and seed
shells 

5-10 Fats, Fiber 
Slightly degradable, 
useful in low 
proportions 

Low acidity, helps 
absorb moisture 

Leftover cooked
rice 

5-10 Carbohydrates 
Rapid decomposition, 
contributes biogas 

Balances moisture, 
moderate in pH 

Leftover cooked
vegetables 

10-20 Minerals, Fiber 
Improves performance, 
easy decomposition 

High moisture, 
provides pH neutrality 

Vegetable oils
and fats 

2-10 Lipids 
High energy production, 
in excess it inhibits 
digestion 

Requires acidity 
control 

Pasta 5-15 Carbohydrates 
Easy decomposition, 
high biogas productivity 

Moderate moisture, 
balances odors 

Leaves and plant
remains 

5-20 Fiber, Minerals 
Provides structure and 
nutrients, improves 
stability 

Balances moisture, 
good influence on pH 

2.7. Proposed Optimization Model 

This paper proposes the design of a Linear Programming model with Nonlinear Constraints as 
a strategy for solving the proposed problem. The objective of the model is to optimize 𝑍 = 𝑐ଵ𝑥ଵ +𝑐ଶ𝑥ଶ + ⋯+ 𝑐௡𝑥௡, subject to a set of constraints that include both linear and nonlinear constraints, 
represented mathematically as follows: 

Objective function: 𝑍 = ∑ 𝑐௜𝑥௜௡௜ୀଵ = ∑ 𝑧௜௡௜ୀଵ    (6) 

where, 
• 𝑍:It represents the maximum amount of biogas that is desired to be obtained, expressed in [m³]. 
• 𝑧௜: Contribution in 𝑚ଷ of biogas produced by the amount of 𝑥௜ of waste i, where 𝒛𝒊 = 𝑐௜𝑥௜ 
• 𝑐௜: Corresponds to the coefficients related to the volatile solids (VS) component in the mixture 

and the biogas production potential for waste i. The value of the coefficients can be calculated 
from the following mathematical expression: 𝑐௜ = 𝑆𝑇௜ × 𝑀𝑂௜ × 𝑆𝑉௜ × 𝑃𝑃௜  (7) 

• 𝑥௜: They referthe weight in [kg] of each type of waste i required in the mixture to maximize 
biogas production in the proposed model. Additionally, 𝑥௜ are the decision variables that must 
be optimized in the proposed model. 

• 𝑛: Number of residues in the mixture 
The values corresponding to the coefficients are presented in Tables 13 and 14 𝑐௜ based on the 

proportions related to moisture, total solids, organic matter, volatile solids and biogas production 
potential, fordifferent types of animal, food and agricultural waste most common in rural 
environments, according to the proposed model. 
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Table 13. Values corresponding to the coefficients𝑐௜for animal waste. 

Species 

Moistu
re (𝑯𝒊) 

Total Solids
(𝑺𝑻𝒊) Organic 

Matter 
(𝑴𝑶𝒊) 

Volatile 
Solids 
(𝑺𝑽𝒊) 

Biogas Production 
Potential  
[m³/kg SV] 
(𝑷𝑷𝒊) 

𝒄𝒊 =STxMOxSV
xPP 

mi
n. 

ma
x. 

min. max. min. max. min. max. min. max. min. avg. max. 

Bovine 
0.8
5 

0.88 0.12 0.15 0.75 0.80 0.70 0.75 0.20 0.30 
0.012
6 

0.019
8 

0.027
0 

Pig 0.8
8 0.92 0.08 0.10 0.85 0.90 0.80 0.85 0.35 0.50 0.019

0 
0.028
6 

0.038
3 

Hen/Chick
en 

0.7
0 0.75 0.25 0.30 0.60 0.65 0.55 0.60 0.40 0.55 

0.033
0 

0.048
7 

0.064
4 

Horse 0.7
5 

0.80 0.20 0.25 0.60 0.65 0.55 0.60 0.18 0.28 0.011
9 

0.019
6 

0.027
3 

Sheep 0.6
5 

0.70 0.30 0.35 0.55 0.60 0.50 0.55 0.22 0.32 0.018
2 

0.027
6 

0.037
0 

Rabbit 
0.6
5 0.70 0.30 0.35 0.50 0.55 0.45 0.50 0.25 0.35 

0.016
9 

0.025
3 

0.033
7 

Goat 
0.7
0 0.75 0.25 0.30 0.50 0.55 0.50 0.55 0.22 0.33 

0.013
8 

0.021
8 

0.029
9 

Duck/Goo
se 

0.8
0 

0.85 0.15 0.20 0.60 0.65 0.55 0.60 0.40 0.50 0.019
8 

0.029
4 

0.039
0 

Table 14. Values corresponding to the coefficients𝑐௜for the most common food and agricultural 
waste. 

Food and 
agricultura
l waste 

Moistur
e (𝑯𝒊) 

Total Solids
(𝑺𝑻𝒊) Organic 

Matter 
(𝑴𝑶𝒊) 

Volatile 
Solids 
(𝑺𝑽𝒊) 

Biogas Production 
Potential  
[m³/kg SV] 
(𝑷𝑷𝒊) 

𝒄𝒊 =STxMOxSVxP
P 

min
. 

max
. 

min. max. min. max. min. max. min. max. min. avg. max. 

Fruit 
remains 
(peels) 

0.80 0.90 0.10 0.20 0.90 0.95 0.85 0.90 0.30 0.45 
0.023
0 

0.0500 
0.077
0 

Vegetable 
waste 

0.80 0.90 0.10 0.20 0.85 0.90 0.80 0.85 0.20 0.35 
0.013
6 

0.0336 
0.053
6 

Cereal crop 
residues 
(straw) 

0.50 0.70 0.30 0.50 0.70 0.80 0.60 0.70 0.18 0.25 
0.022
7 

0.0463 
0.070
0 

Potato 
peels 

0.75 0.85 0.15 0.25 0.80 0.85 0.75 0.80 0.25 0.35 
0.022
5 

0.0410 
0.059
5 

Egg shells 0.05 0.10 0.90 0.95 0.30 0.40 0.10 0.20 0.00 0.02 
0.000
0 

0.0008 
0.001
5 

Coffee 
grounds 

0.50 0.60 0.40 0.50 0.80 0.85 0.75 0.80 0.25 0.35 
0.060
0 

0.0895 
0.119
0 

Corn 
residues 
(leaves, 
stalks) 

0.50 0.70 0.30 0.50 0.65 0.75 0.60 0.70 0.20 0.30 
0.023
4 

0.0511 
0.078
8 

Stale 
bread/brea
d scraps 

0.30 0.40 0.60 0.70 0.85 0.90 0.80 0.85 0.35 0.50 
0.142
8 

0.2053 
0.267
8 
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Nut and 
seed shells 

0.05 0.10 0.90 0.95 0.40 0.50 0.30 0.40 0.15 0.25 
0.016
2 

0.0319 
0.047
5 

Leftover 
cooked rice

0.50 0.60 0.40 0.50 0.85 0.90 0.80 0.85 0.30 0.45 
0.081
6 

0.1269 
0.172
1 

Leftover 
cooked 
vegetables 

0.75 0.85 0.15 0.25 0.85 0.90 0.80 0.85 0.25 0.40 
0.025
5 

0.0510 
0.076
5 

Vegetable 
oils and 
fats 

0.00 0.02 0.98 1.00 0.95 0.99 0.95 0.99 0.80 1.00 
0.707
6 

0.8438 
0.980
1 

Pasta 0.50 0.55 0.45 0.50 0.85 0.90 0.80 0.85 0.45 0.60 
0.137
7 

0.1836 
0.229
5 

Leaves and 
plant 
remains 

0.60 0.75 0.25 0.40 0.75 0.85 0.65 0.75 0.20 0.30 
0.024
4 

0.0504 
0.076
5 

Linear constraints: Linear constraints are expressed as inequalities of the form: 𝐴𝑥 ≤ 𝑏                                                                                      (8) 
where 𝐴 is a matrix of coefficients of linear constraints and 𝑏 is a vector defining upper bounds for 
these constraints. 

For the proposed model, it must be taken into account that the weights for the waste that can be 
used for biogas production comply with the following linear restrictions: 𝑥௜ ≥ 0                                                                                          (9) 

Additionally, the volume of the total substrate (𝑽𝒔) must be less than or equal to 70% of the 
volume of the biodigester (𝑽𝑩𝑰𝑶𝑫). For the model, the volume occupied by each type of waste was 
calculated using the quotient between the weight (𝒙𝒊) and the density (𝒅𝒊) of each one. Thus, the 
following restriction was established: 

෍𝑥௜𝑑௜௡
௜ୀଵ ≤ 𝑉௦                                                                               (10) 

In turn, in the case of having animal waste and in coherence with the experimental 
recommendations made by some studies, an additional restriction is established in the model where 
the total volume of animal waste allowed must be between 20% and 40% of the Volume of the 
substrate, with k=8 being the total number of types of animal waste related to the model.Thus 
establishing the following restriction: 

0.2𝑉௦ ≤෍𝑥௜𝑑௜௞
௜ୀଵ ≤ 0.4𝑉௦                                                           (11) 

Nonlinear constraints: Nonlinear constraints involve expressions modeled as nonlinear functions 
that must satisfy inequality (𝑔௝(𝑥) ≥ 0) or equality (𝑔௝(𝑥) = 0) conditions, where 𝑔௝(𝑥) represents 
the nonlinear function in the j-th constraint. The following nonlinear constraints were established for 
the proposed model: 

Control restrictions based on the (C/N) ratio for waste mixing: For the proposed model, calculating 
the Carbon-Nitrogen (C/N) ratio in the total mixture is an essential factor to ensure that the 
biodigester operates efficiently and maximizes biogas production. To estimate the resulting (C/N) 
value in the mixture, the carbon (C) and nitrogen (N) contents of each biomass component (organic 
waste, animal waste, etc.) and their proportions in the mixture must be known. The mathematical 
expression that allows calculating the C/N ratio of the mixture (𝐶/𝑁)ெ is the following: ൬𝐶𝑁൰ெ = ∑ (𝐶/𝑁)௜ × 𝑥௜௡௜ୀଵ∑ 𝑥௜௡௜ୀଵ                                                      (12) 

Considering that theideal C/N ratio for efficient anaerobic digestion should be between 20:1 and 
30:1, then the following restrictions are defined: 
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20 ≤ ൬𝐶𝑁൰ெ = ∑ (𝐶/𝑁)௜ × 𝑥௜௡௜ୀଵ∑ 𝑥௜௡௜ୀଵ ≤ 30                                            (13) 

Therefore, for the control of the (C/N) ratio the results are as follows: ∑ (𝐶/𝑁)௜ × 𝑥௜௡௜ୀଵ∑ 𝑥௜௡௜ୀଵ − 20 ≥ 0                                                      (14) 

30 − ∑ (𝐶/𝑁)௜ × 𝑥௜௡௜ୀଵ∑ 𝑥௜௡௜ୀଵ − 20 ≥ 0                                                 (15) 

Control restrictions based on the average pH of the mixture: Starting from the expression for the 
average pH we obtain that: 

𝑝𝐻௔௩௚ = ∑ 𝑝𝐻௣௢௡௜௡௜ୀଵ∑ 𝐶𝐴௜ × 𝑃𝑀௜௡௜ୀଵ = ∑ 𝑝𝐻௜ × 𝐶𝐴௜ × 𝑥௜𝑋்௡௜ୀଵ∑ 𝐶𝐴௜ × 𝑥௜𝑋்௡௜ୀଵ             
                        = ∑ 𝑝𝐻௜ × 𝐶𝐴௜ × 𝑥௜௡௜ୀଵ∑ 𝐶𝐴௜ × 𝑥௜௡௜ୀଵ              (16) 

(16)

Considering that the ideal pH range for efficient anaerobic digestion it must be between 6.5 and 
7.5, then the following restrictions are defined: 6.5 ≤ 𝑝𝐻௔௩௚ = ∑ 𝑝𝐻௜ × 𝐶𝐴௜ × 𝑥௜௡௜ୀଵ∑ 𝐶𝐴௜ × 𝑥௜௡௜ୀଵ ≤ 7.5                                          (17) 

Therefore, the constraints for controlling the resulting average pH are as follows: 7.5 − ∑ 𝑝𝐻௜ × 𝐶𝐴௜ × 𝑥௜௡௜ୀଵ∑ 𝐶𝐴௜ × 𝑥௜௡௜ୀଵ ≥ 0                                                    (18) ∑ 𝑝𝐻௜ × 𝐶𝐴௜ × 𝑥௜௡௜ୀଵ∑ 𝐶𝐴௜ × 𝑥௜௡௜ୀଵ − 6.5 ≥ 0                                                   (19) 

Control restrictions based on average moisture content of the mixture: Moisture in the biodigester is 
essential for the microorganisms that decompose organic matter to function properly. It is 
recommended that moisture be between 50% and 60% for optimal biogas production. The expression 
to calculate the percentage of moisture in a waste is as follows: %𝐻 = 𝑚௜𝑚் × 100                                                                     (20) 

The procedure for calculating moisturein the mixture is very similar to that used to calculate the 
(C/N) ratio using weighted estimation, therefore: %𝐻஺௩௚ = ∑ 𝐻௜ × 𝑥௜௡௜ୀଵ∑ 𝑥௜௡௜ୀଵ                                                            (21) 

Considering that the ideal range of moisture percentage for efficient anaerobic digestion should 
be between 50 and 60, then the following restrictions are defined: 50 ≤ %𝐻஺௩௚ = ∑ 𝐻௜ × 𝑥௜௡௜ୀଵ∑ 𝑥௜௡௜ୀଵ ≤ 60                                         (22) 

Therefore, the restrictions for controlling the resulting average moisture percentage are as 
follows: 60 − ∑ 𝐻௜ × 𝑥௜௡௜ୀଵ∑ 𝑥௜௡௜ୀଵ ≥ 0                                                            (23) ∑ 𝐻௜ × 𝑥௜௡௜ୀଵ∑ 𝑥௜௡௜ୀଵ − 50 ≥ 0                                                          (24) 
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3. Results 

3.1. Optimization Algorithm for Maximizing Biogas Production 

An algorithm was developed in Python using the libraries numpy and scipy.optimize to 
implement an optimization model that maximizes biogas production in a biodigester. This model 
considers the availability of various types of waste and integrates a set of previously described 
restrictions, which reflect the most important physical-chemical properties that significantly affect 
biogas production, seeking to establish optimal conditions for anaerobic fermentation of the 
substrate. 

The initial parameters of the model include the total capacity of the biodigester, which was set 
at 160 liters for the proposed scenarios. Of this volume, 70% is assumed to be the maximum limit for 
the substrate. The model also incorporates a binary availability vector, where a value of 1 indicates 
the presence of a specific waste and 0 its absence, in accordance with the general relationship of the 
proposed design. This vector allows the filtering of the physical-chemical characteristics considered 
in the calculations, such as pH, C/N ratio, moisture percentage and biogas production coefficients, 
among others, providing flexibility to the model and facilitating its adaptation to any combination of 
waste in specific contexts. This structure optimizes the biogas maximization process by adapting to 
different waste configurations. Table 15 presents the average values of the physical-chemical 
properties integrated in the proposed model for the most common types of waste in rural 
environments. 

Table 15. Parameters considered in the proposed model. 

Residue Density avg 
[kg/L] 

%Avg.  
Moisture 

pH 
C/N avg. 𝒄𝒊avg. 

Avg AC CA Factor 
Bovine 0.70 86.50 7.00 High 3 21.50 0.0198 
Pig 0.65 90,00 6.50 Average 2 12,00 0.0286 
Hen/Chicken 0.55 72.50 6.80 Average 2 8.00 0.0487 
Horse 0.75 77.50 7.00 High 3 25,00 0.0196 
Sheep 0.70 67.50 7.20 High 3 17.00 0.0276 
Rabbit 0.60 67.50 6.80 Average 2 11,00 0.0253 
Goat 0.65 72.50 7.20 High 3 15,00 0.0218 
Duck/Goose 0.60 82.50 6.50 Average 2 10,00 0.0294 
Fruit remains (peels) 0.50 85,00 4.75 Low 1 37.50 0.0500 
Vegetable waste 0.65 85,00 6.25 Average 2 16.00 0.0336 
Cereal crop residues (straw) 0.14 60,00 6.50 Average 2 70,00 0.0463 
Potato peels 0.60 80,00 6.50 Average 2 22.50 0.0410 
Egg shells 0.65 7.50 7.50 High 3 3.50 0.0008 
Coffee grounds 0.60 55,00 5.25 Low 1 22.50 0.0895 
Corn residues (leaves, stalks)0.19 60,00 6.75 Average 2 50,00 0.0511 
Stale bread/bread scraps 0.40 35,00 5.75 Low 1 25,00 0.2053 
Nut and seed shells 0.30 7.50 6.00 Low 1 90,00 0.0319 
Leftover cooked rice 0.80 55,00 6.50 Average 2 17.50 0.1269 
Leftover cooked vegetables 0.68 80,00 6.75 Average 2 12.50 0.0510 
Vegetable oils and fats 0.85 1.00 6.25 Low 1 25,00 0.8438 
Pasta 0.70 47.50 6.00 Average 2 17.50 0.1836 
Leaves and plant remains 0.15 67.50 6.75 High 3 45,00 0.0504 

The objective function of the proposed model is defined as the sum of the contributions of each 
waste to biogas production, using average coefficients 𝑐௜ specific for each type of waste. To maximize 
the total biogas production, the objective function is formulated with a negative sign, since the 
minimize function of scipy.optimize is used to solve the model. In addition, multiple linear and non-
linear constraints were implemented with the aim of controlling physical-chemical factors within the 
optimal limits recommended to maximize biogas production based on the amount of waste. These 
constraints include: 
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• pH restrictions: The average pH of the substrate should be between 6.5 and 7.5, the ideal range 
for microbiological activity. 

• C/N ratio: Establish a carbon/nitrogen ratio between 20 and 30, in order to maximize biogas 
production and minimize the formation of inhibitory compounds. 

• Moisture: Control the moisture percentage so that it remains within the optimal range between 
50% and 60%. 

• Substrate Volume Restriction: Limit the volume of the substrate to 70% of the total capacity of 
the biodigester, ensuring sufficient space for the biogas generated. 
As a result of the analysis carried out and articulating the various factors mentioned above that 

significantly influence biogas production, the algorithm developed for the proposed model is the 
following: 

 

Optimization Algorithm for Maximizing Biogas Production 

 
Input: 

• Biodigester capacity, 𝑉௕௜௢ௗ௜௚௘௦௧௢௥ 
• Waste availability vector 𝑟𝑑 (1 if available, 0 if not available) 
• Biogas production parameters, density, pH, moisture and C/N 

for each waste 
• pH, C/N and moisture limits: 𝑝𝐻௠௜௡ ,  𝑝𝐻௠௔௫ ,  𝐶𝑁௠௜௡ , 𝐶𝑁௠௔௫ , 𝐻௠௜௡, 𝐻௠௔௫ 
• Allowed proportion of animal waste: 20-40% of 𝑉௦௨௕௦௧௥௔௧௘ 

 
Output: 

• Optimal amounts of each waste 𝑥 [kg]. 
• Optimized average values of pH, C/N, moisture and substrate 

volume. 
 

1. Define target substrate volume: 
• 𝑉௦௨௕௦௧௥௔௧௘ = 𝑉௕௜௢ௗ௜௚௘௦௧௢௥ × 0.7 

2. Initialize biogas production coefficients for available waste: 
• Filter waste according to availability𝑟𝑑 
• Generate coefficient vector 𝑐 for selected residuals 

3. Formulate the objective function: 
• Define function 𝑓(𝑥) = −∑𝑐௜𝑥௜ to maximize biogas 

production. 
4. Define nonlinear constraints for mixture parameters: 

• Average pH:  𝑝𝐻௔௩௚ ∈  [𝑝𝐻௠௜௡,𝑝𝐻௠௔௫] 
• Average C/N ratio: 𝐶𝑁௔௩௚ ∈  [𝐶𝑁௠௜௡,𝐶𝑁௠௔௫] 
• Average moisture: 𝐻௔௩௚ ∈  [𝐻௠௜௡,𝐻௠௔௫] 
• Allowed volume of animal waste:  0.2 × 𝑉௦௨௕௦௧௥௔௧௘ ≤𝑉௔௡௜௠௔௟ ≤ 0.4 × 𝑉௦௨௕௦௧௥௔௧௘ 

5. Start linear constraints for total substrate volume:. 

• ∑ ௫೔ௗ೔ ≤ 𝑉௦௨௕௦௧௥௔௧௘ 
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6. Set variable limits:𝑥 
• For available waste: 𝑥௜ ≥ 0 
• For unavailable waste: 𝑥௜ = 0 

7. Run optimization: 
• Use an optimization method such as “nonlinear constrained 

minimization” to find the optimal values 𝑥∗ of each waste that 
maximizes biogas production. 

8. Calculate parameters of the optimized substrate: 
• Calculate  𝑝𝐻௔௩௚ , 𝐶𝑁௔௩௚ , 𝐻௔௩௚  and 𝑉௦௨௕௦௧௥௔௧௘  estimated 

with 𝑥∗ 
9. Show results: 

• Print optimal quantities of each waste in [kg].𝑥∗ 
• Show average values of 𝑝𝐻௔௩௚ , 𝐶𝑁௔௩௚ , 𝐻௔௩௚  and 𝑉௦௨௕௦௧௥௔௧௘ 

estimated 
 

3.2. Proposed Scenarios 

This section presents two proposed scenarios in order to evaluate the effectiveness of the 
optimization model to maximize biogas production that was developed in Python. Each scenario 
simulates a configuration of available organic waste using a binary availability vector, where a value 
of “1” indicates the presence of the waste in the biodigester and a value of “0” its absence. The model 
takes into account the capacity of the biodigester, the specific coefficients of each waste for biogas 
production, and the optimized physical-chemical constraints for each mixture. The specific 
configuration for each of the scenarios is presented below, accompanied by the results obtained in 
the model, evaluating the values obtained by the objective function and the physical-chemical 
parameters related to the resulting substrate for the anaerobic fermentation process. 

Scenario 1: 

Binary availability vector 
(1 if the residue is available, 0 if not) Optimization result obtained 

availability = { 
    'Bovine': 0, 
    'Pig': 1, 
    'Hen/Chicken': 0, 
    'Horse': 0, 
    'Sheep': 0, 
    'Rabbit': 0, 
    'Goat': 0, 
    'Duck/Goose': 0, 
    'Fruit remains (peels)': 1, 
    'Vegetable waste': 1, 
    'Cereal crop residues (straw)': 0, 
    'Potato peels': 1, 
    'Eggshells': 1, 
    'Coffee residue': 0, 
    'Corn residues (leaves, stalks)': 0, 
    'Stale bread/bread scraps': 0, 
    'Nut and seed shells': 0, 
    'Leftover cooked rice': 1, 
    'Cooked vegetable leftovers': 1, 
    'Vegetable oils and fats': 0, 
    'Pasta': 0, 
    'Leaves and plant remains': 1 
    } 

 
Bovine: 0.00 kg 
Pork: 14.56 kg 
Chicken: 0.00 kg 
Horse: 0.00 kg 
Sheep: 0.00 kg 
Rabbit: 0.00 kg 
Goat: 0.00 kg 
Duck/Goose: 0.00 kg 
Fruit remains (peels): 26.66 kg 
Vegetable waste: 0.00 kg 
Cereal crop residues (straw): 0.00 kg 
Potato peels: 0.00 kg 
Eggshells: 20.67 kg 
Coffee grounds: 0.00 kg 
Corn residues (leaves, stalks): 0.00 kg 
Stale bread/bread scraps: 0.00 kg 
Nut and seed shells: 0.00 kg 
Leftover cooked rice: 3.58 kg 
Cooked vegetable scraps: 0.00 kg 
Vegetable oils and fats: 0.00 kg 
Pasta: 0.00 kg 
Leaves and plant remains: 0.00 kg 
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 Average pH: 6.63 
C/N ratio avg: 20.00 
Average moisture: 60.00 
 
Maximum Substrate Volume in [L]: 112.0 
Estimated Substrate Volume in [L]: 112.00 
Value of the objective function in [L]: 2219.98 
Value of the objective function in [m3]: 2.22 
 

In the first scenario, a condition of limited waste availability was considered, mainly fruit scraps, 
cooked vegetables, cooked rice, egg and potato peels, as well as pig manure. These wastes were 
selected due to their relative accessibility in rural environments and their average biogas production 
characteristics. As a result of the optimization process in the first scenario, a notable load 
recommendation was obtained for pig waste (14.56 kg), egg shells (20.67 kg), and fruit scraps (26.66 
kg), prioritizing those that, due to their characteristics, maximize methane generation and facilitate a 
homogeneous substrate composition. 

The results related to the control parameters obtained in this scenario showed a pH of 6.63, a 
C/N ratio of 20.00 and a moisture level of 60.00%, values that are within the optimal ranges for 
microbiological activity in anaerobic digestion and minimize the formation of inhibitors, which 
favors a continuous methane production process. In turn, the optimization model predicts an 
estimated biogas volume of 2219.98 liters (2.22 m³), reflecting a moderate production efficiency 
compared to the total substrate volume. This result suggests that, although the selected wastes are 
suitable, the absence of certain wastes with high biogas production, such as bovine waste or 
uncooked vegetables, limit the maximum performance. However, the scenario provides a viable 
context for biodigesters in areas where waste availability is variable or limited. 

Scenario 2: 
Binary availability vector 
(1 if the residue is available, 0 if not) 

Optimization result obtained 

availability = { 
    'Bovine': 1, 
    'Pig': 0, 
    'Hen/Chicken': 0, 
    'Horse': 0, 
    'Sheep': 0, 
    'Rabbit': 0, 
    'Goat': 0, 
    'Duck/Goose': 0, 
    'Fruit remains (peels)': 1, 
    'Vegetable waste': 1, 
    'Cereal crop residues (straw)': 1, 
    'Potato peels': 1, 
    'Eggshells': 0, 
    'Coffee waste': 1, 
    'Corn residues (leaves, stalks)': 0, 
    'Stale bread/bread scraps': 0, 
    'Nut and seed shells': 0, 
    'Leftover cooked rice': 1, 
    'Cooked vegetable leftovers': 1, 
    'Vegetable oils and fats': 0, 
    'Pasta': 1, 
    'Leaves and plant remains': 0 

          } 
 

 
Bovine: 15.68 kg 
Pork: 0.00 kg 
Chicken: 0.00 kg 
Horse: 0.00 kg 
Sheep: 0.00 kg 
Rabbit: 0.00 kg 
Goat: 0.00 kg 
Duck/Goose: 0.00 kg 
Fruit remains (peels): 1.00 kg 
Vegetable waste: 0.00 kg 
Cereal crop residues (straw): 1.95 kg 
Potato peels: 0.00 kg 
Eggshells: 0.00 kg 
Coffee grounds: 0.00 kg 
Corn residues (leaves, stalks): 0.00 kg 
Stale bread/bread scraps: 0.00 kg 
Nut and seed shells: 0.00 kg 
Leftover cooked rice: 33.60 kg 
Cooked vegetable scraps: 0.00 kg 
Vegetable oils and fats: 0.00 kg 
Pasta: 21.81 kg 
Leaves and plant remains: 0.00 kg 
 
Average pH: 6.50 
C/N ratio avg: 20.00 
Average moisture: 60.00 
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Maximum Substrate Volume: 112.0 
Estimated Substrate Volume: 112.00 
Value of the objective function in [L]: 8719.19 
Value of the objective function in [m3]: 8.72 
 

The second scenario introduces a greater diversity of wastes, including cattle waste, cereal crops, 
fruit waste, potato peels, coffee grounds, and other cooked foods such as pasta and rice. This 
combination responds to the hypothesis that a greater diversity of substrates can increase biogas 
production, taking advantage of the different methane generation coefficients of each waste, while 
seeking to maintain the control parameters within the appropriate intervals. 

The results of the optimization process in this scenario suggest a priority allocation to waste with 
high biogas production potential, such as bovine waste (15.68 kg) and pasta (21.81 kg), in addition to 
significant quantities of cooked rice (33.6 kg). These wastes were selected not only for their biogas 
production coefficients, but also because, when combined, they meet the optimal physical-chemical 
limits. The model managed to establish a combination of wastes that allows estimating in the 
substrate a pH of 6.50, a C/N ratio of 20.00 and a moisture of 60.00%, values that are ideal for 
maximizing methanogenesis by providing an environment conducive to microbiological activity, 
while limiting inhibition caused by acidic or ammoniacal compounds. This balance ensures a stable 
anaerobic environment, necessary to maximize methane production and reduce the risks of inhibition 
in the digestive process. 

Additionally, the model predicts a biogas production of 8.72 m³ for the resulting substrate, 
highlighting a significant improvement in efficiency compared to the first scenario. This increase in 
biogas volume not only demonstrates the importance of diversifying the waste in the mix, but also 
highlights the model's ability to select waste that is able to maximize production within the physical 
limits of the biodigester. The optimization performed in this scenario reflects how the availability of 
waste with a high methanogenic capacity increases the efficiency of the biodigester, making this 
combination a viable and efficient alternative in environments with greater access to a variety of 
organic waste. 

3.3. Sensitivity Analysis 

To perform the sensitivity analysis of the proposed scenarios, the Monte Carlo method was used, 
through which it was possible to evaluate how the volume of biogas production responds to 
fluctuations in the properties of the organic waste used. To carry out the process, the quantities 
obtained in terms of the weight in kg of each type of waste that form part of the optimal substrate for 
biogas production proposed by the model were considered. From this point, 1000 simulations were 
carried out for each proposed scenario, randomly establishing different values within the intervals 
established as minimum and maximum for each of the parameters such as: pH, C/N ratio, percentage 
of moisture, biogas potential coefficients and waste densities. This statistical methodology allowed 
not only to identify the most probable values of biogas production, but also to evaluate the sensitivity 
of the process to each parameter, providing a comprehensive view of the variability and robustness 
of the system. The results obtained include detailed metrics of dispersion and central tendency, such 
as confidence intervals and quartiles, which support the interpretation of the potential effects of each 
variable on the expected biogas production. Figures 1–4 present the histogram, most probable value 
and box plots, accompanied by Tables 16 and 17 that describe the statistical results of each of the 
parameters evaluated for scenarios 1 and 2. 
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Figure 1. Histogram and most likely value of biogas production for scenario 1. 

 

Figure 2. Box plot for the volume of biogas produced for scenario 1. 
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Figure 3. Histogram and most likely value of biogas production for scenario 2. 

 

Figure 4. Box plot for the volume of biogas produced for scenario 2. 

Table 16. Statistics of the results obtained in scenario 1. 

Parameter 
Most 
probable 
value 

Q1 Median 
(Q2) Q3 IQR 

(Q3-Q1) Mean Standard 
deviation 

Confidence 
interval (95%) 

Biogas Volume [L] 2354.17 1914.60 2240.92 2571.67 657.07 2241.83 407.20 (2216.59, 2267.07) 
pH 6.57 6.49 6.62 6.76 0.27 6.63 0.19 (6.62, 6.64) 
Moisture (%) 60.35 58.98 60.06 61.02 2.04 60.02 1.29 (59.94, 60.1) 
C/N 19.84 19.45 19.95 20.51 1.06 19.98 0.72 (19.93, 20.02) 
Vol. Substrate 107.32 107.12 112.07 118.27 11.15 112.78 6.73 (112.36, 113.19) 
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Table 17. Statistics of the results obtained in scenario 2. 

Parameter Most probable
value 

Q1 Median 
(Q2) 

Q3 IQR 
(Q3 - Q1) 

Mean Standard 
deviation 

Confidence 
interval (95%) 

Biogas Volume [L] 8636.70 8026.04 8732.47 9502.69 1476.65 8741.37 1019.35 (8678.11, 8804.62) 
pH 6.46 6.39 6.48 6.60 0.21 6.49 0.16 (6.48, 6.50) 
Moisture (%) 60.24 58.83 60.06 61.17 2.33 60.01 1.40 (59.92, 60.1) 
C/N 20.04 19.37 20.03 20.69 1.32 20.03 0.92 (19.98, 20.09) 
Vol. Substrate 112.26 110.53 112.21 113.83 3.30 112.20 2.31 (112.06, 112.35) 

In it scenario 1, the sensitivity analysis applied to biogas production allowed to evaluate the 
effects of variability in the input parameters (pH, % moisture, C/N ratio and substrate volume) on 
the volume of biogas produced in liters, using the Monte Carlo method. The results show that the 
biogas volume has a most probable value of 2354.17 L, with a mean of 2241.83 L and a close median 
of 2240.92 L, indicating a symmetrical distribution of the variable. The standard deviation of 407.20 
L reflects a significant variability, and the interquartile range (IQR) of 657.07 L confirms the 
dispersion of the data within the 95% confidence interval (2216.59 to 2267.07 L). This suggests that, 
in the evaluated scenario, biogas production is sensitive to variations in the input factors, with a 
relatively consistent central prediction around the mean values and a high dispersion in the extreme 
values. 

The factors corresponding to pH, moisture and C/N ratio describe a low variability, reflecting 
stability and efficient control in the system. pH presents a most probable value of 6.57, with a close 
mean and median (6.63 and 6.62 respectively), with a standard deviation of 0.19, which shows that 
despite the fluctuations of the system, the pH tends to remain within a very narrow range. This 
behavior is also reflected in the 95% confidence interval (6.62 to 6.64), suggesting that pH variations 
have little influence on biogas performance in this context. Moisture describes a most probable value 
of 60.35% and a mean of 60.02%, reflecting a similar stability to pH, with an IQR of 2.04 and a 
confidence interval that is centered around stable values. On the other hand, the C/N ratio shows an 
equally stable and little dispersed behavior, with a most probable value of 19.84, and with close mean 
and median (19.98 and 19.95). Its IQR of 1.06 and low standard deviation of 0.72 reinforce the low 
sensitivity of this parameter to variability in process conditions, which is beneficial for uniformity in 
biogas production. Establishing a stable environment in relation to pH, moisture and C/N ratio is 
very favorable during the digestion process, since it avoids sudden variations that could negatively 
affect the efficiency of the anaerobic process. 

However, the volume of the substrate shows a greater dispersion due to the variability that may 
be present in the density levels of each type of waste that is part of the substrate, reflecting a most 
probable value of 107.32 L and a mean of 112.78 L, thus reflecting its dynamic nature in the process. 
In turn, this parameter presents an IQR of 11.15 and a confidence interval of 112.36 to 113.19 L, which 
suggests that, although the volume of substrate has a greater dispersion, it continues to remain in a 
relatively stable range and in coherence with the restrictions established in the proposed model, in 
order not to exceed 70% of the volume of the biodigester. 

In scenario 2, the results describe specific variability patterns in each factor analyzed for biogas 
production, similar to those observed in scenario 1, although with certain differences in the 
concentration and dispersion of values. For biogas volume, the most likely value is 8636.70 L, while 
the mean and median are 8741.37 and 8732.47 L, respectively. The greatest dispersion in this scenario 
is observed with a standard deviation of 1019.35 L and an IQR of 1476.65 L, indicating a relatively 
wide production range. However, the 95% confidence interval (8678.11 to 8804.62 L) suggests that 
most values are concentrated in a range higher than that of the first scenario, possibly due to the 
restrictions established in the proposed model in order to maintain control over the input factors. 

For the factors pH, moisture, C/N ratio, and substrate volume, variability is low and behavior is 
stable, ensuring a favorable environment for anaerobic digestion. pH remains in an optimal zone, 
with a most probable value of 6.46, mean of 6.49, and median of 6.48, along with an IQR of 0.21 and 
a narrow confidence interval (6.48 to 6.50), indicating stability in the process. Moisture also reflects 
slight variability, with a most probable value of 60.24%, a mean of 60.01%, and an IQR of 2.33%, 
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suggesting a controlled impact on production. Similarly, the C/N ratio presents a most probable value 
of 20.04 and an IQR of 1.32, confirming that this factor has a stable influence on the process. Finally, 
the substrate volume is the most constant factor, with a most probable value of 112.26 L, mean of 
112.20 L, and a tight confidence interval (112.06 to 112.35 L), which allows for greater precision in 
controlling the substrate used. The stability observed in this scenario reaffirms the effectiveness of 
the model in managing operational factors, favouring controlled and predictable biogas production. 

4. Discussion 

The results obtained in this study illustrate the complex interaction between different types of 
organic waste during biogas production. Model optimization showed that waste with higher 
production coefficients, such as fruit waste and vegetable waste, play a key role in maximizing biogas 
yield. Furthermore, sensitivity analysis using the Monte Carlo method showed that small variations 
in substrate composition can have a considerable impact on biogas production, thus highlighting the 
importance of careful waste selection. The average pH of the optimized substrate remained within 
the ideal range (6.5-7.5), suggesting that the combination of selected wastes favors an optimal 
environment for microbial activity. This finding aligns with previous research highlighting the 
relevance of an adequate balance in the C/N ratio for biogas production efficiency [34]. 

The second scenario highlights the importance of considering a greater diversity of wastes, as 
the combination of different types of substrates allowed to achieve a significantly higher biogas 
production, thus optimizing the efficiency of the biodigester. This finding suggests that, in future 
applications, the inclusion of a diverse set of wastes may be a key strategy to maximize the energy 
yield of biodigesters, benefiting both rural communities and industrial facilities. In this regard, the 
analysis of the effect of the C/N ratio revealed that an adequate proportion favors fermentation and 
methane production. The results of the sensitivity analysis underline that small variations in the 
waste ratio can drastically affect biogas production, corroborating previous findings indicating that 
an inadequate C/N balance can limit microbial activity and, therefore, the efficiency of the anaerobic 
digestion process [35]. 

The comparative analysis of the two proposed scenarios reveals significant differences in biogas 
production, highlighting the impact of input conditions and the sensitivity of the system to certain 
parameters. In scenario 2, biogas production is significantly higher, both in terms of probable and 
average value, generating a waste mix with better conditions for microbiological activity under 
optimized conditions. However, this production advantage also promotes greater variability, 
suggesting that the system is more susceptible to fluctuations in input parameters related to substrate 
composition and its nutrients. From a real-world perspective, the model predicts an increase in biogas 
production capacity, with the possibility of requiring constant monitoring of the digestion process as 
well as greater control over the inputs used, in order to maintain stability in the system. 

Control parameters such as pH, moisture and C/N ratio exhibit relative stability in both 
scenarios, with minimal variations that highlight their role as controllable variables within the 
anaerobic digestion process. The low dispersion observed in these factors indicates that the system 
manages to maintain an adequate environment for the activity of methanogenic bacteria, even when 
there are changes in other parameters, such as substrate volume or moisture. This regulation capacity 
is an advantage of great importance for the design and scalability of the biodigester, since it ensures 
that microbiological activity remains within an optimal range, thus protecting biogas yield, even 
when other factors experience higher levels of fluctuation [36]. Furthermore, since microbiological 
activity is sensitive to the balance between moisture and substrate composition, the observed values 
of the control parameters suggest robust efficiency in anaerobic digestion. This, in turn, could indicate 
the need to slightly adjust the water content in scenarios that seek to maximize production under 
more variable conditions, which is key to optimizing biogas yield. 

The approach proposed in this study is distinguished by its integrative capacity, by evaluating 
the combined effect of multiple interdependent variables on biogas production. Unlike models such 
as those proposed by [11,34,37], whose predictive capacity is limited by not considering the 
interaction between factors, the proposed model allows for more complete and realistic simulation 
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and analysis processes related to the performance of the biodigester under various operating 
conditions. The implementation of sensitivity analysis using Monte Carlo reinforces its robustness, 
allowing for the evaluation of the behavior of critical parameters such as pH, C/N ratio, moisture and 
production potential coefficients, which have a significant impact on biogas production, thereby 
allowing for the establishment of a fundamental approach to the analysis of anaerobic digestion, 
especially given the inherent variability of organic waste in real environments [38]. 

The implications of this model for the design and operation of biodigesters in rural settings are 
significant, especially in contexts where the availability and variability of organic waste are critical 
factors. The model allows farmers and waste managers to select optimal substrate combinations, 
maximizing biogas production and promoting energy sustainability. This ability to adjust substrate 
composition offers significant advantages, promoting improvements in biodigester efficiency that 
could reduce dependence on fossil fuels and contribute to the reduction of greenhouse gas emissions, 
aligning with the findings of [5]. 

In addition to its direct application in biodigester optimization, the model is presented as a 
useful tool for planning waste management policies in rural areas, supporting the implementation of 
biodigesters in communities where it was previously considered unfeasible. This increases the energy 
resilience of communities, contributing to environmental sustainability and the fulfillment of global 
emissions reduction targets. The resulting optimization of biogas production also offers versatile 
energy performance, applicable in various activities, such as electricity generation and water heating, 
with a direct impact on the energy sustainability of these communities. 

Finally, the proposed model can be considered as a tool of greater interest within applied 
research processes compared to other existing models, taking into account adaptation methods for a 
wide range of waste types that may be present in rural or urban environments with high waste 
diversity, allowing optimization processes and the ability to adjust operating conditions through the 
systematic evaluation of variables, providing a valuable contribution to improving efficiency in 
biogas production. 

5. Conclusions 

The proposed model represents a significant advance in the optimization of biogas production 
from organic waste, in accordance with the results obtained during the analysis processes carried out 
in the different scenarios. The results highlight not only the superiority in biogas production of 
scenario 2, but also the need for careful management of operating conditions, particularly with regard 
to the variability of input parameters. The integration of multiple variables and their evaluation 
through a sensitivity analysis based on the Monte Carlo method provide a deeper understanding of 
the dynamics of the anaerobic digestion system. Additionally, the variability observed in biogas 
production highlights the importance of properly selecting the weight of each of the wastes that will 
form part of the resulting substrate, as well as maintaining rigorous control over factors such as pH, 
moisture and C/N ratio, which showed stability in each of the scenarios despite the fluctuations that 
could be present in each of the control parameters. These results are in line with existing literature 
that points out how an adequate balance between waste composition can optimize process efficiency. 
Furthermore, it is suggested that the implementation of a real-time monitoring system could 
complement the proposed model from an experimental context, allowing the possibility of making 
dynamic adjustments in the operating conditions of the biodigesters during the anaerobic digestion 
process, thereby allowing not only to improve the efficiency and performance of biogas production, 
but also contributing to sustainability in waste management and renewable energy generation. 
Finally, the model can be considered not only as a practical tool to maximize biogas production, but 
also establishes a solid framework for future research in the field of anaerobic digestion, focusing on 
improving sustainability and efficiency in energy production from organic waste. 
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