



Zero-Order Kinetic Modeling of Methane Emissions from Organic Waste: a Case Study of the Abidjan Landfill System



.

	[bookmark: _Hlk201829617]ABSTRACT: The rapid urbanization and population growth of Abidjan, the economic capital of Côte d'Ivoire, have led to a significant increase in the generation of municipal solid waste (MSW), a large portion of which is biodegradable. Inefficient waste disposal in uncontrolled landfills results in uncontrolled methane (CH₄) emissions, a greenhouse gas with a global warming potential 28 times greater than that of carbon dioxide. Managing these methane emissions presents a major challenge for the environmental and energy sustainability of the city. This study proposes the application of a simplified kinetic model to predict the energy potential of waste in Abidjan, specifically focusing on the Kossihouen landfill. In this context, the term “simplified kinetic model” refers to a zero-order approach that assumes a constant methane production rate, independent of the substrate concentration, making it suitable for contexts where detailed waste degradation data is scarce. Due to the difficulty of obtaining experimental data in tropical contexts, the simplified model, which assumes a constant methane production rate independent of substrate concentration, was chosen as a practical and effective solution for estimating methane emissions. The results demonstrate that the waste from the Kossihouen landfill could generate an annual electrical output of 15.34 MW, sufficient to supply energy to 92,000 people in 2021. These empirical results were compared with theoretical estimates from other kinetic models, showing consistent trends but highlighting that theoretical maximum values cannot be fully achieved in practice due to recovery limitations.  Furthermore, this energy recovery leads to a reduction in greenhouse gas emissions. This approach provides local policymakers and energy planners with a valuable tool for assessing the feasibility of biogas recovery and sustainable waste management projects. Additionally, the study lays the foundation for future research on the adaptation of simplified models in other African contexts facing similar challenges.
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1. INTRODUCTION 

Rapid urbanization, population growth, and industrial expansion in Sub-Saharan African cities have led to a significant increase in municipal solid waste (MSW) production. This major challenge is highlighted by UN-Habitat (2018) in its report The State of African Cities, which underscores the growing scale of waste management challenges across the continent. In Côte d'Ivoire, and specifically in Abidjan, these changes have placed increasing pressure on waste management systems, which face various difficulties, including insufficient infrastructure, limited waste valorization, and weak enforcement of regulations. According to Ivorian authorities, the Abidjan District generates more than 1.4 million tons of waste annually, of which over 60% is biodegradable. This organic fraction, when stored in open or poorly managed landfills, becomes a major source of uncontrolled methane emissions, produced by the anaerobic decomposition of organic matter (Liu et al., 2017).
Methane (CH₄) is a greenhouse gas with a global warming potential 28 times greater than that of carbon dioxide (CO₂) over a 100-year period (IPCC, 2014). According to international climate assessments, landfills are among the most significant anthropogenic sources of methane in developing countries, where waste is neither pretreated nor segregated at the source (UNEP & CCAC, 2021). In this context, modeling methane emissions from landfills is essential for quantifying GHG emissions, designing mitigation strategies, and evaluating the energy recovery potential of organic waste (IPCC, 2019).
Several kinetic approaches have been proposed to estimate CH₄ emissions, including first-order models (used in LandGEM and the IPCC Tier 2 methods), Monod models, and modified Gompertz equations (Majdinasab et al., 2017). However, the implementation of these models relies on specific and detailed input data — such as waste composition, moisture content, temperature, and landfill age — which are often lacking in African contexts (Couth, R.; Trois, C.,  2011).
To overcome these constraints, the IPCC (2006) recommends the use of simplified Tier 1 methods, based on default emission factors, when local data is unavailable or insufficient, as part of its guidelines for national GHG inventories. In line with this simplification, researchers have proposed the use of zero-order kinetic models, which assume a constant methane production rate independent of substrate concentration. Although these models are less detailed in terms of the underlying biological processes, they provide robust operational estimates for preliminary analyses or decision-making in data-scarce environments (Idehai et al., 2015). However, their application remains poorly documented in Africa, and few studies simultaneously integrate an estimation of the methanogenic potential and a quantitative evaluation of the biogas energy potential in tropical contexts.

In Abidjan, the Kossihouen landfill, operational since the closure of the Akouédo site, serves as a typical example of a landfill receiving a high proportion of biodegradable waste under humid tropical conditions conducive to methanogenesis.

This study aims to assess the energy potential of waste from the Kossihouen landfill using zero-order or simplified kinetic models of waste degradation. Specifically, the study seeks to:
(i) estimate the annual volume generated from different models;
(ii) estimate the energy potential of the Kossihouen landfill waste using empirical models;
(iii) evaluate the energy potential of the Kossihouen landfill waste using theoretical models.

This work is distinguished by its application of a simple kinetic framework to a real and understudied African urban system, utilizing local data and focusing on operational indicators relevant to environmental management. The anticipated results should provide municipal stakeholders, environmental engineers, and energy planners with accessible tools to support decision-making in biogas evaluation and sustainable waste valorization. Furthermore, this research could provide valuable insights for other African cities facing similar challenges.

2. 2. METHODOLOGY
2.1 Overview of the Abidjan District
The Abidjan district, the economic capital of Côte d'Ivoire, is located in the southeastern part of the country along the coastline. This district, which accounts for 21.5% of the total population of Côte d'Ivoire, stands out from other regions due to its significant demographic weight. Each of the other regions represents less than 5% of the country’s total population (INS, 2021).
The district’s current landfill, the Kossihouen Technical Waste Recovery and Landfilling Center, covers an area of 100 hectares and has a capacity to handle 4 million tons of household waste per year. This landfill was commissioned following the closure of the Akouédo landfill.
2.2. Zero-Order Models or Simplified Kinetic Models
The population of the Abidjan district, which totaled 6.3 million inhabitants in 2021 (INS, 2021), was considered for the estimation of energy potential, with a landfill waste disposal rate of 70%. In Abidjan, each inhabitant generates 0.64 kg of waste per day, the characteristics of which are presented in the following Figure 2 (GBN, 2020).
Table 1: Typology of Solid Waste in Abidjan
	Characteristics of the waste
	Percentages

	Fermentable
	45

	Vegetal
	13

	Paper and Cardboard
	6

	Plastics
	9

	Textiles
	3

	Metals
	2

	Inert materials: fines, pebbles, glass
	15

	Others
	7
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2.2.1. Surroop and Mohel Model
[bookmark: _Hlk205743671]The estimation of the volume of biogas generated using this model was carried out by correlating the mass of waste with the volume of biogas produced and applying standard gas laws ( Surroop & Mohee, 2011). In this model, one ton of MSW generates 119.8 m³ of biogas containing 49% methane12. Thus, the amount of electricity was calculated using the following equation( Surroop & Mohee, 2011):
 
				(1)
E surroop Electrical Energy in Joules;
 : Methane Flow Rate ( m3/day ) ; ;
:37,5 x106 J/kg ;
D : 0.656 kg/m³ is the density of methane at 25°C;
R : Methane recovery rate = 75%;
 𝜼: Gas engine efficiency = 33%.
2.2.2. Default Model of the IPCC
This method is based on the following general formula(IPCC, 1996):
 			(2)
                                                         
: methane emission rate in tons per year;
MSWT : total mass of generated MSW(tons);
MSWF : Fraction of MSW Landfilled;
MCF : methane correction factor;
DOC : degradable organic carbon;
DOCF : biodegradable assimilable organic carbon;
F : methane fraction in biogas.
The default values (0.4-1.0) for the MCF depend on the types of municipal solid waste (MSW) landfilling practices. In the case of the Kossihouen landfill, a value of 0.8 was used, taking into account the management approach. According to the IPCC, the DOC ranges from 0.08 to 0.21 and is estimated using Equation 12.
						(3)
where P represents the fraction of paper in the MSW;
K denotes the fraction of kitchen waste;
W indicates the fraction of wood/leaves in the waste.
[bookmark: _Hlk205743988]Furthermore, the default value of 0.77 was used for the DOCF. Additionally, 1 ton of CH4 generates 0.2805 MW of electrical power (Johari et al., 2012 ).
2.2.3. Taherzadeh Model
This model involved correlating the number of inhabitants with the biogas flow rate, as shown in table 2. In this estimation, only the lower limit was considered, as the biogas generation process in Abidjan is entirely driven by anaerobic degradation. Additionally, the amount of waste sent to the landfill was taken into account (Idehai & Akujieze, 2015).
[bookmark: _Hlk205743939] Table 2: Relationship between biogas flow and population size (Idehai  & Akujieze, 2015)9 
	
	Lower limit
	Upper limit

	Biogas flow rate (m³/h)
	750  
	3 750 

	Electric Power (MW)
	1
	5

	Population
	150 000
	150 000


It should be noted that the electrical power potential corresponding to a methane flow rate of 225 m³/h is 2.25 MW9.
2.2.4. Johari et al. Model
This model is also based on a correlation between the mass of waste generated and the amount of methane produced, taking into account the percentage of biomass as shown in table 3 (Johari et al., 2012 ).
Table 3: Relationship between waste mass and methane mass
	Waste mass (t)
	26.420

	Biomass proportion (%)
	61.17 

	Methane Mass (t)
	1

	Electric power (MW)
	0.255



2.2.5. Clean Development Mechanism (CDM) Model
This model allowed for the direct estimation of the potential electrical power generated from waste, based on a correlation between the waste mass and electrical power, as presented in the results of table 4(CDM Projects, NYC, 2012).


Table 4: Relationship between waste mass and electrical power
	
	Waste mass (t)
	Electric power (MW)
	References

	South Korea
	19000
	50
	(CDM)

	China 
	6800 
	19
	(CDM)

	Brazil Site 1
	7500
	20
	(NYC, 2012)

	Brazil Site 2 
	5479
	20
	(NYC, 2012)


2.2.6. Modèle stœchiométrique
Dans ce cas l’estimation du volume de méthane généré tient compte de la valeur théorique obtenue à partir de la formule générale simplifiée des déchets qui est celle de l’acide adipique (Themelis & Ulloa , 2006). D’après cette estimation 1 tonne de DSM produit 208,33 Nm3 de méthane(Themelis & Ulloa , 2006). La puissance électrique se calcule à partir de l’équation 1.



3. results and discussion

[bookmark: _Hlk205192345]3.1 Zero Order Decay Model Based on Different Theories 
Figure 1 presents the estimation of the electrical power generated by the biogas from the Akouédo landfill, based on different theoretical approaches.
                     [image: ]
Figure 1 : Estimation of the Electrical Power (MW) Generated by Biogas from the Kossihouen Landfill Based on Various Theories.
The maximum and minimum values of electrical power are 46.42 MW and 36.93 MW, respectively. Thus, theoretically, this electrical power could supply electricity to approximately 278,000 people at maximum. The maximum value was obtained from the stoichiometric model, while the minimum value was derived from the IPCC model. Excluding the stoichiometric model, the average electrical power derived from the other models is 38.88 MW.

Indeed, the difference in observed electrical power can be explained by the use of different factors in each model for these estimates. The value of 40.60 MW obtained from the Taherzadeh model is an approximate estimate of the electrical power associated with the anaerobic decomposition of Municipal Solid Waste (MSW). The value of 39.29 MW, estimated using the model by Johari et al., is based on stoichiometry. This model considers biomass as the raw material for the anaerobic generation of landfill gas. The minimum electrical power value obtained from the default IPCC model could be explained by the use of default values for certain parameters, such as the methane correction factor (MCF) and the degradable organic carbon fraction (DOCF). Additionally, this model does not account for the age or type of waste. The stoichiometric model provides the upper limit for electrical power. Any value beyond this limit is theoretically impossible.

Global methane emissions from waste landfilling are estimated at 12%, corresponding to 1.5 billion tons of methane, of which only 10% is captured (Ahmed et al., 2013). This underscores the importance of accurately estimating the green energy potential of the Kossihouen landfill by incorporating additional experimental data (Figures 1 and 2). Understanding the biogas generation potential at the Kossihouen landfill is crucial before implementing a biogas recovery facility for energy production purposes. Furthermore, this facility is highly costly (Zairi, 2014). For these reasons, multiple approaches were employed in this study to obtain a more accurate estimate.

It is worth noting that biogas generation at the Kossihouen landfill is continuous due to the anaerobic decomposition of the organic fraction of solid waste. Therefore, if the biogas recovery facility is non-operational, pressure will build up, causing biogas to be released into the atmosphere (Johari, 2012). This would pose a significant environmental threat, as methane from biogas is a potent greenhouse gas. Moreover, the revenue generated from electricity and carbon credits (from emission reduction certifications) using the Johari model amounted to a total of 53.075 million USD. This revenue represents a substantial added value to the economy of Côte d'Ivoire.
3.2 Zero Order Decay Model Based on Empirical Models 

Figure 2 presents the estimation of the electrical power generated from the biogas produced by the Kossihouen landfill, based on experimental data.
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Figure 2: Estimation of Electrical Power (MW) Generated by Biogas from the Kossihouen Landfill Using Empirical Models

The maximum and minimum values of electrical power are 19.61 MW and 12.80 MW, respectively. The maximum value was obtained from the model by Suroop and Mohel (United States), while the minimum value was derived from the Clean Development Mechanism (CDM) model of South Korea. The average electrical power value derived from these models is 15.34 MW. There are no significant differences between the electrical power values from the South Korean, Chinese (Guangzhou), and Brazilian (Banderanteis) models.

The maximum value obtained from the Suroop and Mohel model could be explained by the use of the gas law and the properties of methane, such as density and lower heating value, in the estimation (Idehai et al., 2015). It also accounts for the gas flow rate and the efficiency of the biogas recovery system. This estimate is considered to be close to reality (Idehai et al., 2015). The electrical power values derived from the CDM models in South Korea, China (Guangzhou), and Brazil are similar. These results demonstrate the effectiveness of using accurate real-world data. This similarity may be explained by the fact that these models rely solely on the mass of MSW, while the other models incorporate the gas law, methane properties, gas flow rate, etc.

These electrical power values indicate that the theoretical maximum electrical power (46.42 MW, as shown in Figure 2) cannot be fully achieved in practice. Indeed, not all the methane generated can be recovered. The use of empirical data indicates an estimated average electrical power of 15.34 MW. This electrical power is capable of supplying electricity to over 92,000 inhabitants. The stoichiometric model indicates that one-third of the theoretical electrical potential of the Kossihouen landfill can be realized using an internal combustion engine.
3.3. Comparative Analysis of Zero-Order, Simplified, and First-Order Kinetic Models
Modeling methane emissions from municipal solid waste (MSW) is an essential step in the design of energy recovery systems and the implementation of greenhouse gas reduction strategies. This study applies a zero-order kinetic model to estimate the energy production potential associated with the anaerobic degradation of organic waste at the Kossihouen landfill site in Abidjan. To validate the relevance of this simplified approach, the results obtained are compared with those of Kouakou et al., (2018) who used the first-order LandGEM model in a similar geographical and operational context.
The LandGEM model, based on first-order kinetics, posits that methane production depends on two key parameters: methane generation potential (L₀) and the degradation rate constant (k). Although widely used, this model requires detailed data that are often difficult to access, such as specific waste composition, waste age, and local degradation conditions. According to Kayaba et al., (2024), the LandGEM model is a reliable tool for estimating methane production, but it heavily depends on data regarding waste composition and local environmental conditions, which are not always available in developing countries. In their study, Kouakou et al. (2018) estimated annual methane production to range between 61 and 79 million m³, yielding an energy potential of 209 GWh/year (or 23.86 MW), based on optimized parameters (L₀ = 170 m³/t, k = 0.149 year⁻¹).
In contrast, the zero-order model applied in this study assumes a constant methane production rate, independent of substrate concentration. Less complex, this approach has the advantage of being more easily applicable in African contexts, where access to local data is often limited or unreliable. The estimate obtained in this study, with an average of 15.34 MW, or approximately 134 GWh/year, remains consistent with the results from the LandGEM model in certain contexts. However, it is important to highlight that the difference of 75 GWh/year (9.52 MW) between the two models is significant. This can be explained by the methodological differences: the zero-order model is simpler and less sensitive to variations in waste composition, unlike the first-order model, which takes these factors and the waste degradation dynamics into account.
The difference between 134 GWh/year and 209 GWh/year can also be attributed to the use of simplified data in the zero-order model, which does not account for the complex degradation of organic waste over time. Models such as LandGEM allow for a more detailed and accurate estimation of methane production by incorporating temporal and environmental factors, thus providing a better simulation of the real conditions of organic waste degradation over time (Saeedi et al., 2025). However, this model requires detailed information that is often difficult to obtain in data-limited contexts, as is the case in many developing regions.
Although simplified, the zero-order model provides results consistent with empirical data and international references on methane recovery in tropical landfills. This type of model is particularly suited for regions where waste degradation data is limited but where preliminary estimates of energy potential are essential for short-term planning of biogas recovery projects (Abhishek & Sumedha, 2020). It also has the advantage of being less sensitive to parameter variations and data uncertainties, making it a strategic tool for preliminary studies or decision-making in resource-constrained environments.
This comparative analysis shows that while the first-order model offers a more detailed view and is useful for long-term planning, the zero-order model represents an operational alternative for quick estimates of the energy recovery potential of waste. The convergence of results between the two approaches reinforces the validity of the simplified model and highlights its relevance for other African cities facing similar challenges in waste management and energy transition.

3.4.Limitations and Uncertainties
While the zero-order (simplified kinetic) model provides operational estimates suitable for contexts with limited data, several limitations must be acknowledged. First, the assumption of a constant methane production rate does not account for variations in waste degradation rates over time, which may lead to under- or over-estimation of peak methane yields. Second, the heterogeneity of waste composition in the Kossihouen landfill, influenced by seasonal variations and informal waste disposal practices, introduces uncertainty in the input parameters. Third, the recovery efficiency of methane is assumed to be constant, whereas in practice it can be affected by operational factors such as gas collection system design and maintenance. A brief sensitivity analysis, varying methane yield and recovery efficiency by ±20%, indicates that the estimated electrical power output could range from 12.27 MW to 18.41 MW. These uncertainties should be considered when interpreting the results, and future studies could integrate more detailed temporal and compositional data to refine the estimates.

4. Conclusion

The rapid urbanization and population growth in Abidjan, coupled with inadequate waste management systems, present a major challenge for the city in terms of waste management and methane emission reduction. The study conducted in this context highlights the importance of waste valorization, particularly through biogas production, as a strategic means to reduce greenhouse gas emissions while contributing to renewable energy production.
The application of the zero-order kinetic model, or similar simplified models, although basic, has enabled an operational estimate of the energy potential generated at the Kossihouen landfill, taking into account the specific characteristics of the organic waste produced in Abidjan. This modeling demonstrated that it is possible to obtain reliable estimates of methane potential, even in contexts where access to data is limited, as is often the case in West Africa.
The results of this study are promising, showing the significant potential of the Kossihouen landfill for biogas production and energy recovery, with estimates that could improve the planning of energy recovery facilities. Moreover, the use of a simplified model like the zero-order model proves not only to be relevant but also necessary in environments where data is difficult to collect or process.
By providing municipal stakeholders, environmental engineers, and energy planners with practical tools for biogas assessment, this study paves the way for more sustainable waste management strategies and energy solutions tailored to local specifics. The implications of this research are not limited to Abidjan but can be extended to other African cities facing similar challenges in waste management and energy transition.
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