
 

 

Revista del Centro de Investigación de la Universidad La Salle  

Vol. 16, No. 64, Julio-Diciembre, 2025: 3650 

DOI: http://doi.org/10.26457/recein.2025.3650  

 

 
Revista del Centro de Investigación de la Universidad La Salle editada por la Vicerrectoría de Investigación - 

Universidad La Salle México se distribuye bajo una Licencia Creative Commons Atribución-NoComercial-
CompartirIgual 4.0 Internacional. 

 

Mathematical models for the kinetics of methane 

production via the anaerobic co-digestion of biomass waste 

Modelos matemáticos de las cinéticas de producción de 

metano por co-digestión anaérobia de biomasas residuales 
 

 

Héctor Alfredo López-Aguilar 

Facultad de Ciencias Agrotecnológicas, Universidad Autónoma de Chihuahua (México) 

Jorge Alberto Gómez 

Centro de Investigación de Materiales Avanzados (México) 

Enrique Alberto Huerta-Reynoso 

   Centro de Investigación de Materiales Avanzados (México) 

Antonino Pérez-Hernández 

Centro de Investigación de Materiales Avanzados (México) 

 

Recibido: 31 de junio de 2024 

Aceptado: 06 de enero de 2025 

Publicado: 07 de marzo de 2025 

 

 

Resumen 

La disposición inadecuada de los residuos orgánicos agroalimentarios ha ocasionado graves 

impactos medioambientales, por lo que es necesario el desarrollo de procesos y herramientas 

que permitan generar productos de valor a partir de estos residuos y propiciar su 

aprovechamiento. Esta investigación presenta el estudio y modelación matemática de la cinética 

de la producción de metano, de la co-digestion anaerobia de biomasas residuales como son la 

excreta de vaca y de caballo, tripa y suero lácteo. Con base en el método de potencial 
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bioquímico de metano se realizaron experimentos de co-digestion anaerobia utilizando 

reactores herméticos a temperatura ambiente monitoreados por 70 días consecutivos. Se 

utilizaron los modelos: a) cinético de primer orden, b) de cono, c) logístico modificado, d) 

Gompertz modificado y e) Richards modificado para describir la cinética de la producción 

experimental de metano. Se determinó la tasa máxima de producción de metano y la duración 

de la fase lag, además del potencial de producción de metano acumulado. Se comparó la suma 

de cuadrados residual y el coeficiente de correlación para identificar el modelo matemático que 

mejor describe el fenómeno. Modelar la cinética de AD de manera adecuada es importante para 

diseñar digestores y predecir el comportamiento de sistemas anaeróbicos, así como para 

optimizar y escalar fermentadores reales. Se demostró que existe potencial para la producción 

de biogás, a partir de la co-digestion anaerobia de los residuos experimentados. 

Palabra clave: Biodigestión; AcoD; BMP; sigmoidal; biogas; modelación. 
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Abstract 

The environment has been seriously impacted by the unsuitable disposal of organic waste. This 

has lead to the need for the creation of new processes and tools to promote the use of this waste 

and its conversion into products of value. This research presents the study and comparative 

evaluation of 5 kinetic models for methane production from the anaerobic co-digestion (AcoD) 

of biomass waste, such as cattle and horse manure, tripe and whey in experimental prototype 

reactors. Based on this biochemical methane potential method anaerobic co-digestion 

experiments were carried out using hermetic reactors at room temperature, monitored for 70 

consecutive days. The models used to describe the kinetics of experimental methane production 

were: a) first order kinetic, b) cone, c) modified logistics, d) modified Gompertz and e) modified 

Richards. The maximum methane production rate and phase lag duration were determined, as 

well as the accumulated methane production potential. The residual sum of squares and the 

correlation coefficient were compared in order to identify the mathematical model that best 

describes the phenomenon. Suitable modelling of the empirical kinetics of anaerobic digestion 

is imperative for designing digesters and predicting the behaviour of anaerobic systems, as well 

as optimising and scaling real fermenters. It was shown that there is potential to produce biogas 

from the AcoD of the tested waste. 

 

Keywords: Biodigestion; AcoD; BMP; sigmoidal; biogas; modelling 
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Introduction 

Anaerobic Digestion (AD) is an environmentally friendly technology, in which the organic 

materials of a biomass are decomposed by microbial consortia under anaerobic conditions to 

generate products of value. AD has a lesser environmental impact when compared to other 

waste disposal processes, such as landfill or incineration (Achmon at al., 2019). The impacts 

have been found to be influenced by the type and source of the feedstock, storage of the 

digestate and its application to the land (Whiting & Azapagic, 2014). Its use displays many 

benefits, such as small- or large-scale application, the generation of a gaseous biofuel that can 

be used as an energy source and the production of bio-fertilisers (Castrillón et al., 2011, Ware 

et al., 2017). Biogas production and its use for obtaining energy has been demonstrated as a 

viable option (Muthu et al., 2017). Biogas is a mixture of methane (60-70 %), carbon dioxide 

(40-30 %), and other gases like hydrogen sulphide (H2S), ammonia, nitrogen and hydrogen. 

AD of generated organic waste is common practice in developed countries, although poor 

performance of biogas generation can hinder the profitability and implementation of these 

systems. It has been discovered that anaerobic co-digestion (AcoD) of livestock manure with 

other substrates could increase the performance of biogas generation (Imeni et al., 2019, 

Almomani et al., 2020, Kasinath et al., 2021). The crucial point for the kinetic evaluation in AD 

analysis is the curve for methane accumulation over time obtained from the Biochemical 

Methane Potential (BMP) test. This serves as a valuable analytical technique to assess both the 

capacity for biological methane generation and the degradability of substrates (Santos et al. 

2022). 

It was also identified that, in order to improve the performance of digesters and gain 

knowledge about the process, dynamic modelling describing AD is required (Elagroudy et al., 

2020). The mathematical models are generally based on equations that describe how the 

velocity of the chemical reactions depends on the substrate concentration (Pererva et al., 2020).  

Various research studies have demonstrated the suitability of combining BMP test data with 

microbial growth models, including first-order, second-order, and modified mathematical 

models such as Richards, logistics and Gompertz (commonly used ones). This approach 

effectively describes the anaerobic fermentation process of various biomasses and allows 

kinetic parameters to be obtained that are consistent with experimental data (Achinas et al., 

2019, Nguyen et al., 2019, Almomani et al., 2020, Tian et al., 2020, Elagroudy et al., 2020, Li 

et al., 2020, Pečar et al., 2020, Santos et al. 2022. Roberts et al. 2023, Hakimi et al. 2023, López-
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Aguilar et al. 2023, Alkhrissat 2024). The usefulness and practicality of such models should be 

reconsidered and verified on a wide variety of experimental curves (Pererva et al., 2020). 

Alkhrissat et al. investigated the influence of various organic loading rates on the anaerobic 

digestion of cow manure. They observed an increase in methane production with higher organic 

loading and noted that the modified Gompertz and Logistic models showed strong consistency 

with experimental findings (Alkhrissat et al. 2024). The Gompertz model offers an equation 

describing cell concentration during fermentation over time, yet its implementation can be 

challenging with complex substrates. Similarly, the Logistic model faces limitations in 

implementation when dealing with complex substrates (Roberts et al. 2023). The differential 

equations in both models describe the rate of change observed in biogas production, and these 

models were adjusted to derive parameters of microbiological relevance (Zwietering et al. 

1990). The logistic function follows the general pattern of biogas production kinetics, 

characterised by initial exponential growth and subsequent stabilisation at a maximum 

production level (Li at al. 2018). This model assumes that the rate of biomethane production is 

proportional to microbiome activity, as indicated by the amount of methane produced and the 

substrate concentration. Similarly, the Gompertz model posits that the gas production rate is 

proportional to microbiome activity, although the proportionality parameter decreases over 

time, following first-order kinetics due to diminishing fermentation efficiency (Altaş, 2009). 

The research conducted by Nguyen et al. involved the analysis of experimental data using four 

kinetic models. They found that the Cone model effectively described the biomethane yield and 

methane production rate for various substrates, including livestock farm, cattle slaughterhouse, 

and agricultural waste streams, especially under thermophilic AD conditions. The study's 

results highlighted the significant potential of model organic wastes in generating biomethane. 

According to Li et al., the Cone model demonstrated superior alignment with experimental data 

from anaerobic digestions of pig manure, dairy manure, chicken manure, and rabbit manure. 

The derived parameters indicated that anaerobic digestion of manures at higher loading rates 

results in a longer lag phase and lower hydrolysis rate (Li et al. 2015). 

A study investigated the use of plant herbs, specifically serai wangi and peppermint, for 

their insect repellent properties in the context of AD using chicken manure. Flies are typically 

attracted to the digestate produced from chicken manure, hence the selection of these herbs. 

The study conducted a comprehensive kinetic analysis of AcoD of serai wangi, peppermint, 

and chicken manure. The modified Gompertz, logistic, and Cone models were employed due 

to their high R2 values (0.927–0.999) and minimal prediction error (<10.00%) in predicting 



López-Aguilar, H. A.; Gómez, J. A.; Huerta-Reynoso, E. A.; Pérez-Hernández, A. 

 

6 
 
ISSN 2992-6823 

 

methane production. The Modified Gompertz, Logistic, and Cone models find extensive 

application in assessing the biological attributes of AD due to their characteristic "S" shaped 

curves. These models effectively capture the three stages of fermentation, which encompass the 

lag phase, exponential phase, and stationary phase (Hakimi et al. 2023).  

According to Roberts et al., their study evaluates five kinetic models for predicting 

methane yield during anaerobic digestion of orange and banana peels: Gompertz, logistic, first-

order, Richards, and transfer models. Results suggest that the Gompertz and first-order kinetic 

models are the most accurate in predicting total methane yield, daily methane production, and 

time to reach maximum methane yield when compared to experimental data for orange peels 

(Roberts et al. 2023). 

Another investigation utilized the modified Gompertz model and the first-order kinetic 

model to forecast biogas production yield when okra was used as the substrate. Both models 

factor in variables such as potential methane production, maximum production rate, digestion 

time, and lag phase, all of which contribute to the overall methane accumulation over time. The 

substrate underwent diverse treatments and underwent co-digestion with sheep slurries. Upon 

comparing projected outcomes with actual results, it was found that the first-order kinetic model 

yielded the most precise predictions, showing minimal deviation from the observed data (Ugwu, 

2019). 

The development of biogas processes greatly depends on scaling estimates. Analysis 

methods like lifecycle and cost analysis require simple scaling methods for analysing new 

technologies. Furthermore, a suitable model is essential for the design, process enhancement 

and operation of the systems in the long term (Nguyen et al., 2019). Despite the considerable 

number of publications dedicated to BMP testing and the numerous attempts to standardise 

procedures, there is no "one size fits all" mathematical model to accurately describe biomethane 

formation kinetics (Pererva et al. 2020). The objective of this work is the comparative 

evaluation of five empirical kinetic models, to describe the production of biogas in experimental 

prototype AD reactors at room temperature, using farming waste from both the meat and dairy 

industries.  

The findings from this study enhance our understanding of the kinetics involved in biogas 

production from agricultural waste under realistic operating conditions, thereby contributing 

valuable insights into the field of anaerobic digestion and sustainable waste management. This 

enables researchers and practitioners to identify the most suitable model(s) for predicting biogas 
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yield under different conditions, thereby contributing valuable insights into optimising 

anaerobic digestion processes and improving overall system efficiency. 

The information obtained is useful for evaluating the use of organic waste for biogas production 

as part of an economic value chain that can contribute to mitigating the energy crisis. 

1. Materials and methods 

Raw material and inoculum 

The raw material used in the study was: 

i. In the case of the study of meat industry waste the following were used: Holstein 

cow excrement and tripe waste from the cold meat food industry (28°58'21"N, -

106°11'89"W). Mechanical pretreatment of crushing was carried out to reduce 

the size of the tripe.  

ii. In the case of the dairy industry the following were used: beef cattle excrement 

and whey waste from the creation of Chihuahua brand cheese (27°37'25"N -

105°14'55"W). The main components of this type of subproduct from the dairy 

industry are lactose, proteins and mineral salts (Navarro et al., 2014). 

iii. In the case representing rural livestock systems Holstein cow and quarter 

racehorse manures were used (28°35'24"N 106°07'06"W).  

The inoculum used to start up the reactors originated from the mesophilic (37 °C) anaerobic 

digesters from the North Plant waste water treatment .in Chihuahua City. The livestock manure 

was collected in polypropylene bags. The whey, colostrum and inoculum were collected in 2 

litre polyethylene containers for subsequent transport to the laboratory. 

1.1. Experimental configuration 

Five experimental cases were analysed: 1) AD of inoculum (control), 2) AD of cattle manure, 

3)AcoD of cattle manure/tripe, 4) AcoD of whey/cattle manure and 5) AcoD of 

colostrum/cattle-equine manure. The first two were used for comparative analysis and the 

remaining to represent the use of waste from the meat industry, dairy industry and rural 

livestock regions respectively. 
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Prototype biodigesters were built using high density polyethylene (HDPE) containers with 

a capacity for 20 litres. Each AD system was hermetically sealed, a PVC pipe was used to join 

the inside of the biodigester with the ball valve for opening and closing, and a pressure gauge 

was installed to measure the pressure of the biogas produced. 

It was shown that the inoculum is one of the most important factors in AD. The suitable 

substrate-water-inoculum ratio can be derived from the process under stable operation (Yan et 

al., 2019). The inoculum to substrate ratio (ISR) in weight was established at a value of two, as 

this is considered the optimal value for biogas production (Achinas et al., 2019). This 

experiment did not consider whey or colostrum as substrate due to its low concentration of 

solids (less than 5%). The composition is shown in Table 1, % weight of components in the 

experimental cases.  

 

Table 1 

Component (W%) of the experimental ad systems. 

 

Experiment / Components w% Substrate  Water Inoculum Other 

AD of inoculum (control) - - 100 - 

AD of cattle manure 14 (cattle manure) 58 28 - 

Anaerobic co-digestion of cattle 

manure / tripe 

15 (cattle manure) 

5 (tripe) 

40 40 - 

Anaerobic co-digestion of whey/ 

cattle manure 

21.4 (cattle manure) 14.4 42.8 

21.4  

(whey) 

Anaerobic co-digestion 

colostrum/cattle-equine manure 

11.375 (cattle manure) 

11.375 (horse manure) 

9 45.5 

22.8 

(colostrum) 

 

The volatile solids (VS) of the biomass samples were characterised according to the Standard 

Method 2540 E (APHA, 2005) using the high precision scale model PCE-ABT 220L and a 

FELISSA oven.  

Measurements for gas concentrations: CH4 and H2S, were taken periodically using 

measuring probe Landtec model 5000, each time the systems reached an internal pressure of 4 



Mathematical models for the kinetics of methane production via the anaerobic 
co-digestion of biomass waste  

 

 Revista del Centro de Investigación de la Universidad La Salle 

                                       Vol. 16, No. 64, Julio-Diciembre, 2025: 3650 
9 

 

psi. A KG2 diaphragm gas measurer was used to measure the volume of biogas produced. The 

AD of the experimental prototypes was carried out in an exterior environment at ambient 

temperature to consider the effects of environmental temperature changes. The median 

maximum and minimum ambient temperatures during the experimentation period, were 27º and 

7ºC respectively. 

Based on the Biochemical Methane Potential (BMP) method the volume of CH4 produced 

was measured by VS mass of the substrates under equal experimental conditions for a period 

of 70 days. The BMP tests provided information on the substrate regarding the amount of 

material that can be degraded under experimental conditions and the degradation rate, as well 

as the materials' potential biomethane performance (Ware et al., 2017). 

The selection of the conditions under which the experiments were performed is justified 

based on several factors. Firstly, room temperature conditions were chosen to simulate practical 

operational environments commonly found in agricultural settings where anaerobic digestion 

processes occur. This ensures that the experimental results are applicable and relevant to real-

world scenarios, hence enhancing the practical utility of the study. 

Secondly, the use of farming waste from both meat and dairy industries as substrates 

reflects the typical feedstock sources in anaerobic digestion systems, making the study 

representative of actual biogas production scenarios. This selection allows for a more accurate 

assessment of the kinetic models' performance in predicting biogas yield from commonly 

available agricultural residues. 

1.2. Mathematical models analysis 

The performance of the AD was described using the mathematical models: a) First Order kinetic 

(ER), b) Cone Model (CM), c) Modified Logistics (ML), d) Modified Gompertz (MG) and e) 

Modified Richards (MR) (Table 2). The Levenberg-Marquardt method was used to adjust the 

experimental data using the software CurveExper Professional 2.6.5, to solve the non-linear 

regressions and represent the kinetic behaviour of methane production.  

The ER and CM models display two variables: the accumulated performance of methane 

"a" and the constant hydrolysis rate "B" which is the limiting factor for the anaerobic 

biodegradation process. In the cone model the parameter "D" provides information on the form 

factor.  
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The ML, MG and MR models enable the values associated with AD performance to be 

determined, such as the maximum methane production rate "b" given by the value of the 

derivative at the turning point shown on the accumulated biogas curve, considering that no 

biogas is generated during the lag phase. The lag phase time "c" is estimated by the intersection 

of the tangent line to the inflection point with the x axis. The accumulated maximum 

performance of biogas "a" is the highest value on the curve. The parameter "D" in the Modified 

Richards model is a parameter that is difficult to explain biologically (Pererva et al., 2020). 

1.3. Data analysis and model evaluation  

The Residual Sum of Squares (RSS) from the equations were compared for each one of the 

experimental cases, in order to select the best suited model. Furthermore, the determination 

coefficient (R2) was also considered, along with the standard regression error (S), in order to 

determine the correlation of the model with the experimental data, within a 95% confidence 

interval for the goodness of fit of the expected data (Tian et al., 2020). In addition, the second 

order Akaike information criteria test (AIC) was carried out to describe the relationship between 

the bias and the variance in the construction of the models (Akaike, 1974). 

2. Results 

The main result from the tests based on BMP methodology was the accumulated methane 

production curves, represented according to time (Ware et al., 2017). Figure 1 shows the 

experimental values and adjusted models for accumulated methane production, for the models: 

ER, CM, ML, MG and MR (Table 2) in the experiment: i) AD of cattle manure, ii) AcoD of 

cattle manure/tripe and Figure 2 shows the experimental values and adjusted models for 

accumulated methane production, for the models: iii) AcoD of whey/ cattle manure; iv) AcoD 

of colostrum/cattle-equine manure. 
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Table 2 

Sigmoid models used to represent the kinetics of methane production. 

Model / Equation 

Number of 

parameters 

Reference 

Maximum Exponential Rise (ER) 

𝑦 = 𝑎(1 − 𝑒−𝐵𝑥) 

2 

(Li et al. 2015, Velázquez-

Martí et al. 2019, Pererva 

et al. 2020, Nguyen et al. 

2018, Pitt et al. 1999, 

Roberts et al. 2023) 

Cone model (CM) 

𝑦 =
𝑎

1 + (𝑥𝐵)𝐷
 

3 

(Li et al. 2015, Velázquez-

Martí et al. 2019, Pererva 

et al. 2020, Nguyen et al. 

2018, Pitt et al. 1999, 

Hakimi et al. 2023) 

Modified Logistic (ML) 

𝑦 =
𝑎

1 + 𝑒(
4𝑏
𝑎
)((𝑐−𝑥)+2)

 

3 

(Velázquez-Martí et al. 

2019, Pererva et al. 2020, 

Nguyen et al. 2018, Pitt et 

al. 1999, Roberts et al. 

2023, Hakimi et al. 2023, 

Alkhrissat et al. 2024) 

Modified Gompertz (MG) 

𝑦 =  𝑎 ∗ 𝑒−𝑒
(
𝑏∗e
𝑎 )∗(𝑐−𝑥)+1

 

3 

(Pererva et al. 2020, 

Nguyen et al. 2018, Pitt et 

al. 1999, Roberts et al. 

2023, Hakimi et al. 2023, 

Alkhrissat et al. 2024) 

Modified Richards (MR) 

𝑦 =  𝑎 ∗ {1 + 𝐷𝑒(1+𝐷)𝑒[
𝑏
𝑎
(1+𝐷)(1+

1
𝐷
)(𝑐−𝑥)]}

−
1
𝐷

 

4 

(Roberts et al. 2023, 
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The CM, ML and MG present 3 constants that define the non-linear sigmoid correlation for 

adjustment to the experimental data, while the ER model has 2 constants and the MR model 

has 4 constants. 

 

Figure 1 

Experimental values and adjusted models for: a) AD of cattle manure, b) anaerobic co-

digestion of cattle manure/tripe. 
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Figure 2 

Experimental values and adjusted models for: c) anaerobic co-digestion of whey/cattle manure; 

d) anaerobic co-digestion colostrum/cattle-equine manure 

 

Table 3 shows the values for the adjustment parameters of the kinetic models for methane 

production (Table 2) with regard to the experimental values for the AD cases analysed. Where: 

“a” is the maximum methane production value, “b” is the maximum methane production rate, 

“c” is the lag phase time, “B” is the constant hydrolysis rate and “D” is a parameter of the curve 

form.  
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Table 3 

Adjustment parameters of the kinetic models  

 

Models 

(Table 2) 

a b c B D 

i)
 A

D
 o

f 
ca

tt
le

 m
an

u
re

 ER 72.5578   0.0138  

MC 53.7823 - - 0.0318 -1.8966 

LM 44.6497 0.0983 4.9166 - - 

GM 46.5948 1.0103 4.6548 - - 

RM 44.6496 1.1278 1.5834  1.1521 

ii
) 

A
n
ae

ro
b
ic

 c
o

-d
ig

es
ti

o
n

 o
f 

ca
tt

le
 m

an
u
re

 /
 t

ri
p
e 

ER 9800.8 - - 0.00003 - 

MC 42.8119 - - 0.01871 -3.2601 

LM 33.0101 0.7819 25.3061 - - 

GM 43.1909 0.6879 22.5133 - - 

RM 33.0101 0.5997 30.2739 - 0.7790 

ii
i)

 A
n
ae

ro
b
ic

 c
o
-d

ig
es

ti
o
n

 

o
f 

w
h
ey

/ 
ca

tt
le

 m
an

u
re

 ER 17.1777 - - 0.0328 - 

MC 15.8761 - - 0.05269 -2.5508 

LM 15.3887 0.4783 3.704 - - 

GM 15.4574 0.5452 4.9095 - - 

RM 15.3887 0.4962 3.0994 - 1.0377 

iv
) 

A
n
ae

ro
b
ic

 c
o

-d
ig

es
ti

o
n
 

co
lo

st
ru

m
/c

at
tl

e-
eq

u
in

e 

m
an

u
re

 

ER 9031.5358 - - 0.00004 - 

MC 90.2708 - - 0.00939 -1.8274 

LM 37.9892 0.6049 19.9286 - - 

GM 51.3428 0.5526 17.1175 - - 

RM 37.9891 0.5583 22.3477 - 0.9244 

Units [cm3 CH4/g SV] [cm3 CH4/g SV] [days] [1/days] [--] 

 

Table 4 compares the prediction on day 70 for accumulated methane using the models, with 

that measured experimentally for the three AcoD cases and AD of cattle manure. Table 5 shows 

the statistical parameters for each of the experiments, considered to select the most suitable 

model for the studied phenomenon. Where: RSS is the residual sum of squares; R2 is the 
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determination or correlation coefficient; AIC is second order Akaike information criteria that 

describes the relationship between the bias and the variance in the construction of the model; S 

is the standard regression error that provides the absolute measurement for the average distance 

of the values observed with respect to the regression line, in units of the dependent variable 

(days). 

 

Table 4 

Prediction at day 70 vs experimental values. 

Experiment ER* MC* LM* GM* RM* Experiment at  

day 70* 

i) AD of cattle manure 45.10 44.13 43.61 43.97 43.61 46.02 

ii) Anaerobic co-digestion of 

cattle manure / tripe 

25.79 30.26 29.82 30.5 29.82 29.57 

iii) Anaerobic co-digestion of 

whey/ cattle manure 

15.45 15.32 15.35 15.37 15.35 15.57 

iv) Anaerobic co-digestion 

colostrum/cattle-equine 

manure 

26.35 28.63 29.12 28.79 29.12 29.58 

* cm3 CH4/g SV 

 

Table 5 

Statistical parameters for the evaluation of the kinetic models. 

 Models RSS R2 AIC S  (days) 

i)
 A

D
 o

f 
ca

tt
le

 m
an

u
re

 ER 67.8231 0.9674 23.1839 2.6042 

CM 8.3566 0.9959 0.9911 0.9635 

ML 35.0722 0.9831 18.2034 1.9740 

MG 16.0514 0.9922 8.8240 1.3354 

MR 35.0722 0.9831 21.87 2.0938 

ii
) 

an
ae

ro
b
ic

 

co
-

d
ig

es
ti

o
n

 o
f 

ca
tt

le
 

m
an

u
re

 /
 

tr
ip

e 

ER 163.411 0.8481 35.2707 3.8542 

CM 18.6766 0.9826 9.9101 1.3666 
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ML 9.2377 0.9914 0.7585 0.9611 

MG 18.1333 0.9831 9.5254 1.3466 

MR 9.2377 0.9914 4.2252 1.0131 

ii
i)

 a
n
ae

ro
b
ic

 c
o
-d

ig
es

ti
o
n
 o

f 

w
h
ey

/ 
ca

tt
le

 m
an

u
re

 

ER 21.403 0.9008 10.1095 1.6356  

CM 7.7032 0.9643 3.1047 1.0490 

ML 11.2729 0.9477 6.9124 1.2690 

MG 9.0308 0.9581 4.6948 1.1358 

MR 11.2729 0.9477 11.1981 1.3706 

iv
) 

an
ae

ro
b
ic

 c
o

-d
ig

es
ti

o
n

 

co
lo

st
ru

m
/c

at
tl

e-
eq

u
in

e 

m
an

u
re

 

ER 77.19901 0.9300 23.8775 2.9285 

CM 4.1737 0.9962 -5.1599 0.7222 

ML 3.9884 0.9963 -5.6593 0.7060 

MG 3.0157 0.9972 -8.7346 0.6139 

MR 3.9884 0.9963 -1.7308 0.7548 

 

Monitoring carried out for 70 days for experiments i, ii and iii and the biogas sampling showed 

that: 

i) AcoD cattle manure - tripe:  

• The maximum CH4 concentration in the sampling was 62.5 % on day 54, to 

maintain a concentration close to 61 % until the end of the experiment.  

• For the first 15 days the H2S concentration exceeded 3000 ppm, and 

subsequently decreased and remained at 500 ppm. 

ii) AcoD cattle manure - whey:  

• The maximum CH4 concentration in the sampling was 42.5 % on day 15, and 

after day 22 methane production decreased significantly. 

• From day 22 the H2S concentration exceeded 9000 ppm.  

iii) AcoD colostrum-horse-cattle manure:  

• The maximum CH4 concentration in the sampling was 62.5 % on day 3, and 

after day 60 it exceeded 60 % concentration. 

• From day 25 the H2S concentration exceeded 5000 ppm, reaching a maximum 

of 6000 ppm on day 30. After day 46 there was a decrease in the presence of 

H2S down to 3000 ppm. 
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3. Discussions 

It is observed in the experiments that the increase in H2S has a direct effect that reduces methane 

production. This is more apparent in experiments ii) and iii), and in the latter the H2S 

concentration remains high. According to Kehoe et al. (2007) a high quantity of sulphur is 

observed in the components in the colostrum. The use of methodologies such as controlled air 

supply and/or the addition of additives to the substrate can be useful for removing H2S in AD 

systems (Song, 2020; Ninhia, 2017). 

The accumulated methane production quantities obtained were lower than those obtained 

by Moset et al. (2015) with 333.9, 283.8, 246.3 and 210.9 cm3 CH4/g SV, for the biomass: 

cellulose, maize silage, wheat straw and livestock excrement, respectively, and also by 

Almomani et al. (2020) with 297.99 cm3 CH4/g SV, in the AcoD of organic waste. The authors 

associate the experimental systems' lower biomethane production with the variation in ambient 

temperature during the experiment, as the AD experiments were carried out in the exterior. 

Experiment ii) which was characterised by the absence of a lag zone, had a faster start-up but 

obtained the lowest methane production limit.  

The ER model is obtained based on the first order equation used to estimate biogas 

performance (Elagroudy et al., 2020). On the other hand, the CM demonstrated good 

performance for practical applications and fit in well with the experimental data (Nguyen, et al. 

2020). 

The logistical function corresponds with the overall form of biogas production kinetics that 

is an initial exponential increase and a final stabilisation at maximum production level (Li et al. 

2012). The model considers that the biomethane production rate is proportional to the metabolic 

activity of the methanogenic consortium, represented by the quantity of methane already 

produced and the concentration of substrate. Likewise, the Gompertz model assumes that the 

gas production rate is proportional to the microbione activity, although the proportionality 

parameter decreases over time following first order kinetics, which can be attributed to the loss 

in efficiency of the fermentation rate over time (Altas, 2009).  

The MR model is considered suitable for describing the methane production in the system. 

However, under the Akaike criteria, the ML model is better for our three experimental cases, 

as the differences shown by this statistical estimator show no impact from the adjustment (Table 

5) and the accumulated prediction on day 70 (Table 4). The MR model having four parameters, 

one more than the ML model, is more flexible when faced with changes in pretreatment or 
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control conditions of the experiment, and although the cost of numerical calculation is greater 

this becomes insignificant when compared to the advantages. 

On comparing the predictions, the best qualified models proposed are ML and MR, with 3 

or 4 adjustment parameters respectively, as their prediction differed from 1 to 1.5% from the 

experimental value (Table 4) and their adjustment, by determination coefficient “R2” and 

“RSS” showed less of a deviation with respect to the experimental values (Table 5). 

The number of adjustment parameters and the use of special functions in the model, are 

often associated with a better description of the phenomenon, and relate directly to the need to 

rely on experimental data. It was shown that as the MR model has one more adjustment 

parameter, it has greater flexibility for more complex substrate degradation patterns with high 

fat contents (Tian et al. 2020). 

Based on the experimental observations, it was shown that the approach of one model is 

not the only applicable approach, which has also been indicated by other authors (Ware et al. 

2017, Pererva et al. 2020). The maximum Exponential Rise ER involved the lowest 

performance and is discarded as a prediction model, contrary to the proposal of Elagroudy et 

al. (2020). 

4. Conclusions 

The purpose of this research was the study of the kinetics of methane production from the AcoD 

of biomass residues. The mathematical modelling enabled the methane production phenomenon 

to be described for each of the cases under study. The following conclusions were drawn based 

on the analysis of the AcoD of waste from the meat and dairy industries and rural livestock 

systems, exposed to environmental conditions. 

• Although the use of filtration systems is recommended for the correct use of 

biogas, subsequent studies are suggested to analyse methane production 

performance using hydrogen sulphide mitigation methodologies inside the 

reactor.  

• The low performance in methane generation compared to that reported by other 

authors is attributed to the absence of heat treatment in the substrate, the 

exposure of the system to uncontrolled temperatures (outdoors) and the low 

thermal inertia of the system faced with temperature changes. These are aspects 

that must be considered for scaling. 
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It is concluded that when comparing the predictions, the best qualified models proposed to 

describe AD are ML and MR. The results of the study show the potential for promoting energy 

production with AD technology using the waste included in the analysed studies.  
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