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Prologue 

 

Advances in Biology through Agronomy, Aquaculture, Coastal and Environmental 

Sciences, Volume II, is an e-book that continues the work of the first version 

(https://editorapantanal.com.br/ebooks/2023/advances-in-biology-through-agronomy-aquaculture-

coastal-and-environmental-sciences/ebook.pdf ), published in 2023 by Leandris Argentel-Martínez and 

Ofelda Peñuelas-Rubio. 

Our e-book compiles 25 manuscripts that present scientific results and reviews based on 

biological aspects. All of they contribute to explaining the responses of living organisms to agricultural, 

aquaculture, and coastal ecosystems, as well as those facing fragility or threat of climate change. This e-

book was edited by Leandris Argentel-Martínez, Ofelda Peñuelas-Rubio, and Joe Luis Arias-Moscoso, 

members of the Consolidated Academic Group ITVAYA-CA-3. 

We appreciate the contribution of al authors for their careful attention to the editorial committee's 

recommendations. The review process was double-blind and conducted by internationally renowned 

researchers.  

Special thanks to the members of the BioSecuraNet International Network for Biotechnology 

and Innovative Strategies for Global Food Security at the National Technological Institute of Mexico.  

 

The Editors  

  

https://editorapantanal.com.br/ebooks/2023/advances-in-biology-through-agronomy-aquaculture-coastal-and-environmental-sciences/ebook.pdf
https://editorapantanal.com.br/ebooks/2023/advances-in-biology-through-agronomy-aquaculture-coastal-and-environmental-sciences/ebook.pdf
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ABSTRACT 

Particle size and the substrate-to-inoculum (S/I) ratio are key factors influencing methane production 

during the anaerobic digestion (AD) of fruit and vegetable waste (FVW). In this study, a simplified 

dynamic model was used to analyze process behavior under batch conditions through two-dimensional 

parametric analysis, with varying particle sizes (0.01–5 mm) and S/I ratios (2–4). The model successfully 

captured key dynamic behaviors, including volatile fatty acid (VFA) accumulation and substrate 

limitation, and enabled the identification of favorable operating regions. The results showed that methane 

production reached its highest values at intermediate particle sizes (0.75–2 mm), where a balance between 

substrate availability and microbial conversion rates was achieved. Smaller particle sizes promoted rapid 

hydrolysis and VFA accumulation, leading to process imbalance, whereas larger particles limited methane 

production because of slower substrate release. Similarly, increasing the S/I ratio reduced the methane 

yield because of insufficient microbial capacity to assimilate intermediate products. Although quantitative 

predictions depend on parameter calibration, the proposed approach provides a useful framework for 

analyzing process dynamics and supporting the assessment of AD operating conditions for this type of 

waste. 

Keywords: anaerobic digestion, fruit and vegetable waste, dynamic simulation. 
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INTRODUCTION 

Fruit and vegetable waste (FVW) is particularly important because of its high generation volume, 

as it is estimated that approximately 44% of fruits and vegetables produced are lost along the supply chain 

(Ambuko et al., 2025). When these residues are disposed of in landfills or other final disposal sites, they 

present environmental and public health problems because of the release of greenhouse gases and the 

generation of leachates, which may infiltrate soil and water bodies, in addition to creating favorable 

conditions for the proliferation of sanitary vectors and pathogens (Sagar et al., 2018). 

Nevertheless, a technology that promotes the valorization of these residues within the circular 

economy framework is anaerobic digestion (AD), which enables the production of biogas rich in 

methane, suitable for energy generation, and a stabilized digestate rich in nutrients, with potential use as 

an organic fertilizer (Ganesh et al., 2022). 

During the AD process, FVW is disintegrated and hydrolyzed through extracellular enzymes, 

releasing soluble compounds such as amino acids, sugars, and long-chain fatty acids. These compounds 

are subsequently converted into volatile fatty acids (VFAs), which are further transformed into acetate 

and ultimately into methane (Mata-Alvarez, 2002). These stages are carried out by different microbial 

groups; therefore, a proper balance among them is required to ensure the efficient production and 

consumption of intermediates, thereby maintaining process stability and efficiency (Xu et al., 2018). 

In general, in the AD of solid waste, the rate-limiting step is disintegration–hydrolysis (Vavilin et 

al., 2008). However, since FVW is rich in readily biodegradable carbohydrates, it can be rapidly converted 

into VFAs. In this context, reducing the particle size (< 0.5 mm) in this type of waste may inhibit 

methanogenesis because of the accumulation of VFAs (Izumi et al., 2010; Vigueras-Carmona et al., 2025). 

On the other hand, system stability has been reported to improve when a high proportion of 

microorganisms relative to the substrate is present, which can be achieved by applying low substrate-to-

inoculum (S/I) ratios (Assis; Gonçalves, 2022; Okoro- Shekwaga et al., 2020; Zhang et al., 2019). 

Therefore, analyzing the combined effect of these two factors on process performance is of interest. 

A suitable approach for studying these factors is modeling and simulation. One of the most widely 

used models is the ADM1 (Batstone et al., 2002); however, its structural complexity, representing the 

process through 19 processes and 52 parameters, limits its direct application to specific cases. 

Consequently, systematic model reductions have been proposed (Weinrich; Nelles, 2021), or simpler 

earlier models have been used instead (Hill; Barth, 1977; Moletta et al., 1986). 

In this context, the objective of this study was to analyze operational scenarios of the anaerobic 

digestion of fruit and vegetable waste through simulation, with an emphasis on identifying the effects of 

particle size and the S/I ratio. For this purpose, a mathematical model reported in the literature (Vian et 

al., 2024) was implemented and integrated in MATLAB. 
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MATERIALS AND METHODS 

Mathematical model 

A simplified anaerobic digestion model reported by Vian et al. (2024) was used in this study. The 

model describes the process in three stages: disintegration, acetogenesis, and methanogenesis. 

Disintegration is modeled as an extracellular process in which enzymes colonize the surface of 

the complex substrate and degrade it uniformly, generating soluble compounds (Sanders et al., 2000). 

These compounds are subsequently consumed by acidogenic bacteria, which produce acetate (used as a 

lumped variable representing the total VFAs). Finally, acetate is consumed by methanogenic archaea for 

methane production. It is further assumed that decaying biomass is reincorporated into the system as a 

soluble substrate. 

a) Disintegration 

The disintegration process was described using the model proposed by Esposito et al. (2008). 

The particles were assumed to be spherical, allowing the change in particle size to be expressed in terms 

of the variation in the particle radius: 

 
𝑅(𝑡) = 𝑅0 −

𝑘1

𝜌
𝑡 Eq. (1) 

where 𝑅(𝑡) is the particle radius (dm) at time 𝑡, 𝑅0 is the initial radius (dm), 𝑘1 is the disintegration rate 

constant (g·dm−2·d−1), and 𝜌 is the solid density (g·dm−3). The variation in the particle radius leads to a 

change in the specific surface area, defined as follows: 

 
𝑎∗ =

3

𝜌𝑅(𝑡)
 Eq. (2) 

where 𝑎∗ is the specific surface area (dm2·g−1). 

The disintegration rate is then expressed as follows: 

 −𝑟𝑑𝑖𝑠 = 𝑘1 · 𝑎∗ · 𝑆𝑐 Eq. (3) 

where 𝑟𝑑𝑖𝑠 is the disintegration rate and 𝑆𝑠𝑐 is the complex substrate concentration (g·L−1), corresponding 

to FVW. For a batch system, the dynamic behavior of the complex substrate is described as follows: 

 𝑑𝑆𝑐

𝑑𝑡
= −𝑘1 · 𝑎∗ · 𝑆𝑐 Eq. (4) 

b) Acidogenesis and methanogenesis 

For the description of the acidogenesis and methanogenesis stages, it is assumed that the process 

rates are governed by microbial growth kinetics. Acidogenic microorganisms are described using Monod 

kinetics, whereas methanogenic microorganisms follow Haldane kinetics to account for substrate 

inhibition by volatile fatty acids (VFAs). Biomass decay is modeled using first-order kinetics. 

Accordingly, the dynamic behavior of the concentration of soluble substrate (𝑆𝑠), acidogenic 

microorganisms (𝑋1), VFA (𝑆𝑎𝑔𝑣), methanogenic microorganisms (𝑋2), and methane production (𝑃𝑐ℎ4) 

are described by the following set of equations: 
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 𝑑𝑆𝑠

𝑑𝑡
= 𝑘1 · 𝑎∗ · 𝑆𝑐 −

1

𝑌1 

𝜇𝑚𝑎𝑥1𝑆𝑠

𝐾𝑠1 + 𝑆𝑠
𝑋1 + 𝑘𝑑1𝑋1 + 𝑘𝑑2𝑋2 Eq. (5) 

 𝑑𝑋1

𝑑𝑡
=

𝜇𝑚𝑎𝑥1𝑆𝑠

𝐾𝑠1 + 𝑆𝑠
𝑋1 − 𝑘𝑑1𝑋1 Eq. (6) 

 𝑑𝑆𝑎𝑔𝑣

𝑑𝑡
=

𝜇𝑚𝑎𝑥1𝑆𝑠

𝐾𝑠1 + 𝑆𝑠
𝑋1𝑌2 −

1

𝑌3

𝜇𝑚𝑎𝑥2𝑆𝑎𝑔𝑣

𝐾𝑠2 + 𝑆𝑎𝑔𝑣 +
𝑆𝑎𝑔𝑣

2

𝐾𝑖

𝑋2 
Eq. (7) 

 𝑑𝑋2

𝑑𝑡
=

𝜇𝑚𝑎𝑥2𝑆𝑎𝑔𝑣

𝐾𝑠2 + 𝑆𝑎𝑔𝑣 +
𝑆𝑎𝑔𝑣

2

𝐾𝑖

𝑋2 − 𝑘𝑑1𝑋1 
Eq. (8) 

 𝑑𝑃𝑐ℎ4

𝑑𝑡
=

𝜇𝑚𝑎𝑥2𝑆𝑎𝑔𝑣

𝐾𝑠2 + 𝑆𝑎𝑔𝑣 +
𝑆𝑎𝑔𝑣

2

𝐾𝑖

𝑋2𝑌4 
Eq. (9) 

where 𝜇max,1 and 𝜇max,2 are the maximum specific growth rates (d−1), 𝐾𝑠,1 and 𝐾𝑠,2 are the half-saturation 

constants (g·L−1), 𝑌1 and 𝑌3 are the biomass yield coefficients, and 𝑌2 and 𝑌4 are the product yield 

coefficients for acidogenic and methanogenic microorganisms, respectively. 

 

Dynamic analysis 

To analyze the temporal evolution of the model variables over a 15-day period, the system was 

solved numerically in MATLAB R2025b using the ode15s solver, which is suitable for stiff systems. The 

parameter values used in the simulations are presented in Table 1. 

 

Table 1. Model parameters and their values. 

Parameter Value  Parameter Value 

𝜇𝑚𝑎𝑥1 1.5 d−1 a  𝑌1 0.2 (-) d 

𝜇𝑚𝑎𝑥2 0.138 d−1 a  𝑌2 2.45 (-) d 

𝐾𝑠1 0.26 g·L−1 a  𝑌3 0.06 (-) d 

𝐾𝑠2 0.003 g·L−1 a  𝑌4 18.26 g·L−1 d 

𝐾𝑖 0.064 g·L−1 b  𝑘𝑑1 0.01 𝜇𝑚𝑎𝑥1 b 

𝑘1 0.4 g·dm−2·d−1 c  𝑘𝑑2 0.05 𝜇𝑚𝑎𝑥2 b 

a Parameter taken from Moletta et al. (1986). 
b Values from Vian et al. (2024). 
c Value reported by Vigueras-Carmona et al. (2025). 
d Yield coefficients from Hill & Barth. (1977). 

 

The analysis was conducted from two perspectives. First, the effect of particle size on the 

performance of the AD of FVW was evaluated. Simulations were performed using an initial total 

inoculum concentration of 2.5 g VS·L−1, consisting of 66% acidogenic and 34% methanogenic 

microorganisms (Razaviarani; Buchanan, 2015; Vian et al., 2024), and an initial substrate concentration 

of 7.5 g VS·L−1, resulting in an S/I ratio of 3. The particle size was varied by considering diameters of 
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0.5, 1, and 2 mm. The evaluated variables were cumulative methane production, soluble substrate 

concentration, and VFA concentration. 

Second, the effect of the S/I ratio was evaluated. In this case, the particle diameter was fixed at 

0.5 mm, and the total inoculum concentration was maintained at 2.5 g VS·L−1 (with the previously defined 

microbial distribution). The initial substrate concentration was varied (5, 7.5, and 10 g VS·L−1), 

corresponding to S/I ratios of 2, 3, and 4, respectively. The same response variables as in the previous 

analysis were considered. 

 

Operational scenarios 

The combined effect of the particle size and S/I ratio was evaluated through two-dimensional 

parametric analysis. A simulation grid was defined in which the initial particle diameter ranged from 0.01 

to 5 mm, while the initial S/I ratio was varied between 5 and 6. 

The analysis was carried out in MATLAB by numerically solving the system of ordinary 

differential equations using the ode15s solver, which is suitable for stiff systems. For each combination of 

initial conditions, the system was integrated over a time interval of 0 to 10 days, using relative and absolute 

tolerances of 10−6 and 10−9, respectively, to ensure numerical stability and solution accuracy. 

Finally, the results were arranged into a response matrix to construct response surfaces, enabling 

the identification of optimal operating conditions. The response variable was the methane yield (mL·g−1 

VS), defined as the ratio between the cumulative methane produced and the initial mass of substrate 

added. 

 

RESULTS AND DISCUSSION  

Effect of particle size on process dynamics 

The effect of the initial particle size on the performance of the AD of the FVW is shown in 

Figure 1. The highest cumulative methane production was obtained at 1 mm (317 mL), followed by 2 

mm (307 mL) and 0.5 mm (57 mL) (Figure 1a). 

For larger particles, the lower methane production is attributed to a reduced substrate availability 

rate due to slower hydrolysis, resulting in more gradual methane accumulation. Therefore, although 

comparable methane yields were observed for particle sizes of 1 and 2 mm after 15 days, the 1 mm 

condition achieved its maximum production within the first 6 days, whereas for 2 mm particles, the 

maximum was reached on day 15. This finding indicates that the process proceeded at a faster rate for 

the 1 mm particle size. In contrast, the smallest particle size (0.5 mm) led to a sharp decrease in methane 

production after day 1, suggesting an imbalance between acidogenic and methanogenic activities. 

This behavior is supported by the data in Figures 1b and 1c. At 0.5 mm, a rapid increase in soluble 

substrate is observed, followed by its rapid conversion into VFAs, reaching 3.5 g·L−1. Under these 

conditions, the consumption of VFAs is limited, and their accumulation suggests a potential inhibitory 
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effect on methanogenic activity. Conversely, at larger particle sizes, lower substrate release rates result in 

reduced VFA production, allowing their efficient consumption and maintaining concentrations below 

0.0035 g·L−1. 

 

 

Figure 1. Effects of particle size on (a) cumulative methane production, (b) soluble substrate 
concentration, and (c) total VFA concentration at an S/I ratio of 3. 

 

Overall, these results confirm that hydrolysis is the rate-limiting step (Vavilin et al., 2008). While 

larger particles slow down the process, smaller particles increase the risk of intermediate accumulation 

and process imbalance (Agyeman; Tao, 2014; Izumi et al., 2010; Vigueras-Carmona et al., 2025), with an 

optimum observed at intermediate particle sizes. 

 

Effect of the S/I ratio on process dynamics 

In addition, the effect of the initial substrate-to-inoculum (S/I) ratio was evaluated by comparing 

scenarios at constant particle size. As shown in Figure 2a, the highest cumulative methane production 

was obtained at an S/I ratio of 2 (223 mL), whereas significantly lower values were observed at higher 

S/I ratios (57 and 41 mL for S/I = 3 and 4, respectively). These findings indicate that increasing the S/I 

ratio negatively affects methane production. 

 

 

Figure 2. Effects of the S/I ratio on (a) cumulative methane production, (b) soluble substrate 
concentration, and (c) total VFA concentration for a particle size of 0.5 mm. 
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The presence of soluble substrate peaks within the first 6 days in all the cases is shown in Figure 

2b, with slightly higher magnitudes at higher S/I ratios, indicating rapid substrate consumption by 

acidogenic microorganisms. However, as shown in Figure 2c, efficient VFA consumption is only 

observed at the lowest S/I ratio, where the VFA concentration remains below 0.01 g·L−1. In contrast, 

for higher S/I ratios, VFA accumulation reaches approximately 3.5 and 5 g·L−1 (for S/I = 2 and 3, 

respectively), suggesting an imbalance between acidogenic production and methanogenic consumption. 

This behavior is consistent with previous studies on the anaerobic digestion of food waste, which 

reported that low S/I ratios increase methane production because of the relatively high abundance of 

microorganisms, providing an effective sink for metabolic intermediates (Okoro- Shekwaga et al., 2020; 

Zhang et al., 2019). Accordingly, S/I values less than 0.5 are often recommended for readily 

biodegradable substrates such as FVW, whereas values of approximately 1 are suggested for more slowly 

degradable materials (Assis; Gonçalves, 2022). 

In this study, the simulation results suggest that stable operation may still be achieved under 

intermediate conditions (e.g., a particle size of 0.5 mm and S/I = 2), as indicated by the fact that most 

methane production occurs within the first 6 days (Figure 2a). This observation is consistent with 

previous reports indicating that up to 80% of methane production from fresh organic waste occurs during 

the initial days of digestion (Martínez et al., 2022). 

Overall, these results highlight the critical importance of properly balancing the S/I ratio to 

prevent intermediate accumulation and ensure stable and efficient methane production. 

 

Operational scenarios 

The methane yield as a function of both the particle size and the S/I ratio are shown in Figure 3. 

A region of high performance (470–581 mL·g−1 VS) is observed within a particle size range of 0.75 to 2 

mm across all evaluated S/I ratios. However, within this range, smaller particle sizes are associated with 

higher yields at lower S/I ratios, whereas larger particle sizes achieve higher yields at higher S/I ratios. 

This behavior can be explained by the need to avoid VFA accumulation at smaller particle sizes, whereas 

at larger particle sizes, higher S/I ratios help prevent limitations in soluble substrate availability and 

subsequent VFA production. 

As observed and discussed in the previous sections, the model successfully captures both VFA 

accumulation effects and substrate availability limitations associated with particle size. The range of 

maximum methane yield predicted by the simulations lies at the upper end and is partially beyond the 

values reported in the literature for the anaerobic digestion of FVW (207–523 mL·g−1 VS) (Agrawal et 

al., 2022; Yan et al., 2021). Such variability in reported yields is attributed mainly to differences in substrate 

composition (Edwiges et al., 2018, 2020). 

These results suggest that a more accurate prediction of methane yield would require calibration 

of the yield coefficients, as these parameters directly control biomass growth and product formation. 
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Nevertheless, the simplified model proved adequate for capturing the system dynamics and evaluating 

the effects of the studied factors. 

 

Figure 3. Effects of the S/I ratio and particle size on the methane yield during the anaerobic digestion 
of fruit and vegetable waste. 
 

CONCLUSIONS 

Through simulation analysis of the AD of FVW, it was determined that the methane yield is 

strongly influenced by the combined effect of particle size and the substrate-to-inoculum (S/I) ratio. The 

highest yields were obtained at intermediate particle sizes (0.75–2 mm), where a balance between 

substrate availability and microbial activity was achieved. Smaller particle sizes promote rapid hydrolysis 

and the accumulation of VFAs, which may lead to process imbalance, whereas larger particles limit 

methane production because of a lower substrate conversion rate. 

Similarly, low S/I ratios favor stable conditions by ensuring sufficient microbial capacity to 

assimilate intermediate products, whereas higher ratios increase the risk of VFA accumulation. Although 

quantitative predictions require further parameter calibration, particularly because the model does not 

explicitly account for substrate composition, the simplified model proved effective at capturing key 

system dynamics and identifying favorable AD processes. 
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