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Abstract: This paper presents the conceptual design of a blue and green infrastructure (BGI) prototype focused on decentralized stormwater
collection, treatment, and storage in urban dwellings located in semi-arid regions. The proposal is presented as an adaptation strategy to address
water scarcity, considering the limited performance of conventional water supply systems in such vulnerable contexts. The BGI system integrates
two complementary strategies: direct collection from rooftops and the collection of surface runoff generated on impervious sidewalks, which is
conveyed through permeable pavement to a bioretention cell composed of vegetation and recycled construction aggregates. This configuration
allows runoff water to be collected, filtered, and stored for later use. Local climate data were used to estimate surface runoff, infiltration within
the system layers, and potential storage through a preliminary water balance. The design was applied to a typical home with a roof area of 39.2
m? and a daily consumption of 724.9 liters (for five inhabitants, using water-saving devices). The results indicate that, during representative
rainfall events, the volume captured partially covers this allocation for at least one day, demonstrating the hydraulic viability of the system in
urban environments with limited space. It should be noted that the water balance does not account for losses due to evaporation or
evapotranspiration, as the objective was to provide a preliminary estimate for conceptual sizing. It is concluded that the BGI prototype represents
a viable and sustainable alternative for rainwater harvesting in homes with limited space and restricted access to conventional water sources,
thus contributing to a circular water economy.

Keywords: nature-based solutions, rainwater harvesting, decentralized water management
Introduction

Secure, continuous access to water is one of the main challenges facing large regions of the world, especially countries
of the Global South, such as Mexico. It is estimated that more than 10 million people in the country lack reliable access
to drinking water (Lluch-Cota, 2022), a situation that is exacerbated in arid and semi-arid regions, where low rainfall
and limited infrastructure increase water vulnerability among the population (Carril-Ferreira et al., 2024). This problem
is further intensified by unplanned urban growth, which has led to an increase in impervious surfaces and, with it,
reduced rainwater infiltration, increased surface runoff, and decreased water availability (Gregory, 2021).

In this context, it is therefore a priority to develop decentralized solutions that enable the collection, treatment, and
reuse of stormwater locally. It is essential to recognize that stormwater may originate from both direct rainfall on
surfaces such as roofs and sidewalks, and from runoff generated on urban surfaces. This broader approach to water
collection maximizes the use of water resources that would otherwise be lost. Blue and green infrastructure (BGI)
systems, also known as nature-based solutions, contribute to this effort and have been widely promoted as sustainable
strategies for urban stormwater management (Vazquez-Rodriguez et al., 2024). Recent research highlights their ability
to reduce runoff volume, improve water quality, and promote aquifer recharge, while enhancing climate resilience
(Fletcher et al., 2015; Liu et al., 2020; Zuniga-Estrada et al., 2024).

In particular, the integration of systems such as permeable pavements and bioretention cells has proven effective for
stormwater management in densely populated urban areas (Brown et al., 2015). Furthermore, these solutions align
with the principles of the circular economy by encouraging the local reuse of stormwater, reducing dependence on
conventional water sources, and promoting more efficient and sustainable management of resources. Within this
framework, this study proposes a conceptual design for a household-scale BGI system for stormwater collection,
treatment, and reuse, adapted to a low-income housing unit located in a semi-arid region of central Mexico. The BGI
system integrates permeable pavement and a bioretention cell. The proposal is based on local climate analysis, the
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characterization of the dwelling, the estimation of domestic water demand, and the calculation of the water balance
of the BGI system. The main contribution of the study is the development of a preliminary and replicable solution for
low-income housing that reduces dependence on conventional water supplies through the use of stormwater.

Materials and Methods
Study area

The study micro-watershed is located in the Colinas de Plata subdivision, in the municipality of Mineral de la Reforma,
Hidalgo, Mexico, at an average altitude of 2,433 m above sea level and with an area of 1.43 km? (Figure 1). The climate
is classified as temperate semi-arid, characterized by intense, short duration rainfall occurring from May to October,
with annual precipitation ranging from 160 to 700 mm and an average temperature of 14 °C. The area presents an
average slope of 9.5% and a predominant Phaeozem soil type with a sandy clay texture. Previous studies in the area
have reported that more than 70% of annual rainfall is lost through evaporation, while urbanization has significantly
increased surface runoff (Bigurra-Alzati et al., 2021). These conditions justify the selection of the study area for
evaluating strategies for stormwater harvesting and reuse through BGI systems.

Prototype housing

Three types of housing were identified within the study micro-watershed: small, medium, and large, based on built
area and occupancy capacity. The medium category, known as “popular housing”, was selected as the prototype
housing, as it is the most representative in the area studied. This type of housing is designed to accommodate up to
five residents and has a total lot area of 90 m? (Figure 2). The catchment areas for rainwater and runoff were delineated
using Google Earth Pro software.

Figure 1. Aerial view of the micro-watershed study, located in Mineral de la Reforma, Hidalgo. Image obtained from Google Earth

REB&S 2026, 8(2), 1-10. https://doi.org/10.56845/rebs.v8i2.669 2



https://doi.org/10.56845/rebs.v8i2.669

Renewable Energy, Biomass & Sustainability (REB&S)

Figure 2. Architectural diagram of the prototype middle-class housing unit. (a) Main facade; (b) rear facade
Estimation of monthly rainfall volume collected

To estimate the volume of rainfall that can be collected from the prototype house’s roof surface, historical climate data
for the period 1981-2023 were compiled. Precipitation data were obtained from weather stations 13022 and 13056,
selected for their geographic proximity and climatic representativeness relative to the study area, operated by the
Comision Nacional del Agua (CONAGUA). Based on the precipitation records, net rainfall was calculated using the
methodology proposed by Anaya-Gardufio (2011). This value represents the amount of water available for collection,
accounting for losses due to splashing, evaporation, surface friction, and drop size. The formula used to estimate net
rainfall is Equation 1:

PN =P=xnq (1)

where PN is the net rainfall (mm), P is the mean rainfall (mm), and 7 is the rainwater capture efficiency; the value
considered for this parameter was 0.765, according to Anaya-Gardufio (2011).

Once the value of PN was obtained, the monthly net capture volume (V,,, in m3) was calculated considering the
catchment area 4 (m?), as shown in Equation 2. The calculation was performed monthly to identify the periods with
the highest water availability.

v _PN-A @)
™ 1000

REB&S 2026, 8(2), 1-10. https://doi.org/10.56845/rebs.v8i2.669 3



https://doi.org/10.56845/rebs.v8i2.669

Renewable Energy, Biomass & Sustainability (REB&S)

Estimating water demand in the prototype home

To estimate residential water demand, daily per capita water consumption was first calculated based on average
consumption for various domestic activities, such as showering, using the toilet, using a washing machine, cooking,
washing dishes, and cleaning the home. To do this, we used data from scientific literature and official sources. Once
the individual allowance was obtained, the total monthly demand for the prototype home was estimated, assuming it
is occupied by five people. This estimate was made under two scenarios: (i) assuming the use of traditional devices and
(ii) considering the implementation of water-saving devices. This comparison allowed for an evaluation of the potential
impact of efficient water use on total consumption. In both cases, Equation 3 proposed by Anaya-Gardufio (2011) was
applied to calculate the monthly demand.

. Nu-Dot-Nd

= (3)
Dj 1000

where Dj is the monthly water demand, expressed in cubic meters per month (m3/month); Nu is the number of
beneficiaries or inhabitants of the household (persons); Dot is the daily per-capita water allocation (liters/person/day);
and Nd is the number of days in the month considered.

Conceptual design of the prototype

A water balance was performed to estimate the volume of water entering the BGI system from rainfall on impervious
surfaces. This analysis allowed the quantification of the inflow, infiltration, and storage flows associated with the
hydraulic performance of the proposed system. For the analysis, a rainfall event lasting one hour, with an intensity of
0.045 m/h and a return period of 25 years, was selected, in accordance with the isohyets prepared by the Secretaria
de Comunicaciones y Transportes (SCT) for the city of Pachuca, Hidalgo. The water balance was calculated considering
three main units of the BGI system: the impervious sidewalk, the permeable pavement, and the bioretention cell. To
estimate the maximum surface runoff flow, the rational method (Bigurra-Alzati et al., 2021) was used, applying
Equation 4.

Q=0278 -Ce-i-A (4)

where @Q is the maximum runoff flow (m3/s); Ce is the runoff coefficient (dimensionless); i is the rainfall intensity
(mm/hour); and A is the area considered (m?). The Ce values used were 0.9 for the impervious sidewalk, and 0.3 for
the permeable pavement and the bioretention cell. To calculate the infiltrated volume, the same equation was used,
substituting Ce with 1 — Ce.

Results and Discussion
Estimation of monthly rainfall volume collected

The average monthly precipitation values recorded between 1981 and 2023 are shown in Figure 3, indicating that most
precipitation occurs from May to September, with a maximum in July (94.56 mm). In contrast, January, February,
November, and December have significantly lower values, with precipitation below 40 mm. A Ce of 0.9 was used to
calculate PN, based on Anaya-Garduio’s (2011) findings for a concrete roof surface. Figure 4 shows the monthly values
of estimated PN on the roof surface of the prototype house.

Figure 5 shows the monthly volume of rainwater collection, calculated from the PN values and the roof area (39.2 m?3).
The highest volumes are recorded in June, September, and July, while February, December, and January have the
lowest values. This reflects the limited collection potential during the dry season, when the average monthly collection
volume is 1.79 m3.

The estimated monthly catchment volumes in this study (between 0.847 and 2.84 m3) for an area of (39.2 m?) were
compared with those reported by Lizarraga-Mendiola et al. (2015), obtained in the same geographical area on roofs of
45 m2. Both studies are based on comparable annual precipitation values (552 mm in this study and 585 mm in the
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cited study); however, the catchment results differ notably. This is mainly due to the methodological approach adopted
in each case. While this study considers a net catchment scheme that takes into account losses due to splashing,
evaporation, and structural efficiency, the study by Lizarraga-Mendiola et al. (2015) used the gross precipitation of the
rainiest year in the period 1980-2013 (2010), allowing the identification of maximum catchment potential to be
identified under an extreme scenario, without applying adjustments for losses.

Figure 3. Average monthly precipitation recorded during the period 1981-2023

Figure 4. Net rainfall for the roof surface of the prototype house

Figure 5. Rainwater collection volume on the roof of the prototype house
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Estimation of water demand in the prototype dwelling

Per capita water use was estimated for two scenarios: traditional devices and water-saving devices (Table 1). A
difference of 90.76 L/person/day was observed, with values decreasing from 235.74 L/person/day in the scenario with
traditional devices to 144.98 L/person/day with water-saving devices, representing a 38.5% reduction. This decrease is
mainly attributed to more efficient water use in showers and toilets, which together account for the highest
consumption.

Table 1. Daily per capita water consumption by household activity for scenarios with traditional and water-saving devices.

Activity Traditional Water saving
(L/person/day) (L/person/day)
Shower 109.6 62.4
WC 65.8 35.7
Dishwashing 42 30.7
Washing machine 7.71 5.6
House cleaning 1.03 1.03
Irrigation 8 8

Food preparation 1.6 1.6

The average shower duration was estimated at eight minutes per person per day (Kordana et al., 2014; Kenway et al.,
2019). Toilet use was estimated at an average of seven flushes per person per day (Lizarraga-Mendiola et al., 2015;
Crouch et al., 2021; Wilkes et al., 2005). Dishwashing was estimated at three sessions per day, each lasting seven
minutes, totaling 21 minutes per household per day (Shan et al., 2015; Pavlou et al., 2024). For washing machine use,
three cycles per week were assumed, equivalent to 0.43 cycles per household per day (Beemkumar & Mathews, 2015;
Pakula & Stamminger, 2009; Rosas-Flores & Morilldn-Galvez, 2010). Household cleaning was estimated at 36 liters per
household per week, equivalent to 5.14 liters per day (Otsuka et al., 2013; Dobroski, 2016), and watering of green areas
or planters was calculated at five minutes per household per day (Willis et al., 2015; Devkota et al., 2015; Sandr et al.,
2016). Finally, the volume used for food preparation was set at eight liters per household per day (Ismail et al., 2024;
Makki et al., 2013; Ramirez-Escobar & Buritica-Arboleda, 2021). For activities shared by all household members, the
total volume was divided by five to obtain the daily consumption per person. This approach enabled more accurate
identification of the impact of efficient devices on potential water savings in the domestic sphere.

Conceptual design of the blue and green infrastructure prototype

Based on Figure 6, a prototype of the BGI system is proposed that integrates two main strategies for capturing, treating,
and utilizing stormwater at the household level: direct rainwater harvesting and runoff collection from impervious
surfaces.

Direct rainwater harvesting

As a complement to the BGI system, the installation of a rainwater harvesting tank is proposed to collect water from
the rooftop, which has a surface area of 39.2 m2. A downspout system will convey the collected water to the cistern
(Figure 6). Preliminarily, the use of a 100-liter tank is proposed, as this capacity allows storage of the estimated daily
collection during July, the rainiest month of the year, in which a total volume of 2.84 m3 is recorded. This amount is
distributed over 30.5 days, resulting in an average daily collection of approximately 93 liters. Although this amount
represents only a fraction of the household’s total consumption, estimated at 724.9 liters per day for a family of five
with an individual allocation of 144.98 L/person/day, the continuous use of the collected water prevents the tank from
reaching its maximum capacity. Thus, the resource is continuously utilized, and dependence on the municipal drinking
water network is partially reduced, particularly during the months with the highest rainfall.
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Surface runoff collection and treatment

The BGI system begins at the pedestrian access sidewalk, which is built with hydraulic concrete and covers an area of
7.875 m?, generating surface runoff during rainfall events (Figure 6). This runoff is directed by a 2% slope toward a
permeable pavement in the L-shaped pedestrian access area (13.929 m?), where infiltration begins. The permeable
pavement is proposed to consist of 15 cm thickness to allow initial water infiltration; a 5 cm subbase, which distributes
loads and stabilizes the system; and a 25 cm subgrade layer, which temporarily stores infiltrated water and conveys it
to the next unit. Subsequently, through a controlled slope, the flow is directed to a bioretention cell, located in the
lateral infiltration trench (22.301 m?). This cell has an inverted trapezoidal shape, with an upper section 90 cm wide
and a lower base 30 cm wide, designed to facilitate the passage of filtered water to an underground cistern. The cell is
composed, from top to bottom, of a 5 cm space at the top for managing excess water during heavy rains; 5 cm of soil,
where Chrysopogon zizanioides (vetiver) can be planted to promote the removal of contaminants (Aguirre-Alvarez et
al., 2024); and 30 cm of filter material. The water that passes through this cell is finally collected in an underground
storage tank located just at the end of the cell, represented in the image by white dotted lines (Figure 6). This tank
stores treated water for later reuse.

In other studies, such as those by Brown et al. (2012), Anderson et al. (2013), and Tirpak et al. (2021), systems
combining permeable pavement and bioretention cells were implemented for stormwater treatment. In all cases,
favorable results were reported, including reductions in runoff volume and improvements in water quality. These
systems proved effective at reducing nutrient concentrations (nitrogen and phosphorus), heavy metals concentrations
(such as copper and zinc), suspended solids, and peak flows. In addition, their capacity to store and infiltrate
stormwater was verified, enabling its reuse in activities that can use non-potable water. The implementation of these
systems at scale in urban environments reinforces the technical viability of decentralized solutions based on BGl, similar
to the conceptual design of the system proposed here.

Figure 6. Spatial distribution of impervious surfaces and elements of the BGI prototype in the model house
Water balance of surface runoff collection and treatment

Figure 7 shows a conceptual diagram of runoff water flow through the BGI system for a precipitation event with
intensity | (in m/h), accounting for losses due to retention and infiltration at each stage. The water balance is modeled
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for three functional units: impermeable sidewalk, permeable pavement, and bioretention cell, before reaching the final
storage tank (represented by dotted lines in Figure 7). Unlike traditional systems that favor infiltration into the subsoil,
this design aims to maximize water recovery; therefore, both the pavement and the cell are proposed to be
waterproofed with a geomembrane. This allows the collected water to be directed entirely to the storage tank, without
losses due to deep infiltration. The balance is detailed step by step below.

During rainfall, precipitation first hits the impermeable surface of the sidewalk. This element generates a surface runoff
volume of 0.355 m3 per hour, identified as E. Of that volume, a small fraction (0.035 m3/h), called Vret, is considered
lost as it remains retained on the surface. The rest, equivalent to 0.319 m3/h, runs off to the next component of the
system: the permeable pavement. This surface runoff flow received from the sidewalk is designated as QI.
Simultaneously, the permeable pavement also receives rainwater that falls directly on its surface. This additional
volume is estimated at 0.188 m3/h and is identified as Q2. Thus, the total volume entering the pavement is the sum of
Q1 and Q2, totaling 0.507 m3/h. Within the permeable pavement component, part of the volume infiltrated into the
system (Vinf;) and another part advanced through the first porous layer of the pavement without completely infiltrating
(Vs = 0.068 m3/h). Both flows were directed by slope towards the bioretention cell, due to a geomembrane that
prevents infiltration into the subsoil.

Figure 7. Water balance of the proposed BGI system for the model house

In addition to the flow coming from the pavement, the bioretention cell also captures rainwater that falls directly on
its exposed surface. This additional flow, identified as Q3, has been estimated at 0.301 m3/h. Thus, the total flow
entering the bioretention cell amounts to 0.808 m3/h. Inside the cell, part of the water infiltrates through the deeper
layers (Vinf;), while the rest passes through the upper layers and is directed to the storage tank (V). In this way, the
system uses both the runoff volume and the infiltrated volume to convey water to the storage tank. It is important to
note that, possible losses from evaporation from the permeable pavement or evapotranspiration in the bioretention
cell have not been considered at this stage, so it is assumed that the entire volume is used for treatment and reuse.

To estimate the flow rates and infiltration volumes, a runoff coefficient of 0.3 was used for the permeable pavement
and the bioretention cell, based on the ranges reported by Fletcher et al. (2015) for urban drainage systems with green
infrastructure. In the specific case of the bioretention cell, an adjusted infiltration coefficient was also applied, obtained
by multiplying a vegetation correction factor of 0.7 and a water-substrate contact time of 1 h, in accordance with the
methodology proposed by Kasprzyk et al. (2022). Finally, a hydraulic conductivity (K) of 0.01 m/h for the filter medium
was considered, a typical value for soil mixtures with recycled aggregate and vetiver-type vegetation.
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Conclusions

This decentralized system proposal, explicitly designed for arid and semi-arid areas, proved to be conceptually feasible
by integrating two complementary strategies for rainwater harvesting: direct rooftop collection and surface runoff
treatment using blue and green infrastructure. Through simplified water balance calculations, it was estimated that the
volumes collected and infiltrated could partially cover domestic non-potable water demand requirements,
representing a significant contribution in environments with high water vulnerability. The use of water-saving devices
was decisive in reducing per capita consumption and, consequently, improving the relationship between supply and
demand. It was assumed that the water collected from the rooftops may meet drinking water quality standards,
although further treatment and validation are required. At the same time, the treatment of surface runoff through
permeable pavement and bioretention cell seeks to expand its use for non-potable purposes. This differentiation allows
prioritizing the potability of the resource collected from roofs and reserving the treated runoff water for other domestic
activities, such as irrigation, cleaning, or toilet flushing.

Overall, the results confirm the technical feasibility of a stormwater harvesting, treatment, and storage system at the
household level, adaptable to urban contexts with both water and space constraints. This approach represents an
effective strategy for moving toward more resilient, decentralized, and environmentally integrated water
management.
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Abstract: This study develops and validates a multi-scale modeling framework to estimate biogas production from the anaerobic co-digestion
(AcoD) of cattle manure and tomato crop waste (Solanum lycopersicum L.), an abundant and underutilized agricultural residue in Mexico. The
modeling approach integrates three complementary mathematical models (Volume Averaging, Laplace Domain, and Modified Gompertz
equation) which were fitted to experimental data previously reported in the literature. These data were obtained from batch bioreactors
experiments conducted under different operational conditions (20% and 50% substrate on a dry basis, and pH 6.8 and 7.5). The models exhibited
a strong fit (R%: 0.84 — 0.97; RMSE = 0.10 — 1.10), supporting their suitability for describing both kinetic and transport phenomena. The Volume
Averaging method enabled the estimation of transport parameters, including diffusion coefficients on the order of 1.6x10-6 m?/d, along with key
reaction parameters. The Laplace Domain approach facilitated the dynamic characterization of the system through transfer functions, while the
Modified Gompertz equation accurately captured biogas production kinetics. The results indicate that operating at 50% substrate concentration
with pH control reduced the characteristic production time to approximately 30 days, which is less than half the time required for the 20%
substrate condition (60-66 days) and achieved methane contents of up to 41%, approaching the established threshold for biogas as biofuel (45%),
with V50a showing the highest methane fraction. The estimated kinetic and transport coefficients suggest a clear metabolic adaptation of the
microbial consortia under optimal conditions. Overall, this integrated framework demonstrated its potential for the design and scale-up of AcoD
systems, providing a link between physicochemical fundamentals and practical application in agricultural regions with high organic waste
generation.

Keywords: biogas modeling, agricultural waste valorization, anaerobic co-digestion, tomato waste, sustainable energy

Nomenclature

Symbol Description Units
Latin Symbols
A; Stimulus amplitude d
Cy Concentration of species A in the bioreactor volume mol/m3
(ca) Average concentration of species A mol/m3
Dy Effective diffusion coefficient of gaseous species A m?/d
dg Reactor diameter m
k, Concentration divided by the characteristic time mol/(m3-d)
Ly Reactor length m
R? Coefficient of determination -
RMSE Root Mean Square Error L
s Frequency domain variable (Laplace) d’
t Time d
Vg Reactor volume m?3
Greek Symbols
a, Reactor properties divided by the volume fraction d’

(g = LgDa(eVp)™)
& Volume fraction occupied in the bioreactor -
Keff Effective Michaelis-Menten saturation constant mol/m3
Ay Lag phase in the Gompertz equation d
Hest Maximum effective reaction rate mol/(m3-d)
Un Reaction rate divided by the volume fraction (us = piere™)  mol/(m3-d)
Hemax,p Maximum specific production rate of biogas or methane L/(gVs-d)
(N Specific maximum production potential L/(gVs-d)
Tp Characteristic time of the process d
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Symbol Description

Subscripts

A Species (Biogas or Methane)
eff Effective

max Maximum

R Reactor

V20,V50 20% or 50% dry basis

a,b pH conditions (a: 6.8, b: 7.5)

Acronym Description
Abbreviations

AD Anaerobic Digestion

AcoD Anaerobic Co-Digestion

BMP Biochemical Methane Potential
CcoD Chemical Oxygen Demand

TS Total Solids

'S Volatile Solids

VFA Volatile Fatty Acids

Introduction

The global search for sustainable energy sources has positioned biogas as a key renewable fuel, particularly in
agricultural regions where organic waste is abundant (Alghoul et al., 2019; Kumar and Samadder, 2020). In Mexico,
approximately 13% of the workforce is dedicated to agriculture, generating significant amounts of organic residues that
are generally disposed of without treatment (Mendivil-Garcia et al., 2020). This situation represents both an
environmental challenge and an energy opportunity, especially considering that about one-third of the world's food
production is wasted annually (Kumar and Samadder, 2020).

Anaerobic Digestion (AD) has become a promising technology for converting organic waste into biogas while
contributing to the reduction of greenhouse gas emissions (Alburquerque et al., 2012; Kumar and Samadder, 2020;
Elagroudy et al., 2020). The economic and energy interest in biogas lies in its methane fraction (CH4), which constitutes
between 50% and 70% of its composition and defines its calorific value. Therefore, the carbon-to-methane conversion
efficiency is a critical parameter for the sustainability and profitability of the process (Borjesson and Mattiasson, 2008;
Chaemchuen et al., 2016). In this context, the anaerobic co-digestion (AcoD) of animal manure with agricultural
residues has been shown to improve both methane production and system stability, thanks to synergistic interactions
between substrates (Esposito et al., 2012; Castro-Rivera et al., 2020). Among potential substrates, tomato crop waste
(Solanum lycopersicum L.) is particularly attractive due to its high organic content and seasonal availability in farming
areas (Castro-Rivera et al., 2020). In Mexico, where tomato production generates approximately 1.8 million tons of
waste annually (SIAP, 2023), the energy valorization of these by-products represents a strategic opportunity to
contribute to national energy transition goals (SENER, 2020). However, full-scale implementation requires modeling
tools that capture both kinetic and transport phenomena.

Mathematical modeling plays an essential role in understanding, optimizing, and scaling up AD processes (Hatata et al.,
2021; Benitez-Olivares et al., 2016). Although various approaches exist, from complex kinetic models (Esposito et al.,
2012; Hernandez-Fydrych et al., 2021) to empirical formulations like the Gompertz equation (Zwietering et al., 1990),
a gap persists in developing integrated frameworks that link fundamental transport phenomena with practical
production kinetics. Most previous studies have focused on individual approximations; for example, Ravina et al. (2019)
developed MATLAB software for biogas quantification; Nock et al. (2014) used mass transfer models to optimize biogas
quality; and Hernandez-Fydrych et al. (2019) applied kinetic models to slaughterhouse wastewater treatment.

The methodological novelty of this work lies in the synergistic integration of three complementary modeling
perspectives: volume averaging to capture fundamental micro-scale transport phenomena, analysis in the Laplace
domain to characterize the system's temporal dynamics, and the modified Gompertz equation to describe practical
production kinetics. While previous studies have applied these methods in isolation (Ravina et al., 2019; Nock et al.,
2014; Hernandez-Fydrych et al., 2019), their combination into a unified framework overcomes the limitations of each
individual approach, particularly for AcoD systems where synergistic substrate interactions introduce complex non-
linearities (Esposito et al., 2012). This multi-scale approach provides not only kinetic parameters but also fundamental
transport coefficients critical for bioreactor scale-up, an aspect often underestimated in the literature (Whitaker, 1999;
Benitez-Olivares et al., 2016).
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The main objectives of this work are:

1. To develop and validate an integrated multi-scale modeling framework that combines Volume Averaging,
Laplace Domain, and Modified Gompertz approaches for biogas production from the AcoD of cattle manure
and tomato crop waste.

2. To determine effective transport coefficients (diffusion coefficients D,, reaction rates g, and saturation
constants K.g) under different operational conditions and establish their relationship with system
performance.

3. To validate a multi-scale model for estimating biogas from AcoD of agricultural residues in developing regions.

Materials and Methods
Experimental System Description

This study is based on experimental data previously published by Castro-Rivera et al. (2020), obtained from a
laboratory-scale system for biogas production through AcoD of cattle manure and tomato agricultural waste (Solanum
lycopersicum L.). These data were used exclusively for analysis and mathematical modeling purposes, without
conducting new experimental tests. In the original study (Castro-Rivera et al., 2020), experiments were conducted in 3
L plastic digesters with a working volume of 2.4 L and a 10% total solids concentration on a dry basis. The
characterization of substrates (cattle manure and tomato peel) and effluents included determinations of chemical
composition, pH, chemical oxygen demand (COD), total solids (TS), volatile solids (VS), substrate-to-inoculum ratio,
alkalinity, and digestion time. A complete description of the experimental conditions is detailed in the original source
(Castro-Rivera et al., 2020).

Briefly, in the reference work, each biodigester had a gas outlet and a liquid outlet for sampling. Before hermetic
sealing, a nitrogen purge was performed for five minutes to remove dissolved oxygen and ensure anaerobic conditions.
The digesters were maintained for 75 days at 30°C. Weekly, the biogas volume was measured according to the
procedure described in Castro-Rivera et al. (2020), and its composition (CH; and CO,) was determined by gas
chromatography. The experimental design was completely randomized, with a factorial arrangement (2x2) and three
replicates per treatment. The evaluated factors were the mixture of manure with tomato peel in proportions of 20/80%
and 50/50% respectively, and the initial pH (6.8 and 7.5). For the purposes of the present modeling work, the
corresponding data were grouped into four case studies:

V20a: 20% dry basis, pH = 6.8
V20b: 20% dry basis, adjusted pH =7.5
V50a: 50% dry basis, pH = 6.8
V50b: 50% dry basis, adjusted pH =7.5

From these data, three complementary
mathematical models were implemented
and evaluated to represent and analyze
the behavior of biogas production and its
methane fraction. The models considered
were the Volume Averaging model, the
Laplace Domain model, and the Modified
Gompertz equation. Figure 1 illustrates the

multi-scale modeling strategy

implemented, integrating different levels Figure 1. Schematic of the multi-scale modeling strategy
of process description. implemented in this work
Mathematical Models

To adequately represent the formation and transport of biogas within the bioreactor, a multi-scale modeling strategy
was developed that integrates local reaction and diffusion phenomena with the global system dynamics. The approach
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is based on a conceptual separation between a micro-scale, where biochemical and transport processes occur within
biofilms and microbial aggregates, and a macro-scale, which describes the behavior of biogas in the total reactor
volume.

At the micro-scale, the species of interest is the local concentration of biogas generated from microbial reactions. This
stage explicitly considers the phenomena of substrate diffusion towards microbial structures, biochemical consumption
via microbial kinetics, and localized biogas production. Additionally, the accumulation and release of gas at the solid-
liguid interface is incorporated, allowing the capture of the intrinsic spatial heterogeneity of reactive
microenvironments (Picioreanu et al., 1998).

The local biogas production rates and transport parameters obtained undergo a homogenization process, through
which they are transformed into effective properties representative of the active reactor volume. These variables
include the effective volumetric biogas generation rate, effective diffusivity, and other coefficients associated with gas
transport and release.

At the macro-scale, these homogenized properties are incorporated into a model that describes the reactor dynamics
and biogas transport at a global level. This model considers the effects of mixing, fluid circulation, bubble formation, as
well as the diffusive transport of gas throughout the bioreactor volume. In this way, it is possible to predict the spatial
distribution of biogas, its concentration gradients, and its accumulation or release during operation (Bird, Stewart, &
Lightfoot, 2002; Velazquez-Marti et al., 2018).

Finally, a sequential coupling is established between both scales, where parameters estimated from the micro-scale
(Volume Averaging model) serve as inputs for the macro-scale Laplace domain model. This ensures consistency
between the fundamental transport phenomena and the global system dynamics.

Volume Averaging Model

The first model is based on the Volume Averaging method (Whitaker, 1999), which allows deriving transport equations
at the bioreactor scale from the equations governing transport at the micro-scale. This approach considers three scale
levels (Figure 2): the micro-scale (73,), where microbial interactions occur; the intermediate region (7, ); and the
bioreactor scale.

Figure 2. Diagram of the biodigester and the scaling used for the digestion of cattle manure and tomato crop waste. Where 13,
schematizes microbial interactions; 7,,, schematizes mass transport; dp and Ly, are the diameter and length of the reactor,
respectively. Adapted from Castro-Rivera et al., 2020

REB&S 2026, 8(2), 11-23. https://doi.org/10.56845/rebs.v8i2.685 14



https://doi.org/10.56845/rebs.v8i2.685

Renewable Energy, Biomass & Sustainability (REB&S)

Following the methodology established by Ochoa et al. (1986) and Benitez-Olivares et al. (2016), the volume averaging
operator was applied to obtain a macroscopic mass transfer equation describing the accumulation of biogas in the
bioreactor:

d{c d22%(c C
c (ca) —D, (ca) " Uete{Ca) (1)
ot 0z%  Ker +(Ca)

where (c,) is the average concentration of species A (biogas or methane) in [mol/m3], € is the volume fraction occupied
in the reactor, D, is the effective diffusion coefficient in [m?/d], u.g is the maximum effective reaction rate in
[mol/(m3-d)], and k¢ is the Michaelis-Menten saturation constant in [mol/m3]. To consider the process throughout the
reactor volume, the averaging operator is applied:

1
€= (cadav (2)
R JV(t)
obtaining the ordinary differential equation:
dcy  Lp HefrCa

3)

E——=— C ——
ot VR A™A Keff+CA

The numerical solution of Equation 3 was implemented in MATLAB using both the Runge-Kutta method and the finite
difference method, allowing the determination of the transport coefficients D, tetr, aNd Keg.

Model in the Laplace Domain
The second model is developed in the Laplace domain, providing an alternative approach to characterize system

dynamics through transfer functions. Starting from Equation 3 and defining where a4 = LiD,(eVz)™! and py =
Uerr€ L, we obtain:

dey anc HACy
— YAtA
dt Kaff + Cy

(4)

The nonlinearity in the reaction term is linearized using a first-order Taylor expansion around an operating point C4:

_ af _
flea®)] = f(Ca) + dac, [ca(t) — 4l (5)

Applying the Laplace transform (Widder, 2015),

Ca[ HMaKesr Ua

k,X(t) =— — — —
pX(©) Tp L(Kegr + Ca)?  Kegr + Ca

(6)

we obtain the standard form in the Laplace domain:

dc
Tp E +cy4 = kpX(t) (7)
whose Laplace transform results in:
k
. P -
(a=— 1 § (8)
Tp (s + E>
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Where {, = L(¢,) and f = L(X) are the variables in the Laplace domain, s [d™!] is the frequency variable, Ty, [d] is the
characteristic time of the process, and k, [mol/(m3-d)] condenses the concentration and reaction terms. Applying the

- A
inverse transform with & = ?{, where A; [d] is the stimulus amplitude, the temporal solution is obtained:

7o _ —t
Ca = Agky (1 exp /‘L’,,) (9)
This equation provides an explicit relationship for cumulative biogas production as a function of time.

Modified Gompertz Equation

The third model employs the modified Gompertz equation (Zwietering et al., 1990), widely used to describe methane
production kinetics in Biochemical Methane Potential (BMP) assays:

ﬂmax,q; e (1)
Yo

where P (t) [L/gVS] is the accumulated biogas produced at time t, 1y [L/gVS] is the maximum specific production
potential, Umay, ¢ [L/(gVS-d)] is the maximum specific production rate, and Ay [d] is the lag phase.

PY(t) = Poexp {—exp [ Ay —t) + 1]} (10)

While the lag phase was found to be negligible in most of our fitted cases, the Gompertz model was retained for three
reasons: (1) it is the standard model in BMP assays, ensuring comparability with literature; (2) the three-parameter
form provides slightly better fit during the transition from the initial to the exponential phase compared to two-
parameter models like the logistic; and (3) the lag phase parameter, even when near zero, serves as a useful diagnostic
indicator of rapid microbial adaptation. Nevertheless, we acknowledge that for systems consistently showing no lag,
simpler first-order or logistic models could be equally valid and more parsimonious.

Numerical Implementation Strategy

Numerical implementation was carried out through algorithms developed in MATLAB that integrate the three modeling
approaches:

e For the Volume Averaging model (Eq. 3), numerical methods for differential equations (Runge-Kutta and finite
differences) were used.

e For the Laplace (Eq. 9) and Gompertz (Eq. 10) models, nonlinear regression was employed to estimate
parameters by minimizing the mean square error.

e The coefficients obtained from the Volume Averaging model served as initial values for the Laplace model
adjustment, establishing a connection between both approaches.

e The value of the volume fraction was kept constant at £ =0.8 for all cases, corresponding to the ratio between
the reactor volume and the added organic matter.

Results and Discussion

This section presents the validation of the three proposed mathematical models against the experimental data of
biogas production and its corresponding CH, fraction for the four case studies. The analysis focuses on the models'
predictive capacity, the estimation of process parameters, and the effect of operational conditions on system
performance.

Comparative Performance of the Modeling Approaches
The cumulative production values reported here (e.g., 2.4 L/gVS for V20a biogas) represent the total measured

production over 75 days. The Gompertz parameter i), reported in Tables 1-4 represents the model-fitted asymptotic
maximum, which may be slightly higher.
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Figures 3 to 6 show the comparison between experimental data and predictions for biogas and methane production
for the different case studies. In all scenarios, a qualitative and quantitative agreement between the modeled curves
and experimental data is observed.

As observed in Figure 3, experiment V20a (20% substrate, pH 6.8) showed a prolonged period of very slow production,
which could be visually interpreted as a latency phase. However, model fitting indicated a negligible statistical lag
phase, suggesting this behavior is due to extremely slow kinetic rates rather than a true biological adaptation period.
This low generation could be attributed to the microorganisms' adaptation period to the new substrate, which slowed
the microbial growth rate, coupled with possible accumulation of volatile fatty acids (VFAs) that would have inhibited
metabolic activity (Khadka et al., 2022). This behavior coincides with that reported by Esposito et al. (2012), who
observed that suboptimal substrate concentrations, in combination with acidic pH, significantly reduce the metabolic
activity of methanogenic consortia. Under these characteristics, the methane/biogas ratio was approximately 27%, a
value below the 45% threshold proposed to consider biogas as a viable biofuel (Dueblein and Steinhauser, 2008),
evidencing inefficient substrate conversion.

Figure 3. Cumulative biogas production for experiments V20a Figure 4. Cumulative methane production for experiments
and V20b (20% manure on dry basis, pH = 6.8 and adjusted pH V20a and V20b (20% manure on dry basis, pH = 6.8 and
= 7.5, respectively). Points represent experimental values with adjusted pH = 7.5, respectively). Points represent
error bars indicating observed variability. Lines show the fits experimental values with error bars indicating observed
of the three mathematical models: Volume Averaging (Eq. 3), variability. Lines show the fits of the three mathematical
Laplace Domain (Eq. 9), and Modified Gompertz (Eq. 10) models

pH control at 7.5 in experiment V20b (a) resulted in a 125% increase in biogas production compared to V20a. Under
these conditions, a yield of 5.4 L/gVS of biogas was obtained, of which 2.0 L/gVS corresponded to CH,. This increase
could be attributed to greater microbial activity, as pH levels close to neutrality favor the balance of microbial consortia
(Hernandez-Fydrych et al. 2019). However, despite the increase in total biogas production, the methane/biogas ratio
was only 37%. This value suggests that, although neutral pH increased metabolic activity, the 20% substrate
concentration continued to be a limitation for conversion to CH,, preventing achievement of the minimum percentage
required to consider this biogas as a biofuel (Gonzalez-Herrera et al. 2021).

In Figures 5 and 6 (V50a and V50b, respectively), the increase in substrate to 50% with improvements in system
performance is observed. In V50a (pH 6.8), biogas production reached 8.1 L/gVS with a methane/biogas ratio of 41%,
avalue close to the 45% threshold. This behavior agrees with that reported by Castro-Rivera et al. (2020), who indicated
that elevated substrate concentrations provide the necessary nutrient bioavailability to maintain robust microbial
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activity even under suboptimal pH conditions. It is particularly relevant that V50a surpassed V20b in CH4 conversion
efficiency, evidencing that a higher substrate concentration can partially compensate for pH limitations (Li et al. 2022).

Figure 5. Cumulative biogas production for experiments V50a Figure 6. Cumulative methane production for experiments
and V50b (50% manure on dry basis, pH = 6.8 and adjusted V50a and V50b (50% manure on dry basis, pH = 6.8 and
pH = 7.5, respectively). Points represent experimental values adjusted pH = 7.5, respectively). Points represent
with error bars indicating observed variability. Lines show the experimental values with error bars indicating observed
fits of the three mathematical models variability. Lines show the fits of the three mathematical
models

The combination of high substrate load (50%) with pH control (7.5) in V50b produced the maximum biogas generation
of the study: 12.8 L/gVS of biogas and 4.75 L/gVS of methane. However, the methane/biogas ratio decreased to 37%
compared to V50a. This apparent discrepancy can be attributed to the accumulation of volatile fatty acids and
degradation intermediates, as suggested by Kumar and Samadder (2020) for systems with high organic load, where
CO, production tends to increase disproportionately. Nevertheless, the absolute methane content in V50b (4.75 L/gVS)
significantly exceeded that of V50a (3.3 L/gVS), making V50b the optimal condition when the objective is to maximize
total energy production.

In all cases, the coefficients of determination (R?) ranged from 0.84 to 0.97, while the root mean square errors (RMSE)
varied from 0.10 to 1.10 L. The Volume Averaging model systematically obtained the best fits (highest R? and lowest
RMSE), which could be due to its basis in fundamental physical principles. However, the Laplace and Gompertz models
provided useful representations with specific computational advantages.

Determined transport and kinetic parameters

Tables 1 to 4 present the values of transport and kinetic coefficients obtained by fitting the models to the data in Figures
3 to 6, respectively.

The effective diffusion coefficients (D,) obtained in this work, on the order of 1.6 X 107®m?/d (equivalent to
~1.85 x 1011 m?/s), are of significant interest. These values show a remarkable correspondence with those reported
for high-solids anaerobic digestion media. Specifically, our modeled values align closely with those determined
experimentally by Gooddy et al. (2007) for digestates with total solids (TS) contents above 15%. In that study, effective
diffusivity values for iodide in media with 15%, 19%, and 25% TS were in the range of 1.00 to 1.12 x 10~ 1m?/s,
converging toward a lower limit near 107''m?/s as solids concentration increased. This similarity, despite
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methodological differences (diffusion of an ionic solute vs. modeling of methane and biogas gas transfer), is highly
significant. It validates the proposed modeling tools (Volume Averaging and Laplace transform) as robust methods for
estimating transport parameters in complex media, as they successfully reproduce the same order of magnitude of
diffusivity obtained through direct experimental techniques. Furthermore, it confirms that in co-digestion systems such
as the one studied here (cattle-tomato), the effective diffusivity is severely restricted by the tortuosity and
microstructure of the porous medium, reaching values comparable to highly restrictive media like sedimentary rocks,
rather than typical free aqueous media (~10~° m?/s). This consistency underscores that the main physical limitation
for mass transfer in these systems is not the intrinsic molecular diffusion, but the architecture of the digestate medium,
dominated by capillary and bound water, as explained by Gooddy et al. (2007). The slight difference observed between
biogas and methane D, values can be attributed to variations in the molecular diffusion coefficients specific to each
gaseous species, as documented by Whitaker (1999) for multiphase systems.

Regarding kinetic parameters, the values of . and k. show clear differences between experimental conditions. In
V20 systems, the elevated values of k¢ (79.63 - 85.42 mol/m?3 for biogas) indicate a lower affinity of the microbial
consortia for the substrate, implying the need for higher concentrations to reach half of the maximum reaction rate
(Khadka et al., 2022). This behavior coincides with that reported by Zwietering et al. (1990), who associated high
saturation constants with limitations in nutrient bioavailability. In contrast, in V50 systems, a notable reduction in k.
(29.06-32.15 mol/m3) was observed, suggesting greater metabolic adaptation and more efficient substrate utilization,
possibly favored by greater availability of co-substrates that stimulate synergies in anaerobic degradation pathways (Li
et al. 2022).

Table 1. Transport and kinetic parameters for V20 Table 2. Transport and kinetic parameters for V20
experiments for biogas yield experiments for methane yield
Parameter Exp. V20a Exp. V20b Parameter Exp. V20a Exp. V20b
D, (m¥/d) 1.62x10°  1.65x10°° D, (m¥/d) 1.58x10°  1.61x10°°
Uege (Mol/m3-d) 4.23 5.67 Uege (Mol/m3-d) 1.45 2.12
Ko (Mol/m3) 79.63 85.42 Ko (Mol/m3) 27.76 75.34
7p (d) 60.2 65.7 7p (d) 59.8 66.3
Az (d) 1.89 2.49 Ay (d) 1.03 1.52
k, (mol/m?-d) 1.76 2.74 k, (mol/m?3-d) 1.02 1.53
P, (L/gVS) 0.245 0.312 P, (L/gVS) 0.082 0.105
Pmas, g (L/8VS-d) 0.018 0.022 Himay, ¢ (L/gVS-d) 0.004 0.011

The analysis of characteristic times (‘L'p) reveals a fundamental difference between low and high substrate
concentration systems. While V20 experiments recorded 7, values between 60 and 66 days, V50 systems showed times
of 30 to 31 days, representing a 50% reduction in the period required to reach maximum production. This kinetic
acceleration can be explained by the substrate limitation theory proposed by Monod (Monod, 1949), according to
which higher initial concentrations decrease the time necessary for microbial populations to reach their maximum
metabolic activity.

The values of A; and k,, obtained from the Laplace model support these accelerated dynamics, with increases of 89%
in Az and 135% in k,, when comparing V20a with V50b.

Likewise, the parameters of the Gompertz equation (1/}0; HUmax, q,) show some improvements under optimal conditions.
The maximum specific production potential 1, increased by 113% for biogas and 166% for methane between V20a and
V50b, while the maximum specific rate pp,y  increased by 72% and 150%, respectively. These results are consistent
with those reported by Esposito et al. (2012), who described synergistic effects in AcoD due to the nutritional
complementarity between cattle manure and vegetable residues, favoring an optimal nutrient balance for microbial
consortia. The ratio PYpiogas/Pcu, decreases from 2.99 in V20a to 2.40 in V50b, indicating a more efficient conversion
of substrate to methane under conditions of higher substrate concentration.
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Table 3. Transport and kinetic parameters for V50
experiments for biogas yield

Table 4. Transport and kinetic parameters for V50
experiments for methane yield

Parameter Exp. V50a Exp. V50b Parameter Exp. V50a Exp. V50b
D, (m?/d) 1.64x10°  1.67x10°° D, (m2/d) 1.59x10°  1.63x10°°
Uege (Mol/m3-d) 6.89 8.45 Uege (Mol/m3-d) 3.12 4.78
Ko (Mol/m3) 29.06 32.15 Ko (Mol/m3) 29.63 58.27
7p (d) 30.5 31.2 7p (d) 29.8 30.7
Ay (d) 2.62 3.58 A (d) 3.19 1.63
k, (mol/m?-d) 1.46 3.43 k, (mol/m?3-d) 2.73 3.12
P, (L/gVS) 0.412 0.523 P, (L/gVS) 0.198 0.218
Himay, ¢ (L/gVS-d) 0.024 0.031 Hmax, ¢ (L/8VS-d) 0.010 0.010

Effect of substrate concentration

Substrate concentration proved to be a critical factor in system performance. Experiments with 50% dry basis (V50)
showed:

e Higher production velocity: Characteristic times (‘L'p) of approximately 30 days, compared to 60 days for V20.

e Improved biogas quality: Methane content above 45%, meeting the threshold to be considered a biofuel
(Dueblein and Steinhauser, 2008).

e Greater bioavailability: Higher values of 1 and piyay,  in the Gompertz equation.

Impact of pH control
pH control at 7.5 showed significant effects on production kinetics:

e Increased maximum specific production potential: The Gompertz parameter 1), increased by 15-25% under
pH-adjusted conditions, compared to the 125% increase in total cumulative biogas volume observed in V20b
vs V20a (Figure 3).

e Change in dynamics: In V20, pH control increased (‘L'p) from 60 to 66 days, suggesting a more prolonged
microbial adaptation phase, but with greater final biogas production.

e Parameter optimization: Coefficients pi.¢ and k,, showed consistent increases under pH- adjusted conditions.

It is notable that with V50b (50% substrate, adjusted pH) higher cumulative production values were achieved,
confirming the synergy between high substrate concentration and optimal pH conditions.

Implications for biofuel production

The integrated analysis of the obtained parameters allows establishing criteria for biogas production as a biofuel:

e Quality threshold: Only the V50a condition (50% substrate, pH 6.8) approached the 45% biofuel threshold, with
a methane content of 41%. While this falls slightly short of the threshold, it demonstrates significant
improvement over lower substrate conditions.

e Process efficiency: The combination of high substrate concentration (50%) and pH control increases both
kinetics and product quality.

e Scalability: The determined transport coefficients provide a solid basis for designing larger-scale systems.

The consistency among the three models in predicting these behaviors validates the proposed multi-scale approach.
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Limitations and practical considerations

Although the models showed predictive capacity, it is important to consider:

e The lag phase (/14,) in the Gompertz equation was negligible in all cases (see comment above for V20a
interpretation), possibly due to the use of adapted inoculum.

e The models assume isothermal conditions and complete mixing, which might require adjustments for
continuous, larger-scale systems.

e Detailed characterization of tomato waste would be beneficial to establish more correlations.

A comprehensive summary of the results obtained from the mathematical model fitting is presented below.

Table 5. Summary of values and applicability

V20a V20b V50a V50b

Parameter

(20%,pH 6.8) (20 %, pH 7.5) (50 %, pH 6.8) (50 %, pH 7.5)
CHa (%) 27 % 37% 41 % 37%
T,, (days) 60.2 65.7 30.5 31.2
Y, (L/gVS) 0.245 0.312 0.412 0.523

. . No (approaches

Qualifies as Biofuel? No No threshold at 41%) No
Operational ' Not viable Limited Optlmai\I for Optlma! f'or
Recommendation quality productivity

A key limitation of this study is the reliance on aggregated data from Castro-Rivera et al. (2020), which did not include
detailed characterization of the tomato residue composition (e.g., lignin, cellulose, hemicellulose, and soluble sugar
fractions). Variability in these components would directly affect the Michaelis-Menten saturation constant kg and
effective reaction rate u.g. For instance, higher lignin content would reduce substrate bioavailability, increase ¢ and
decreasing u.g, While higher soluble sugar content would have the opposite effect. Future work should incorporate
detailed substrate characterization and, ideally, conduct sensitivity analyses to quantify how compositional variability
propagates through the model parameters.

The consistent near-zero lag phase suggests that future studies on similar substrate-inoculum combinations could
employ simpler two-parameter models (e.g., first-order kinetics) without significant loss of predictive power.

Conclusions

This study demonstrates the development and validation of a comprehensive multi-scale modeling approach for biogas
production from the anaerobic co-digestion (AcoD) of cattle manure and tomato crop waste. The main conclusions are
summarized below:

1. Robust Multi-Scale Framework: The cross-validation of the three complementary modeling approaches—
Volume Averaging, Laplace Domain, and Modified Gompertz—confirmed their individual predictive accuracy
(R%: 0.84-0.97) and demonstrated their synergistic power. The Volume Averaging model provided the
physicochemical foundation for scale-up, the Laplace approach offered tools for dynamic analysis and control,
and the Gompertz equation enabled practical kinetic parameterization. This triangulation methodology
reduces prediction uncertainty and establishes a robust framework for the design of AcoD systems.

2. Validated Parameter Determination: The parameter determination via these models was both effective and
consistent with specialized literature. The Volume Averaging model enabled the estimation of fundamental
transport coefficients, yielding effective diffusivity values (D, =~ 1.6 X 10~°m?/d). Crucially, these values align
closely with independent experimental data for high solids digestates, specifically with the D4 range (1.00 to
1.12 x 10~ 1*m?/s) reported by Gooddy et al. (2007) for total solids contents above 15%. This concordance
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validates the proposed modeling tools as reliable methods for estimating transport parameters in complex
media. Simultaneously, the Laplace approach provided the system's dynamic parameters (‘L'p ;kp), and the
Gompertz equation efficiently quantified the kinetic parameters (¥o; Umaxy)-

3. Tools for Process Scale-up: The integrated methodology provides a practical toolkit for designing larger-scale
systems, with specific applications in agricultural regions where tomato waste is an abundant and underutilized
byproduct. The determined coefficients (D, Uesr, Kefr) CONstitute transferable design parameters for the
geometric scaling of reactors. Notably, the inverse relationship between the characteristic time 7, and
substrate concentration (50% vs. 20%) provides a quantitative criterion for optimizing hydraulic retention times
in continuous systems. This framework allows for predicting pilot or industrial-scale performance based on
laboratory data, reducing the costs and risks associated with empirical scale-up.

4. Optimized Operational Conditions: The combination of a high substrate load (50% dry basis) with pH control
(7.5) emerged as the optimal condition, maximizing methane yield (4.75 L/gVS) and halving the characteristic
production time to approximately 30 days compared to lower-load systems. This condition achieved a methane
content above 45%, meeting the threshold for biofuel qualification and directly impacting process profitability
by lowering operational costs.

5. Contribution to Sustainability: The AcoD of cattle manure and tomato waste presents a viable pathway for
decentralized renewable energy generation, contributing to the valorization of agricultural residues and the
mitigation of emissions associated with the agro-industrial sector. For the Mexican context, where tomato
waste has negligible or negative cost, this approach represents an economically feasible option for enhancing
local energy security in farming areas.

Future research should validate this framework in continuous and larger-scale systems, explore its applicability to other
regional agricultural wastes, and include systematic sensitivity analyses of critical parameters such as the volume
fraction, which was held constant in this study but is expected to significantly influence transport predictions under
non-ideal mixing conditions.

In summary, this study sets a methodological precedent for the integrated modeling of AcoD systems, demonstrating
that the synergy between fundamental and empirical models can overcome the limitations of isolated approaches. The
results validate the AcoD of cattle manure and tomato waste as a technically viable route for biofuel production,
achieving the required quality thresholds (>45% CH,4) under optimized conditions. Future research should validate this
framework in continuous and larger-scale systems and explore its applicability to other regional agricultural wastes to
maximize the impact of bioenergy in the energy transition of developing countries.
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Abstract: The Universidad Veracruzana (UV), through its Sustainability Coordination (Cosustenta), promotes awareness about environment
protection and water resources by means of interpretive trails. To support this activity, a research group developed a software platform to manage
all the digital resources needed to offer this educational online tool. The goal is to extend environmental education to people who for several
reasons cannot participate in an in-situ visit. As a first step, the material of several environmental organizations that offer online educational
resources was reviewed in order to analyze the interfaces, services and resources that they provide, including images, videos, audio files, among
others. SCRUM was selected as the agile software development methodology, and open-source software such as PostgreSQL, XAMPP, PHP, HTML,
CSS, GitHub, Bootstrap, was used. A relational database was designed to manage data from a web server with internet access. This database can
host multiple interpretive trails with specific data and multimedia resources. The software uses educational material designed by Cosustenta for
the Health Sciences Unit in Xalapa, Veracruz to show how it works; it also uses resources in several formats to enrich the user experience at each
stop along the trail. The result is a web application called SENDINA, which promotes environmental education by integrating technology with
sustainability.

Keywords: environmental education, interpretative trails, multimedia platform, sustainability
Introduction

Climate change, biodiversity loss, and environmental pollution represent urgent challenges for the planet and
humanity, which are addressed by Environmental Engineering through the planning and execution of technical projects
as well of the design of educational strategies to generate changes in people’s perception and behavior. In this context,
educational trails constitute valuable scenarios for developing environmental awareness among the population and an
excellent tool, based on socio-environmental communication, to promote sustainable behavior models (Environmental
Education Lanzarote, 2025).

An interpretive trail (also known as an educational, pedagogical, or instructional trail) is a planned route within a natural
or semi-natural space that includes informational or interactive stations. These stations address environmental,
scientific, cultural, or technical topics and allow visitors to observe, reflect, and learn while walking through the area.
Its main objective is to educate visitors about the value of natural resources, local environmental problems, and
possible solutions, many of which are directly related to Environmental Engineering (Rumbonaturaleza, 2022).

Environmental Engineering focuses on developing technical solutions for problems such as water management, waste
treatment, and remediation of contaminated soils. However, educational support must also be developed to promote
public participation. Environmental education should not be limited to classroom instruction or passive information
campaigns; it needs to engage people emotionally and cognitively so they can directly experience and understand the
importance of the natural environment. Educational trails fulfill this function by offering a learning experience through
direct contact with ecosystems (Knowledge Hub, 2023).

Educational institutions play a crucial role in building more just, equitable, and sustainable societies through their
teaching, research, and outreach functions. Universities, specifically, train future professionals who will participate in
the political, social, and economic life of society. Universidad Veracruzana recognizes this and has been committed
since 2010 to developing institutional policies that incorporate a sustainability perspective into teaching, research,
outreach, and management functions. This commitment is demonstrated through the University Coordination for
Sustainability (Cosustenta UV) (Cosustenta, 2025), which has implemented interpretive water trails accessible to both
members of its academic community and the public, to awareness about the importance of water resource
conservation.
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This paper presents a proposal for a web application that offers the opportunity to explore water-related interpretive
trails to the public, who for several reasons cannot physically visit them. This tool expands access to environmental
education and raises awareness within society. An online platform allows users to enjoy a virtual experience where
they can explore, learn, and understand the importance of natural resource conservation from any internet-connected
device at any time, without the need to physically visit the location.

SENDINA (Interpretive Trails of Water) is a web application that provides a preliminary overview of the Interpretive
Trail of Water at Health Sciences Unit of Universidad Veracruzana in the city of Xalapa. It contains relevant information
for each station along the trail, displaying photographs, videos, and other multimedia materials through virtual panels
(Lucho, 2024).

SENDINA allows the creation of interpretative trails with their respective stations and multimedia materials, not only
for the Xalapa Region but for any of the five zones of the Universidad Veracruzana, for which the system was originally
designed. The software application has a flexible structure, and can manage multiple trails, each with several stations,
each containing different types of educational material (Lucho, 2024).

Materials and Methods

This section describes the methodological framework used to analyze existing interpretative trails and to design and
implement the proposed web platform.

Virtual Trails

Interpretive trails are present around the world and have increased in number due to the growing interest of
organizations in environmental sustainability. However, during the Covid-19 pandemic many interpretive trails were
temporally closed to protect public health, which boosted the development and implementation of online tools. These
platforms give people the ability to interact with and learn from trails without leaving home, by incorporating digital
visualization and multimedia resources to offer users interactive learning experiences without the need for physical
travel (Lucho, 2024).

Some examples of interpretive trails that embraced digital transformation and became not only physical but also virtual
experiences are presented.

Red Front Trail

This is a remarkable example of
natural  resource  management
focused on ecosystem conservation
and habitat protection. It also hosts
the Yale School of the Environment,
dedicated to postgraduate training in
forestry management. The trail is in
Montana, United States, with a 1.5
km route that runs through a section
of extensive Yale-Myers forest
(Figure 1). The path comprises 14
stations that address themes related
to forest health, wildlife habitat

conservation and  native species Figura 1. Médulo fotovoltaico de 40 celdas conformado por 4 strings
diversity (Yale Forests, 2024a).

On May 4, 2020, the Office of School Forests launched an online platform called “Story Map," which allows users to
virtually explore the trail. This platform is full of photos and descriptions of wildlife habitat along the trail, which reflects
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countless contributions to trail construction, writing, research, and design over the years from staff, students, and
faculty (Yale Forests, 2024b).

Newcomb Naturalis

The College of Environmental Science and
Forestry of State University of New York State
have several interpretive trails where
thousands of visitors and local residents
participate in educational programs within
Adirondack Park, an unique natural, cultural,
and recreational resource in New York. These
trails include the R.W. Sage Jr. Memorial Trail,
Rich Lake Trail, Peninsula Trail, and Sucker
Brook Trail. They address several topics
related to coniferous forests, Rich Lake, and
the ecosystems of this region (State
University of New York College of
Environmental Science and Forestry [ESF],
2024).

Despite the simplicity of the platform (Figure

2), it displays all points of interest along each

trail and provides brief information about Figure 2. Newcomb Naturalis Map
each station.

Rain Garden interpretative Trail

This trail is located in the suburbs of the Rain Garden in West Torrens, South Australia. The trail map (Figure 3) shows
stations focused on rainwater harvesting and collection from rooftops, roads, and paths. It contains ten stations, and
therefore the trail can be explored on foot or by bicycle (Westtorrens, 2023).

Figure 3. Rain Garden interpretive trail

In Mexico, there are several interpretive trails focused on sustainability and environmental awareness; however, few
of them have digital platforms that allow virtual exploration . This represents a significant opportunity for people unable
to travel and visit these trails personally. Therefore, it is important to highlight the relevance of virtual format for
Universidad Veracruzana interpretive water trails, because as it can broaden acces and facilitate environmental
education for a larger audience.
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Universidad Veracruzana Trails

In 2018, the University Center for Arts, Sciences,
and Culture, Cérdoba (CUACC), became the first
center with an interpretive trail called “Saturday
with Nature.” This trail allows people to learn
about several topics and to participate in many
outdoor activities focused on sustainable living.
Some of topics covered on this trail are: 1) Carbon
Cycle; 2) Water Cycle; 3) Archaeological History;
and 4) A garden of medicinal, culinary, and
aromatic plants (Universidad Veracruzana [UV],
2024).

In 2022, a second trail was implemented, with a
Nahuatl name “Tehwan ti ameh” (Figure 4), or
“Interpretive Trail of Water (SIA)”. Students from
Environmental Engineering, Architecture, and
Intercultural Management for Development,
careers at Universidad Veracruzana (UV) in
Orizaba-Cérdoba region and El Colegio de México
participated in this development (UV, 2023). This trail was based at the Universidad Veracruzana Intercultural (UVI),
Grandes Montafias campus, with a purpose: to address, with local communities in Zongolica region, the significant
challenge to water access and its comprehensive and sustainable management (Figure 4).

Figure 4. SIA stations

The trail consists of eight educational stations within the UVI facilities, accessible through a 90-minute guided tour
offered in both Spanish and Nahuatl. This stations invite visitors to reflect on: 1) The relationship between humans,
water, and climate change; 2) rainwater harnessing, 3) water purification, 4) wastewater management, 5) a wastewater
treatment plant, 6) wetlands; 7) dry toilet and 8) composting (UV, 2024).

In 2023, in the “Cells for Sustainability” project, Interpretive Trail of Water was created for Health Sciences Unit—Xalapa
(UCS-X) with the purpose of creating awareness in university community and society about sustainability issues related
to the integrated management of water resources (Figure 5). This project is directed to university community: students,
teachers, administrative staff, and users of medical services offered by UCS-X. The Interpretive Trail of Water represents
an educational opportunity specifically about relationship between water and users as well as influence on health.
According to the type of UCS-X visitors, the trail can be visited with a guide or by themselves. The UCS-X Interpretive
Trail of Water contains eight educational stations: 1) Map of Interpretive Trail of Water at UCS-X; 2) People, Water, and
Health; 3) Water and Green Areas; 4) Rainwater harnessing and storage; 5) Water treatment; 6) Waste water; 7) Water
and energy, and finally 8) Water and science (UV, 2024).

Figure 5. UCS-X Trail Launching
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Scrum

Scrum is a framework for agile software development thath has been extended to other areas, as it provides a set of
best practices for collaborative teams to achieve optimal results in project development (Agile Projects, n.d.). This
methodology helps organize teams, enabling them to learn from experience and adapt to change; it is particularly
useful in software development for solving complex problems in an efficient and sustainably manner (Amazon Web
Services [AWS], 2024). It consists of different stages, as illustrated in Figure 6 (Synapptica, 2025).

Figure 6. SCRUM model stages
Development Software

Figure 7 presents the software tools used
to develop the web application, along whit
a brief description of each component.

A relational database model was
implemented using PostgreSQL version
15.2,selected for its robustness and ease
of use. For database design,
administration, and querying, pgAdmin4
was selected. This integrated tool provides
a graphical interface for database
management and it is used along with
XAMPP, a free and open-source platform
for local web application
development,enabling both database management and web server operation. Notepad++, a text editor supporting
multiple programming languages and plugin integration was also used (Lucho, 2024). The backend was developed using
PHP (Hypertext Preprocessor), an open-source scripting language designed for dynamic web applications; where code
execution occurs on the server prior to being sent to the client’s browser. For the frontend, Bootstrap, a free and open-
source framework, was used in combination with HTML (HyperText Markup Language) and CSS (Cascading Style
Sheets), to define the visual appearance of web interface, including layout, colors, and typography (Lucho, 2024). The
Google Maps API (Application Programming Interface) was integrated to display the geographical location of each
station along the trail, while JavaScript was used to implement interactive elements and animations (Google, 2025).

Figure 7. Software tools used in web application development

The project was developed using GitHub, an online platform for version control and collaborative software
development. Git, an open-source version control system, was used to manage code changes and facilitate
collaboration among multiple users (Lucho, 2024).
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According to Scrum methodology, the Product Backlog defines priority tasks and development stages,including:
Requirements Analysis, Database Design, Backend Development, and Frontend Development. At each stage, user
stories are definide to specifytasks, timelines, and progress tracking.

Once user requirements are identified and documented, the database design process begins (Figure 8). This includes
the development of a relational model, data dictionary, and system implementation. Tables, relationships, views, and

queries are designed, as well as reports requested through the interface. Finally, user interfaces to facilitate web
browsing are developed, defining color palette, font styles, component layout, and logos and images to be displayed.

Figure 8. Relational database model

The main interface of the web application is shown in Figure 9.

Figure 9. Section of the Sendina home page
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Data from the interpretive Trail of Water at
the Xalapa Health Sciences Unit (UCS-X) i
were used to demonstrate the functionality
of the platform (Figure 10).

Researchers from the Environmental
Engineering area at Cosustenta defined the
components to be included, ensuring that
each station displays multimedia material
according to its content. Figure 11 shows
the complete trail map, where users can
navigate through two panels: the left panel
displays multimedia content for each
station, while the right panel shows the
current location on the trail. A location icon
indicates each station along the route, and
when the cursor is placedover the symbol,
the available multimedia resources are
displayed.

Figure 10. UCS-X interpretive trail

Figure 11: Section of UCS-X interpretive trail map

End users cannot modify the application or its data and are limited to browsing functionalities. The creation of new
trails, including their stations and associated content, is restricted to authorized users through a dedicated

management interface Only authorized and registered users are permitted to modify the platform content.

Results and Discussion

A free web application called Sendina was created and is hosted at the following URL: http://iiuv.org/Sendina/. It offers
a responsive design that allows users to access and navigate its content from any electronic device with internet access.
Its main objective is to manage interpretive trails created by the UV Cosustenta program, ensuring that environmental
education reaches the largest audience. The platform is specifically focused on trails related to water resource
conservation and initially displays the content of UCS-X Interpretive Trail of Water. This trail has eight stations located
throughout the unit area, which are shown on a Google map that can be explored using the application functions,
including zoom in and out, map panning, map rotation, and full-screen mode.

REB&S 2026, 8(2), 24-31. https://doi.org/10.56845/rebs.v8i2.663
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If users have a slow internet connection, they may experience slow loading times when displaying images on the
website due to the size and quality of the multimedia resources offered. Sendina allows the inclusion of additional
trails; however, the geographic coordinates of the stations and their corresponding multimedia material are required.
There is no predefined limit to the number of trails that can be incorporated, nor the number of stations within each
trail. As a suggestion for future improvements, additional resources that enrich the virtual experience, such as
panoramic images, 360° views, or interactive environments, could be incorporated into the platform.

Conclusions

Interpretive trails, from an Environmental Engineering perspective, represent a strategic tool for promoting
environmental awareness in society. These spaces allow people to connect technical knowledge with real experience,
to thereby facilitating the understanding of environmental challenges and motivate the population to take care of
natural resources. The integration of interpretive trails into sustainable development initiatives is fundamental for
moving towards a more informed, participatory, and environmentally conscious society.

The future of the planet largely depends on collective decisions; therefore, experiential environmental education
represents and effective approach to fostering responsible environmental behavior.

Among the main benefits of interpretive trails are the promotion of critical thinking, active and meaningful learning,
behavioral changes towards environmental protection, and the stimulation of ecotourism and local development. The
“Tehuan ti ameh” trail represents a relevant example of this educational and environmental benefits within the context
of the Universidad Veracruzana initiatives.
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