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Resumen

La industria porcina es uno de los sectores ganaderos de mayor importancia en
Espafia. A nivel mundial, Espaiia es el segundo pais productor de carne después de China
y la cuarta potencia productora después de China, EEUU y Alemania. Dado el incremento
en el sector ganadero, las explotaciones extensivas han evolucionado a sistemas de

produccién intensivos en donde se incrementé generacion de los residuos ganaderos.

Los residuos organicos generados por esta industria derivan una serie de
problemas medioambientales si no son gestionados de forma correcta, no solo
causando problemas atmosféricos, como malos olores, gases irritantes, desnitrificacion
sino ademas impacto suelo y aguas causando como consecuente variacién de pH,

metales pesados, carga organica...

Es por ello, que para minimizar estos impactos han venido implantando sistemas
de tratamiento-depuracion, “convencionales”, con eficiencia variable pero que a
menudo, incurren en costos y modos de operacién y mantenimiento que, en ocasiones,
el ganadero no puede afrontar o por sistemas de tratamiento-depuracién natural o “no-

|II

convencional” que usualmente utilizadas en pequefias comunidades podrian ser
adaptados para un uso dentro de una explotacion ganadera, debido a su bajo coste y

mantenimiento y con una huella de carbono reducida.

Debido a la necesidad de ampliar los conocimientos entorno a los sistemas de
tratamiento-depuracién natural esta tesis se basa en la experiencia de aplicacion de
estos sistemas en tres explotaciones ganaderas ubicadas en la isla de Gran Canaria
estudiadas en la tesis del el tutor Carlos Alberto Mendieta Pino desarrollando
correlaciones matematicas con el fin de conocer el ciclo de vida de estos sistemas y la
reduccion de contaminantes de estos residuos. Continuando con estos resultados y
observando que se disminuye el impacto ambiental aplicando estos sistemas se ha
desarrollado una herramienta para a partir de la caracterizacion de los residuos

ganaderos, disefiar estos sistemas segun tipo, caudal, carga organica y ubicacion.

Por ultimo, el modelo de un proceso de digestidon anaerobia constituye una
herramienta muy util, tanto para la optimizacién del disefio, como para la operacién de

plantas de tratamiento. Esto permite determinar el efecto de las caracteristicas del



sustrato y la carga sobre la evolucion del proceso lo que mejora el conocimiento de los

mismos mediante la comparacién con datos experimentales y testar hipdtesis.

En este estudio se propone el uso de un modelo matematico AM2 basado en dos
reacciones biolégicas de descomposicion anaerdbica, uno para el proceso de
acetogénesis, considerando un crecimiento tipo Monod, y otro para la metanogénesis,
teniendo en cuenta el crecimiento de Haldane. Este se llevard a cabo en un digestor
CSTR de mezcla completa, sobre el cual a posteriori se realizaran las simulaciones

correspondientes para distintos estados

Palabras claves

Explotaciones porcinas, biomasa residual ganadera, ciclo de vida, huella de carbono,

medio ambiente.



Abreviaturas

SDN Sistemas de tratamiento de depuracion natural
Q Caudal
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GEIl Gases de efecto invernadero
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2. Introduccion

2.1. Antecedentes

La industria porcina constituye uno de los sectores estratégicos dentro de la
produccién ganadera en Espaiia, tanto por su volumen econédmico como por su papel
en la cadena agroalimentaria nacional e internacional. En términos globales, Espaia ha
consolidado una posicidon de liderazgo, situdndose como el tercer pais con mayor
numero de cabezas porcinas en el afio 2020 solo por detrds de Estados Unidos y China,
y como el tercer mayor productor mundial de carne de cerdo en 2021, superado
Unicamente por Alemania y Estados Unidos (Subdireccién General de Producciones
Ganaderasy Cinegéticas, Direccion General de Producciones y Mercados Agrarios, 2023)
Esta relevancia no solo responde al crecimiento intensivo del sector, sino también a su
capacidad de adaptacién tecnolégica y a su contribucion al desarrollo econdmico de las
regiones rurales donde la actividad ganadera forma parte esencial del tejido productivo

local.

Sin embargo, este crecimiento ha ido acompafiado de diversos retos
estructurales, entre los que destacan los impactos ambientales derivados de la
intensificacién productiva. El aumento en la densidad animal y la concentracion de
explotaciones en determinadas zonas ha generado una presién significativa sobre los
recursos naturales, especialmente en relacion con la gestidn de los residuos organicos
generados. Esta situacion cobra especial relevancia en regiones fragiles desde el punto

de vista ecoldgico y ambiental, como es el caso de las Islas Canarias.

En este archipiélago, el sector porcino presenta una estructura marcada por la
heterogeneidad y el predominio de explotaciones familiares de pequena escala, muchas
de las cuales estdn orientadas al autoconsumo o al abastecimiento de mercados locales.
A pesar de su importancia histoérica y social, el sector ha sufrido un notable descenso en
los ultimos afios, especialmente en la isla de Gran Canaria. Entre 2015y 2021, el nimero
de cabezas porcinas en la isla pasé de 9.144 a 4.737, lo que supone una reduccién
cercana al 50 % en tan solo seis afos (ISTAC, n.d.). Esta disminuciéon no responde
Unicamente a un descenso en la demanda, sino que esta directamente relacionada con

diversos factores estructurales: dificultades en el acceso a financiacién, bajos margenes
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de rentabilidad, desigualdades en los estandares sanitarios, ausencia de apoyo técnico
y, sobre todo, una gestion deficiente o inexistente de los purines generados en las

explotaciones.

La gestion de estos residuos representa uno de los desafios mds urgentes y
complejos del modelo productivo porcino actual. La acumulacién de purines junto con
mezcla de excrementos, orina, agua de limpieza y restos organicos sin un tratamiento
adecuado puede generar serios impactos ambientales... contaminacién de suelos y
aguas subterrdneas por nitratos, proliferacién de vectores bioldgicos, emisién de gases
de efecto invernadero y degradacion del entorno natural. Estos efectos son aun mas
intensos en territorios insulares como en la isla de Gran Canaria, donde la disponibilidad
de recursos hidricos y suelo cultivable es limitada, y donde existe una alta densidad de

areas protegidas que requieren un especial cuidado.

Ademas, la exposicidon continua de los animales a las condiciones ambientales
adversas generadas por una gestion inadecuada de residuos, como la acumulacién de
gases toxicos (amoniaco, diéxido de carbono, compuestos sulfurados), puede
comprometer seriamente su salud y bienestar. Segun Pedersen (2005), la piel, los ojos y
las vias respiratorias de los animales se ven directamente afectados por la presencia
constante de contaminantes atmosféricos derivados de la descomposicién anaerobia
del estiércol. Estudios como el de Arango et al. (2015) han documentado cémo estas
condiciones pueden reducir la productividad de los animales y favorecer la aparicién de

enfermedades, afectando con ello también la viabilidad econdmica de las explotaciones.

En respuesta a esta situacién, algunas explotaciones porcinas han intentado
adoptar tecnologias de depuracién mediante sistemas convencionales. Estos incluyen
tratamientos fisico-quimicos y biolégicos intensivos, disefiados para operar bajo
condiciones técnicas controladas. No obstante, en el contexto de pequeiias
explotaciones rurales, este tipo de soluciones presenta serias limitaciones. Los altos
costos de inversion y mantenimiento, la necesidad de personal capacitado, la
dependencia energética y la complejidad operativa dificultan su implementacién y
sostenibilidad a largo plazo, especialmente en entornos con baja capacidad técnica y

financiera.
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Ante estas limitaciones, los sistemas de depuracién natural (SDN) surgen como

una alternativa viable y adaptada a la realidad insular. Estos sistemas, utilizados con
éxito en pequefias comunidades rurales de todo el mundo, se basan en principios
ecolégicos que aprovechan procesos naturales como la sedimentacién, la filtracién, la
accién de microorganismos y la fitodepuracién. Su bajo coste de implantacion, escasa
necesidad de mantenimiento, minima demanda de energia y compatibilidad con el
entorno los convierten en una solucién eficaz para explotaciones que, como las de Gran
Canaria, operan con recursos limitados pero enfrentan exigencias crecientes en materia

de sostenibilidad y cumplimiento normativo (Mendieta Pino, 2015).

En este contexto, se hace necesario analizar en profundidad el potencial de los
SDN como herramienta para una gestion mas eficiente y sostenible de los residuos
porcinos en la isla. La adaptacion de estos sistemas a las condiciones especificas del
territorio clima, topografia, tamafio de las explotaciones, carga contaminante,
disponibilidad de suelo podria no solo mitigar los impactos ambientales actuales, sino
también contribuir a la revitalizacion del sector porcino insular mediante soluciones

accesibles y de bajo impacto.
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2.2. Objetivo

Debido a la complejidad de los sistemas de depuracion natural el objetivo
general de esta investigacidn es contribuir al desarrollo y optimizacion de soluciones
sostenibles para el tratamiento de aguas residuales generadas en explotaciones
ganaderas aisladas, especialmente en territorios insulares como las Islas Canarias, a
través de la integracién de experiencias practicas, herramientas metodoldgicas de

disefio y modelos de simulacion para la valorizacion energética del residuo.

En una primera fase, se analiza la aplicacién real de sistemas naturales de
tratamiento de aguas residuales en granjas porcinas de Gran Canaria, evaluando su
rendimiento en condiciones operativas estables y su capacidad de adaptacién frente a
variaciones en el caudal y la carga orgdnica. Este andlisis permite identificar
configuraciones o&ptimas y relaciones significativas entre variables operativas,

consolidando asi la viabilidad de estos sistemas en entornos rurales aislados.

Posteriormente, se desarrolla una herramienta estratégica de decisiéon basada
en criterios técnicos como el caudal, la demanda quimica de oxigeno y la conductividad
eléctrica, legales y de superficie disponible, que permite caracterizar, dimensionar y
disefiar de forma estandarizada estos sistemas adaptados a distintas tipologias de
explotaciones porcinas reales ubicadas en la isla de Gran Canaria. Esta herramienta se
fundamenta en datos experimentales recopilados a lo largo de mas de una década en

instalaciones reales.

Finalmente, se propone una metodologia numérica y pedagdgica para la
modelizacidon de digestores anaerobios, orientada a la simulaciéon del proceso de
digestion y a la estimacion del potencial de produccion de biogés. A través de un modelo
matemadtico implementado en software libre (SCILAB), se facilita la comprensién y
prediccién del comportamiento dindmico del sistema, permitiendo su utilizacién tanto

en contextos educativos como en la mejora del disefio y gestion de plantas reales.
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1. Introduction

Natural treatment systems for Wastewater (NTSW) or low-cost wastewater treatment
systems have proven to be applicable in small communities (with a population equivalent
of <2000 inhabitants) with low energy and operating costs in isolated territories [1-9]. These
systems stand out, compared to conventional treatment systems, with several features
such as long residence times, low or null energy cost, reduced maintenance costs and good
applicabil cffluents in their reuse [10-12]. The key is to know if these systems are
equally valid for existing livestock farms in isolated island environments, as they have
similar sizes in terms of equivalent population. These systems must have a mechanical
" separation pre-treatment to remove coarse sclids and prevent obstructions in the rest of the
equipment [13].

The target of this paper is toshow the study, at steady state operation, of three types
of experimental pilot NTSW plants to manage pig livestock waste, in Gran Canaria Island,
which is localized in the Atlantic Ocean Figure 1.

Gran Canaria Island (Spain), with an ara of 1560 km?, and large areas of environmen-
o+ tal protection (Figure 2), has become a territory with problems of elimination and waste
management general and particularly from farms, which generate undesirable infiltrations
in underground aquifers [14].

DOI: 10.3390/w14142279
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high onganic load of the effluent generated in these farms has an important environmental impact
which is amplified in insular of isolated lerritoties. The
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o theif adequate operation. The proy o o
collection of experimental data overa kvyear period of application o NTSW in real farms. This work
contributes to facilitake the design and implementation of NTSW in farms located in isolated, island,
ors Finally, as a practical applicat entory and i
the tool developed fr livestock farms on the island of Gran Canaria (Spain) is earried out

Keywords: efflweat characterization; natural systems; wastewater treatment plant design:
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1. Introduction
Livestock waste in general, and pig waste in particular, is made up of a dry part, of
formed by animal excrement, food remains, bedding, and a liquid part. This mixture is
1. Pig slurry is a source of multiple mineral constituents: primary and
and I The availability of in slurry
is beneficial for crops, and even comparable to that of mineral fertilizers [3,4)
The new Spanish kgal framework establishing basic rules for the management of

intensive and extensive pig farms can be found in Royal Decree 3062020, of 11 February [5].
This Royal Decree (hereinafter referred to as RID06) focuses on environmental issues with
respect to the protection of water, soil, and air, and on the fight against climate change.
Livestock farm effluent with a high organic load has a strong environmental impact that is
amplified in island e rritories.

Pig slurry may have different properties at any given time due to various factors
inherent to production. These include, among ofhers, the number sows, piglets, or fatening
pigs, the type of exploitation and management of the farmer, the feed used, farm cleanliness,
the season of the frequency of re pitemptying, and climate conditions [6-5].

Fer the above reasons, interest has grown in developing a characterization tool based
on historical data operation of wastewater treatment systems in livestock farms. As
indicated in [9,10], an interesting characterization can be carried out based on one or several
parameters that are easy to determine in situ, leaving other, more complex parameters for
the labaratory. It should also be noted that the excessive or unfavorable application of

ey 2003, 15, 628, heepe / dekorg/
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ABSTRACT
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1 Introduction

Anzercbic digestion has become a successful procass
for the stabilisation of wastswater with high organic load,
and it is important to understand the various factors that
affect bioreactor design Also, anaercbic treatment sys-
tems are natural processes that take place in areas where
free ooygen is not available and are ideal for the treat-
ment of highly biodegradable wastes. Anasrobic digestion
Tas become more popular in recent years, mainly due to
its ability to generate energy from waste [1]. Advances i
microbial ecology methodologies in recent decades have
resulted in tools to qualify and quantify microbially driven
systems, allowing theorists to better test hypotheses,
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rasulting in the potential for better engineering design and
operation of biclogical processes [2].

The main objective of this work is a simple proposal
for modelling and mumerical simulation with SCILAB, for
leaming the continuous and disconfimious dynamics of
biclogical digesters with an AM2 mathematical modsl for
wastswater frestment, dus to the high cost fiat must be
faced when implementing a facility of this type [3-5]. For
this reason, several mathematical models have been devel-
©oped for simuilation, the usefulness of which depends an
the objective and complety of the work:

The Scilab software, which is free and open sourcs, has
been chosen to carry out the simulation This software is
oriented towards mumerical computation, espedally for
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1. Introduction

Ansercbic digestion has been established a5 a sat-
isfactory process for the stabilisation of effiuent with a
high organic load and it is important o know the differ-
ent factors fhat affect the design of fhe biological reactor
Anaercbic freatment systems are biological systems that
operate in the absence of exygen and are very suitable for
the treatment of highly biodegradable waste. Therefore, it
is of inferest to design leaming strategies, based on nfor-
mation and communication technologies (ICTs), to help stu-
dents in relevant Bachelor's and Master” degree courses and
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provide them with skills in environmental technologies to
Izam and understand the evolution of the relsvant variables
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discontimuons, Such Jeaming sirategies can be based on fie
use cf experimental and Laberstory arefacts o designs, a3
well 25 vizhual implementations by memns of simwistions,
under sasily modifiable environments, designed for fie
study and analysis of the issues of concem. The educa-
Hional propesal related to actefacts is based on peycholog-
ical leamning theories developed In different works [1-2]
while the sscond proposal is bassd on sulstons and 13
Set out m the followimg references [5-5]. In s way, & is
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1 Introduction

Anaerobic digestion is arousing great interest in the agricultural and livestock sectors.
Academa: Editor. B Dlvas The use of eco-technologies based on anaerobic processes for wastewater treatment is
Faliebuiaty presented as a sustainable alternativ mventional systems due to their low energy
Fessived 1 Masch 23 demand and their capacity to produce biogas. Non-Stirned Anaerobic Reactors (NSARs)
appear to be ideal for isolated farms he accesses to sewage network and electricity
Accepad supply are extremely difficult or nearly impossible. In this context and in order to carry
Pablished: 18 Masch 2023 out the f engineering education protection, it is crucial to
quip engi ith the ledge for the design of resilient environmental

technologies with low greenhouse gas emissions [1].
In educational settings, the use of information and communication technologies as
a pedagogical tool allows students, on the one hand, to access information and, on the
other, to communicate and collaborate both with other students and with the teaching
professional [2]. An application of all this can be seen in the field of engineering, where a
high degree of abstraction is required to leam important concepts, properties and parame-
ters, all with a certain degree of complexity. For these cases, Virtual Laboratories (VLs) are
introduced as an effective ool to be used as an alternative and /or a complement to real

Feviank 14 Ma

laboratories within the educational system, since real laboratories have a few restrictions
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and operation phase:
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chock for any), labog, and equipment maintenance. (b) Finally, the impocts of the NTSW an evaluated. The
dates tal, social, and economie impacts generated by the NTSW ar o This includes an
of Factors such as carbon emissions, water usage, land use, ecosystem impaets, human health
i i By conducting analysis of the Santa Catarina NTSW,
he d 1o prowvide insights into the envi performance and sustainability of the
system. This information can then be used as a tool and experience of educational innovation for

finabyear undengraduate students to identify areas for improvement, develop mitigation stralegies in
the water sector and e

in Macarcnesia. Furthermore, lessons leasned from real case studies in the Canary Islands and Cape
Verde can be apphed to similar fegions within the Macaronesia arhipelago (IDIWATER prject).

Keywords: lf o cle analysis (LCA); natural treatment; climake change

1 Introduction
The literature suggests various waste-management strategies, including conventional
treatments, with outcomes varying depending on farm type [1-4]. Natural treatment
systems for wastewater (NTSW) have emerged as viable options for bath urban and rural
emoval capabilities,

are treatment
y rganic matter
degradation by bacterial activ ems are referred to in the scientific literature
as unconventional techologies, low-cost systems, soft technologies, green systems, and
others. The key differences between NTSW and conventional systems include zero energy
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2.4, Justificacion tematica

La gestidn de los residuos generados en explotaciones ganaderas, especialmente
en territorios insulares o aislados, representa uno de los principales desafios
ambientales, econdmicos y normativos del sector agropecuario en el siglo XXI. La
elevada carga organica de los efluentes, la escasez de suelo agricola disponible para su
valorizacion, el impacto en cuerpos de agua superficiales y subterraneos, asi como las
crecientes exigencias regulatorias en materia de sostenibilidad, obligan a replantear los
modelos convencionales de tratamiento de aguas residuales y a buscar soluciones

adaptadas, sostenibles y viables para pequefias y medianas explotaciones.

En este contexto, la presente tesis doctoral se estructura en torno a tres
contribuciones cientificas complementarias, cuyo hilo conductor es la aplicacién, disefio
y evaluacién de SDN en explotaciones ganaderas porcinas, con un enfoque integrador
gue abarca desde la experiencia empirica en campo hasta la modelizacién matematica

y el analisis ambiental de ciclo de vida.

En el primer articulo "Experience of Application of Natural Treatment Systems for
Wastewater in Livestock Farms in Canary Islands" se presentan los resultados de la
implementacién y evaluacion a escala real de tres sistemas SDN en granjas porcinas de
la isla de Gran Canaria. Este estudio documenta el desempeiio operativo de estos
sistemas en cuanto a su capacidad de retencién hidraulica y su eficacia en la eliminacién
de contaminantes en condiciones reales de operacion, demostrando su eficiencia y
capacidad de adaptaciéon frente a las variaciones de carga y caudal. Ademas, se

establecen correlaciones operativas clave entre pardmetros como la Demanda guimica

de oxigeno (DQO) y la Conductividad Eléctrica (EC) lo que permite plantear indicadores

accesibles para el control técnico en entornos rurales con limitaciones de recursos.

El segundo articulo "Decision Strategy Tool for the Design of Natural Treatment
Systems for Wastewater from Isolated Livestock Farms" complementa la vision empirica
con el desarrollo de una herramienta metodoldgica de apoyo a la toma de decisiones
para el disefio y dimensionamiento de SDN. Esta herramienta se basa en un conjunto de
correlaciones y criterios técnicos obtenidos de una extensa base de datos de

explotaciones ganaderas de Gran Canaria, y permite caracterizar y predimensionar
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sistemas de tratamiento de manera sistematica y reproducible. Su utilidad es
especialmente relevante para explotaciones aisladas, donde la ingenieria a medida no
siempre es econdmicamente viable, y donde es necesaria una solucion que integre

sencillez técnica, eficacia y cumplimiento normativo.

Finalmente, el tercer articulo "New Methodology for Calculating the Production of
Biogas in Livestock Wastewater Treatment Systems" introduce una propuesta de
modelizacion y simulacién de digestores anaerobios mediante el modelo matematico
AM?2 implementado en Scilab. Este enfoque aporta una herramienta accesible tanto
para el disefio técnico de sistemas de digestion anaerobia, permitiendo estimar de
manera dindmica la evolucién del sistema y su potencial de produccién de biogas como
para fines formativos. Esta integracién energética de los residuos representa un paso

clave hacia una gestién circular de los mismos.

En conjunto, los tres estudios permiten abordar el problema desde una triple
perspectiva, la validacidn operativa de los sistemas en campo, el desarrollo de
herramientas de disefio adaptadas a contextos especificos y la estimacién de su
potencial de valorizacidn energética. Ademas, la tesis incorpora un analisis transversal
del ciclo de vida de los residuos ganaderos y su huella ecoldgica, lo que permite
contrastar los impactos ambientales de estos sistemas frente a los tratamientos

convencionales y aportar criterios objetivos de sostenibilidad.

Esta tesis, por tanto, no solo aporta avances técnicos y metodolégicos en el dmbito
de la gestion de residuos ganaderos, sino que también contribuye al cumplimiento de
objetivos ambientales globales, como los Objetivos de Desarrollo Sostenible (ODS), la

transicidon energética y la reduccién de emisiones en el sector agroalimentario.
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3. Revision bibliografica

3.1. La problematica de los residuos ganaderos- impacto medioambiental

La gestion de los residuos ganaderos representa una de las principales
problematicas ambientales asociadas a dicha actividad. Tradicionalmente, estos
residuos se han utilizado como fertilizante en tierras de cultivo, aprovechando su
contenido en nutrientes. Esta practica fue eficaz en un contexto de pequefias
explotaciones ganaderas, donde la relacién entre la cantidad de residuos generados y la
superficie disponible permitia una gestidon sostenible sin causar impactos negativos

significativos en el entorno.

En cambio, la transformaciéon del modelo productivo ganadero en los ultimos
afios ha generado cambios significativos en la gestién de los residuos. La progresiva
desaparicion de las pequeias explotaciones, junto con la expansién de modelos de
produccién intensiva y la concentraciéon de animales en espacios reducidos, ha dado
lugar a un aumento significativo en el volumen y fluidez de los residuos generados. Este
fenédmeno se ve agravado por el abandono de sistemas tradicionales de manejo, como
los lechos vegetales, y por la incorporacién de aditivos en la alimentacién animal como
cobre y zinc que introducen nuevos contaminantes en los efluentes ganaderos

(Castrillon Pelaez & Marafion Maison, 2003).

Particularmente en el caso del ganado porcino, los residuos se componen de una
fraccién sdlida, integrada por excrementos, restos de alimento y material de camay una
fraccion liquida conocida como purin (Belmonte et al., 2008). Este ultimo constituye una
mezcla compleja que contiene macroelementos primarios (N, P, K), secundarios (Ca, Mg,
Na) y oligoelementos (Cu, Zn, Mn, Fe, entre otros), muchos de ellos de gran valor
fertilizante (Mendieta Pino, 2015). No obstante, las caracteristicas del purin pueden
variar considerablemente en funcién de diversos factores productivos y de manejo,
como el nimero de animales, el tipo de explotacion, la dieta, las condiciones climaticas

o la frecuencia de vaciado de las fosas (Belmonte et al., 2008).

Cuando el purin se aplica de forma excesiva o en condiciones climaticas

inadecuadas como por ejemplo, durante periodos de alta pluviometria, existe un alto
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riesgo de lixiviacion y escorrentia de nutrientes hacia cuerpos de agua superficiales y
subterrdneos. Este aporte excesivo de nitrégeno y fésforo, principalmente en forma de
amonio (NH4*), nitrato (NOs3™) y nitrito (NO;"), puede acelerar el proceso de
eutrofizacidn, caracterizado por la proliferacién de biomasa, la reduccién del oxigeno

disuelto y el deterioro de la biodiversidad acudtica (Camargo & Alonso, 2007).

Ante esta situacién, se hace necesario el desarrollo e implementacidon de
sistemas de tratamiento adecuados para los residuos ganaderos, especialmente en
zonas rurales o de dificil acceso, que no solo garanticen la eliminacién eficiente de
contaminantes, sino que también se adapten a las condiciones locales y cumplan con la
normativa ambiental vigente en materia de vertidos liquidos y ademads el ganadero

saque beneficios de esta gestion.

3.2. Estrategias de tratamiento de los residuos

Como se ha comentado en el apartado anterior la intensificacidn de la actividad
ganadera en las ultimas décadas ha traido consigo importantes retos medioambientales,
entre ellos, la adecuada gestion y tratamiento de los residuos que se generan. Los
purines, en particular, constituyen uno de los efluentes mas problematicos debid a su
alta carga contaminante y su potencial de impacto sobre los ecosistemas acuaticos y
terrestres si no son tratados correctamente. En este contexto, se han desarrollado e
implementado diversas estrategias de tratamiento, cuyo objetivo fundamental es
reducir los niveles de materia orgdnica, nutrientes, microorganismos patdgenos vy
metales pesados presentes en el residuo, permitiendo su reutilizacién como fertilizante
agricola, un beneficio para el ganadero y que el vertido generado conforme a los limites

legales establecidos.

Entre las opciones disponibles, se distinguen dos grandes enfoques tecnolégicos:
los sistemas de tratamiento convencionales y los sistemas no convencionales o
naturales o como hemos presentado a lo largo de esta tesis sistemas de depuracion
natural. Ambos responden a légicas de funcionamiento distintas, adaptadas a contextos

operativos, econdmicos y medioambientales particulares.

Los sistemas de tratamiento convencionales se basan en el empleo de

tecnologias fisico-quimicas y bioldgicas de tipo intensivo, caracterizadas por tiempos de
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residencia cortos, un alto grado de control sobre los pardametros operativos y una
elevada eficiencia depurativa bajo condiciones estables ademas de grandes superficies
para su instalacién. Estos sistemas incluyen, entre otros, digestores anaerobios de alto
rendimiento, reactores biolédgicos, separadores de fases y sistemas de aireacion forzada
(Lopez et al., 2009). Si bien estas tecnologias han demostrado ser eficaces en la
eliminacidn de contaminantes, su implantacion en explotaciones ganaderas pequeiias o
medianas se ha visto limitada por una serie de factores criticos: alto coste de inversidn
inicial, elevados requerimientos energéticos, necesidad de mantenimiento técnico
frecuente, y la exigencia de contar con personal especializado para su operacion

(Mendieta Pino, 2015).

Como consecuencia de estas limitaciones, muchos ganaderos han optado por
abandonar estas soluciones tecnificadas, especialmente en aquellas explotaciones con
margenes de rentabilidad reducidos o con recursos humanos limitados causando
abandono y cierre de explotaciones o en su contra mala o nula gestion de los residuos
y en consecuencia vertidos ilegales. Esta situacién se agrava en zonas rurales donde la
competencia con otros sectores productivos impide la dedicacién exclusiva a la gestién

de residuos, lo cual dificulta aun mas la viabilidad de los tratamientos convencionales.

Frente a esta realidad, han cobrado relevancia los sistemas de tratamiento no
convencionales o naturales, los cuales se apoyan en procesos extensivos de depuracién
gue aprovechan los mecanismos propios del medio ambiente para la degradacién de la
materia orgdnica y la transformacion de nutrientes. Estos sistemas requieren tiempos
de residencia prolongados y se basan en tecnologias como lagunas de estabilizacién,
filtros verdes, humedales artificiales, digestores simples y fosas anaerébicas. El principio
de funcionamiento se fundamenta en la accion de bacterias heterétrofas presentes en
el entorno, las cuales metabolizan los compuestos organicos en condiciones aerébicas

o anaerdbicas, dependiendo del disefio del sistema (Mendieta Pino, 2015).

Los sistemas naturales presentan una serie de ventajas importantes,
especialmente en contextos rurales y con recursos limitados. Entre ellas destacan el bajo
coste de inversidon y mantenimiento, la minima necesidad de personal especializado, la
estabilidad frente a fluctuaciones en el caudal y carga del efluente, y la posibilidad de
integrar el residuo tratado en ciclos productivos agricolas. No obstante, si bien los
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sistemas naturales requieren una mayor superficie y pueden presentar ciertos retos
operativos, como la proliferacion de insectos o pérdidas por evaporacion, estas
limitaciones suelen ser gestionables y compensadas ampliamente por sus beneficios.
Ademas, aunque los procesos no siempre estan estandarizados, su simplicidad

tecnoldgica y bajo coste facilitan la adaptacién a diferentes condiciones locales.

Desde una perspectiva comparativa, las diferencias entre ambos tipos de
tratamiento pueden agruparse en seis aspectos fundamentales (Mendieta Pino, 2015).
En primer lugar, los sistemas naturales presentan un coste de inversién y mantenimiento
significativamente inferior, lo que los hace mas accesibles para pequefas y medianas
explotaciones. En segundo lugar, si bien el nivel de control técnico es mayor en los
sistemas convencionales, esta ventaja se ve contrarrestada por su complejidad
operativa y necesidad de supervisién continua. En cuanto a la superficie necesaria, los
tratamientos naturales requieren una mayor extension de terreno, pero este aspecto
puede ser asumido en entornos rurales con disponibilidad de espacio. Por otro lado, los
sistemas naturales destacan por su baja necesidad de personal especializado, lo cual
favorece su implementacién en explotaciones con recursos humanos limitados. En
términos de conocimiento técnico, si bien las tecnologias convencionales cuentan con
una base mas consolidada, los SDN han demostrado una eficacia creciente y validada en
diversos estudios y aplicaciones reales. Finalmente, aunque pueden presentar ciertos
impactos ambientales perceptibles como olores o presencia de insectos, estos efectos
pueden mitigarse con un disefio adecuado, y se ven ampliamente superados por su bajo

impacto energético y su integracién con el entorno.

En este contexto, resulta relevante estudiar la aplicabilidad y viabilidad de los
sistemas de tratamiento no convencionales en entornos insulares como el de Gran
Canaria, donde muchas explotaciones ganaderas presentan caracteristicas particulares:
alta densidad de animales, bajos voliumenes de purin generados, disponibilidad limitada
de recursos técnicos y restricciones en el uso del suelo. Comprender si estos sistemas
pueden responder eficazmente a las necesidades locales, tanto desde el punto de vista
ambiental como econdmico, constituye un paso fundamental para avanzar hacia una

gestidon mads sostenible y adaptada de los residuos ganaderos en este territorio.
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3.3. Digestion Anaerobia

La digestidn anaerobia constituye un proceso biolégico natural y complejo mediante
el cual la materia organica biodegradable es transformada, en ausencia de oxigeno
molecular, en una mezcla gaseosa compuesta predominantemente por metano (CHa) y
didxido de carbono (CO,), asi como en un subproducto sélido o semisélido denominado
digestato. Este proceso es llevado a cabo por una comunidad consorciada de
microorganismos que actuan de forma sinérgica, y cuya dindmica metabdlica permite su
aplicacion en el tratamiento de residuos, la generacion de energia renovable y la

produccién de biofertilizantes (Gerardi, 2013; Varnero, 2013).

La digestion anaerobia permite valorizar residuos agroindustriales, urbanos vy
ganaderos mediante su conversidn en energia renovable, reduciendo simultdneamente

la emisidon de gases de efecto invernadero (GEl), la contaminacion del agua y del suelo,

y la generacién de olores molestos (GREENPEACE, 2019). El biogas producido puede
utilizarse para cogeneracion de calor y electricidad o purificarse hasta obtener
biometano. Asimismo, el digestato generado presenta valor como enmienda agricola,
por su contenido en nutrientes estabilizados y bajo potencial contaminante (Varnero,

2013).

Estas caracteristicas posicionan a la digestion anaerobia como una herramienta eficaz
en estrategias de economia circular y gestidon sostenible de residuos, tanto a pequeiia

COMmo a gran escala.

El proceso se desarrolla en ausencia de oxigeno, lo cual lo distingue del metabolismo
aerdbico y permite el crecimiento de microorganismos anaerobios estrictos o
facultativos. Se reconocen cuatro etapas bioquimicas principales que estructuran la

digestion anaerobia:

Hidrdlisis: Es la etapa inicial donde los polimeros organicos de alto peso molecular
como polisacaridos (celulosa, almiddn), proteinas y lipidos son transformados en
mondmeros solubles tales como azlcares, aminodcidos y acidos grasos. Este proceso es
catalizado por enzimas extracelulares excretadas por bacterias hidroliticas. La eficiencia
de esta etapa es determinante, ya que condiciona la disponibilidad de sustratos para las

fases posteriores.
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Acidogénesis: En esta fase, los mondmeros generados en la hidrdlisis son
metabolizados por bacterias acidogénicas mediante rutas fermentativas, produciendo

acidos grasos volatiles (AGV) como acido acético, propidnico y butirico, asi como etanol,

lactato, CO,, H, y otros intermediarios.

Acetogénesis: Consiste en la conversion de AGV y otros intermediarios fermentativos
en acetato, hidrégeno y didxido de carbono. Esta etapa es critica, ya que el acetato y el

H, son los precursores principales en la formaciéon de metano.

Metanogénesis: Es la etapa final del proceso, llevada a cabo por arqueas
metanogénicas. Existen dos rutas metabdlicas predominantes: la acetoclastica, que
convierte el acido acético en metano y CO,, y la hidrogenotroéfica, que reduce el CO,
usando H, como agente reductor. Se estima que hasta un 70% del metano generado en

un digestor anaerobio proviene de la via acetoclastica (Geardi, 2013).

Estas fases no son independientes ni secuenciales en el tiempo, sino que coexisten
espacialmente en diferentes microambientes del sistema, generando un equilibrio
dinamico que debe ser cuidadosamente controlado para evitar inhibiciones o colapsos

del proceso.

3.3.2. Modelos cinéticos del procedo de digestion anaerobia

El estudio de la cinética microbiana es fundamental para comprender y modelar el
comportamiento del proceso de digestidon anaerobia, ya que permite predecir la
velocidad de crecimiento de los microorganismos en funcién de la concentracién de
sustrato y otras variables limitantes o inhibidoras. A lo largo del tiempo, se han

propuesto diversos modelos cinéticos, entre los que destacan los siguientes:

El modelo de Monod, propuesto por Jacques Monod en 1942, es uno de los mas
utilizados en ingenieria ambiental. Establece que la tasa especifica de crecimiento
microbiano (i) depende de la concentracién del sustrato disponible (S), de forma similar
a la cinética enzimatica de Michaelis-Menten. Este modelo es adecuado para
condiciones sin inhibicidn, y se expresa mediante la ecuacion:

S

uzumax'm
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Donde pumax es la tasa maxima de crecimiento y Ks es la constante de semisaturacion

del sustrato.

El modelo de Haldane, desarrollado en 1930, extiende el modelo de Monod al
incorporar un término de inhibicion por sustrato. Este modelo es especialmente util
cuando el sustrato estd presente en concentraciones elevadas que pueden resultar
toxicas para los microorganismos. La expresion incluye un pardmetro adicional (Ki) que

representa la constante de inhibicién.

Por su parte, el modelo de Moser, introducido en 1958, modifica el modelo de
Monod al incluir un exponente (n) que permite ajustar con mayor precision la curva de

crecimiento microbiano en funcién de la naturaleza del cultivo y su entorno.

En 1959, Donald Contois propuso el modelo de Contois, particularmente util en
sistemas con alta densidad celular. Este modelo relaciona la concentracién de sustrato
con la biomasa presente, considerando que la competencia entre microorganismos
influye directamente en la tasa de crecimiento. Se utiliza con frecuencia en procesos

anaerobios donde la hidrdlisis es la etapa limitante.

Estos modelos, cada uno con sus particularidades, permiten adaptar la simulaciéon del
proceso de digestidon anaerobia a diferentes condiciones operativas, tipos de sustratoy
escalas de tratamiento. La eleccidn del modelo mds adecuado dependera del objetivo
de la simulacién, la disponibilidad de datos experimentales y el nivel de complejidad

deseado en la representacion del sistema.

3.4. Impacto en la reduccion de la Huella de Carbono

La implementacién de estos sistemas, Sistemas Naturales de Tratamiento de
Aguas Residuales, en explotaciones porcinas intensivas representa una estrategia eficaz
para mitigar la huella de carbono asociada a la gestion de efluentes ganaderos. A
diferencia de los sistemas convencionales de tratamiento, como los de lodos activados
o biorreactores de membrana, los SDN se caracterizan por su bajo o nulo consumo
energético, ya que operan principalmente por gravedad y no requieren aireacién
forzada, agitacién mecanica ni calefaccién externa (Crites et al., 2014; Mendieta-Pino et

al., 2021). Esta eficiencia energética se traduce en una significativa reduccion de las
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emisiones indirectas de CO, vinculadas al consumo eléctrico, especialmente en

contextos donde la matriz energética depende mayoritariamente de fuentes fésiles.

Ademas, los SDN contribuyen a la reduccidn de emisiones directas de GEIl, como
metano (CH;) y Oxidos de nitrégeno (N,O), los cuales poseen un potencial de
calentamiento global considerablemente mayor al del diéxido de carbono. Mediante la
implementacién de digestores anaerobios bien disefiados, como los evaluados en el
presente estudio, es posible estabilizar la materia orgdnica contenida en el purin,
reduciendo la emision de CH4 al ambiente (Suresh et al., 2009). Esta funcion se ve
potenciada por la incorporacidon de etapas adicionales de humedales construidos y

lagunas facultativas, que permiten un tratamiento mds completo y prolongado.

Asimismo, los efluentes tratados mediante estos sistemas presentan una
composicidn rica en nutrientes y bajos niveles de carga orgdnica, lo que los hace aptos
para su uso en riego o fertilizacién agricola (Ayaz & Akca, 2000). Esta reutilizacion evita
el uso de fertilizantes sintéticos, cuya produccién y transporte implican elevadas
emisiones de carbono (FAO, 2013), promoviendo una economia circular de bajo impacto

ambiental.

En términos de infraestructura, estos demandan menor cantidad de materiales
industriales como hormigdén o acero, al basarse en soluciones constructivas sencillas
(lagunas, canales, sistemas de infiltracion), lo cual representa una ventaja adicional en

la reduccion de la huella de carbono del sistema (Gachango et al., 2015).

Por tanto, esta investigacion demuestra que los SDN no solo son técnicamente
viables para el tratamiento de efluentes ganaderos en territorios insulares como Gran
Canaria, sino que constituyen una herramienta clave en el cumplimiento de objetivos de

descarbonizacion, sostenibilidad y adaptacién climatica en el sector primario.

3.5. Ciclo de vida de los Sistemas de depuracion Natural

El ciclo de vida de estos sistemas comprende todas las fases desde la planificacion hasta
el cierre o renovacién del sistema. Este enfoque permite valorar no solo la viabilidad
técnica y econdmica de estos sistemas, sino también su impacto ambiental a largo plazo,

especialmente en contextos rurales e insulares como en la isla de Gran Canaria.
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Planificacidn y caracterizacion

Durante esta fase se realiza la identificacion del tipo de efluente (porcino), su volumen,
carga contaminante y la caracterizacién ambiental del emplazamiento. Se consideran
ademas los requisitos normativos como el Real Decreto 306/2020, que establece las
exigencias legales para las explotaciones ganaderas. Esta etapa es clave para asegurar la

sostenibilidad técnica y legal del sistema propuesto (Mendieta-Pino et al., 2023).
Disefo y construccion

En esta etapa se seleccionan y dimensionan las unidades de tratamiento: separadores
solido-liquido, digestores anaerobios, lagunas facultativas y humedales de flujo
subsuperficial. El disefio se adapta a las condiciones topograficas y climaticas locales,
priorizando materiales sencillos como grava, geomembranas, macrofitas y elementos de
hormigdn de bajo impacto. Esta fase tiene una baja huella de carbono comparada con
sistemas convencionales, al evitar el uso extensivo de estructuras industrializadas (Crites

et al., 2014).
Operacion

Los SDN operan de forma pasiva, sin requerimientos energéticos externos para bombeo
o aireacion. El tratamiento se basa en procesos bioldgicos naturales (aerobios y
anaerobios), facilitados por el tiempo de retencién hidrdulica prolongado. Esta
caracteristica reduce significativamente las emisiones de carbono indirectas asociadas

al uso de energia fosil.
Mantenimiento

A pesar de su simplicidad, los sistemas requieren ciertas tareas de mantenimiento
preventivo, como la inspeccion de vegetacién, el control de olores y la retirada de
sélidos acumulados (cada 5 a 10 afios). No es necesaria mano de obra especializada, lo

que representa una ventaja en entornos rurales (Gachango et al., 2015).
Fin de vida util y renovacion

Los SDN pueden operar durante mas de 20 afios si se les da un mantenimiento

adecuado. Al final de su ciclo, las unidades pueden ser renovadas parcialmente
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(reposicion de gravas o vegetacion) o ampliadas. El terreno ocupado puede recuperarse

para uso agricola, sin dejar impactos negativos persistentes.
Evaluaciéon ambiental y huella de carbono

Estudios basados en andlisis de ciclo de vida (LCA) han demostrado que los SDN

presentan una huella de carbono significativamente menor en comparaciéon con los
sistemas mecanizados tradicionales. Emiten menos gases de efecto invernadero tanto
directa, menor generacién de metano, como indirectamente, bajo consumo energético,
ademas de generar un efluente reutilizable en agricultura que sustituye fertilizantes

sintéticos (Belmont et al., 2004; FAO, 2013).

Por tanto, los SDN representan una tecnologia de bajo impacto, resiliente y adecuada
para la transicion hacia una ganaderia mas sostenible en territorios insulares como

Canarias.

28



Estudio comparativo de la mitigacion de la huella de carbono y ecoldgica de sistemas de depuracién aplicados a
efluentes de explotaciones ganaderas

4. Publicaciones Originales

En este apartado se presenta la relacidon de los articulos publicados en formato

original en concepto de compendio en la presente tesis doctoral.
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Abstract: A real-scale application experience Natural Treatment Systems for Wastewater (NTSW)
operating in continues with livestock farms for one year. These systems are based on digesters,
subsurface vertical flow constructed wetlands (SVFCW) and facultative ponds. Chemical Oxygen
Demand removal efficiency (CODRgg) has obtained between 70 and 90%. Likewise, it have been
possible to compare the operation of cascade flow digesters (CFD) (<76% CODRgg) versus complete
mixing digesters (CMD) (<50% CODgE). Facultative ponds (FP) when combined with (SSFCW),
removed a higher percentage of CODgrg compared with ponds (92%). Correlations of interest have
been found between the variables evaluated in each plant. Finally, different elements are alternated in
the same system, this system is capable of supporting variations in changes in flow rate and organic
load coming from the farm, maintaining an adequate elimination of COD and other parameters of

interest.

Keywords: natural systems; anaerobic digester; wastewater treatment; constructed wetlands; ponds;
COD removal

1. Introduction

Natural treatment systems for Wastewater (NTSW) or low-cost wastewater treatment
systems have proven to be applicable in small communities (with a population equivalent
of <2000 inhabitants) with low energy and operating costs in isolated territories [1-9]. These
systems stand out, compared to conventional treatment systems, with several features
such as long residence times, low or null energy cost, reduced maintenance costs and good
applicability of effluents in their reuse [10-12]. The key is to know if these systems are
equally valid for existing livestock farms in isolated island environments, as they have
similar sizes in terms of equivalent population. These systems must have a mechanical
separation pre-treatment to remove coarse solids and prevent obstructions in the rest of the
equipment [13].

The target of this paper is to show the study, at steady state operation, of three types
of experimental pilot NTSW plants to manage pig livestock waste, in Gran Canaria Island,
which is localized in the Atlantic Ocean Figure 1.

Gran Canaria Island (Spain), with an area of 1560 km?, and large areas of environmen-
tal protection (Figure 2), has become a territory with problems of elimination and waste
management general and particularly from farms, which generate undesirable infiltrations
in underground aquifers [14].
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In Spain, the legislation on protection against agricultural nitrate and phosphate pollu-
tion is Royal Decree 47/18 January 2022 on the protection of water against diffuse pollution
caused by nitrates from agricultural sources. This regulation is based on Regulation (EC)
2003 /2003 of 13 October 2003 of the European Parliament and of the Council on fertilizers
and other implementing legislation. Specifically, the protection of water against pollution
by nitrates and phosphates has its main legal instrument in Directive 91/676/EEC, known
as the Nitrates Directive, and incorporated into national legislation through Royal Decree
261/16 February 1996, on the protection of water against pollution caused by nitrates and
phosphates from agricultural sources, and replaced by RD 47/2022. It considers the follow-
ing to be waters affected by nitrates: Inland surface waters with a nitrate concentration of
more than 25 mg/L, Groundwaters with a nitrate concentration of more than 37.5 mg/L.

This regulation establishes Nitrate Vulnerable Zones (NVZ), which are areas of land
whose runoff flows into waters affected by nitrates and which contribute to such pollution.
Decree 54/4 June 2020, of the Government of the Canary Islands determines the zones
of water affected by nitrate pollution of agricultural origin and designates the zones
vulnerable to such pollution at altitudes of less than 300 meters on the island of Gran
Canaria. In addition, a limit of 170 kg of N/ha per year is established invulnerable zones
and a limit for wastewater discharges of 5 mg/L for total phosphorus, 20 mg/L for total
nitrogen and 2500 pS/cm for conductivity.

At the moment, In Gran Canaria there are 136 livestock farms of pigs, Figure 3, 90%,
is little family farms. The rest are industrial-sized farms that make up the majority of
the island’s census. These farms are around 1400 animals in size and represent a strong
impact. This fact is equivalent to an organic load to a population of about 2000 equivalent
inhabitants, a considerable amount and comparable to the total population of a town or
small city on the island of Gran Canaria. Figure 4 displays, on the left, all the livestock
farms (red dots) of Gran Canaria Island, and on the right the detail of the three livestock
farms for which proposed the plants established in the objective of this paper.

This work presents the novelty of applying these NTSW in similar pig farms (in
terms of equivalent inhabitants) with real scale and under normal production conditions.
It presents an approximation of the treatment of the waste on the farm itself, favoring
integrated production. This management improves the integration of the livestock farm
into its environment and promotes the circular economy by converting the waste-resource.

-4

O Tenerife \
island W

Gran Canaria

a2 island

7

Figure 3. Location of the livestock farms of pigs of Tenerife and Gran Canaria Islands.
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Figure 4. Location of the plants in Gran Canaria Island.

2. Materials and Methods
2.1. Pilot Plants Features

Pilot plants are in the midland of Gran Canaria Island, Figure 4, their photographs

are showed in Figures 5-8, and their characteristics in Table 1 and in Figure 9 is shown
the schematics of the plants and sampling points. Rotary screens are different in each of
the plants and work in batches. It has carried out specific analyzes of the solid whose
results and the treatment alternatives that have been studied will be published in another
article. Figure 9 are schematic, each of the screens has an input tank that feeds the farm
effluent by batch, once screened, the liquid fraction is discharged directly into the lagoon
(plant 1), in the second chamber (digester with 6 chambers—plant 2) and in the second
camber (digester with 4—plant 3).

Plant 1. Farm located at 450 m of altitude (UTM coordinates x: 450,052.41 m, y:
3,105,359.68 m), with 1600 animals. The effluent from the farm (13.60 m3/ day) is
discharged to a holding tank, which has been fitted with a 10 micron rotary screen
and it is deposited in a pond of length/wide, 2/1 and 1100 m? of effective capacity.
The depth is 1.5 m. Figure 5 displays a photograph of Plant 1, with a detail of the
pond. The total hydraulic retention time (HRT) is 80 days.

Plant 2. Farm located at 540 m above sea level (UTM coordinates x: 443,504.65 m,
y: 3,105,955 m), with 1100 animals. The effluent (6.40 m3/ day) is conveyed in the
retention tank. In the holding tank (capacity 40 m3, and retention time 4-6 days), it will
be stored the manure until it is sieved. At the top of the half-closed closed digester is a
100-micron mesh rotary screen. The dimensions of the rectangular half-buried digester
are 1750 m x 6.50 m x 3.50 m and an effective height of 1.70 m. It is constituted
by six rectangular chambers of dimensions 3.00 m x 3.00 m, being of all them equal
and intercommunicated by siphon, with an effective capacity unit of 22.90 m? each,
and 132.60 m? of total volume. By the type of flow, it is possible to assimilate it to
the operation of a cascade digester. Figure 6 displays a photograph of Plant 2, with a
detail of the rotary screen, and the anaerobic digesters. The HRT is 25 days.

Plant 3. Farm located at 700 m of altitude (UTM coordinates x: 446,164 m, y: 3,102,557.64 m
28°2.83' N, 15°32.87' W), with 1400 animals. Effluent (8.70 m®/day) is collected in a re-
ception tank with a capacity of 10 m?, then it is taken to the chamber 1 of an anaerobic
digester. In the chamber 1, the slurry is stored until it is pumped to the 100 micron
rotary screen on top of the anaerobic digester. The rectangular anaerobic digester
consists of four equal and interconnected rectangular chambers with an effective
capacity of 103.00 m? in total and HRT of 10 days. At the exit of the digester, the waste
past to the first of the constructed wetlands with subsurface vertical flow (SVSFCW)
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constituted by a cubicle with rectangular form, this volume is filled by stones of varied
granulometry, being the free volume 22.95 m> and a HRT about of 4 days. In the
subsurface constructed wetland SSFCW several types of plants are developed that
degrade the organic matter. It has two vertical ventilation tubes. The passage of the
water to be treated is performed below the surface throughout the lateral contact area
with the pond. Slurry from SSFCW 1 flows into a pond of length /width ratio, 2/1 and
90 m® of effective capacity. The depth will be 1.5 m. The residence time is 10 days.
The pond is surrounded by constructed wetlands, this has allowed us to experiment
with a pond of inferior capacity and on the plant 1. The SVFCW 2, at the outlet of the
effluent, has an identical design to the previous one. The installation has a recirculation
circuit that allows recirculating of all or part of the liquid that exists in the lagoon to a
control pool that is connected to the homogenization tank. At the end of SVFCW 2, it
is the final tank of dimensions of 10.50 m? of capacity. The stabilized effluent percolates
from the wetland to the final tank. Figure 6 displays a photograph of Plant 3, with a
detail of the pond, and the constructed wetlands. The HRT is 28 days.

For the loading of digesters and ponds, it has been followed the following steps:

Each chamber of the digesters and ponds were initially filled with clean water.

No external resources have been added, such as bacteria cultures, sewage sludge,
etc., leaving only the slurry to rest so that the native bacterial flora develops its
performance.

=

Figure 6. Photograph of Plant 2, with a detail of the rotary screen, and the anaerobic digesters.
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Figure 8. Photograph of Plant 3, with a detail of the pond, and the constructed wetlands.
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Figure 9. Schematics of the plants and Sampling Points.
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Table 1. Data pilot Plants.
Plant CODgg Qets Np; — Np Vgt — HRT Vap — HRT Vgsecw — HRT Vp — HRT
(mg/L) (m3/day) (m3) — (day) (m3) — (day) (m3) — (day) (m®) — (day)
1 45,600 13.60 (180) — (1890) (10) — (1) - - (1100) — (80)
2 29,000 6.40 (115) — (1068) (40) — (4) (132) — (21) - -
3 50,000 8.70 (160) — (1432) (10) — (1) (104) — (11) (46) — (5) (90) — (10)
Plant Total Capacity Occupied Surface HRT Global
(m®) (m?) (day)
1 1115 750 81
2 172 180 25
3 250 140 27

The SSFVCW-type wetlands are considered a submerged biofilm biological reactor.
The effluent meets macrophytes, which are plants capable of attaching themselves to such
soils (waterlogged or waterlogged), with one part submerged and one part emergent [15,16].
Authors such as [17-19] have indicated that a large part of the depuration process was
due to the presence of plants. However, other studies [20,21] have indicated that the
oxygen supply and the depuration capacity is provided by the biofilm that forms in the
rhizome areas, with aerobic processes complementing the anaerobic processes in remote
areas and therefore a depuration mechanism that is more independent of the type of
vegetation selected.

The plants most used and evaluated by other authors are Aneas (Typha), reeds (Phrag-
mites), rushes (Juncus), Scirpus, Carex, etc. [17,20]. macrophytes can transport oxygen to
their roots and rhizomes, but in SSFVCW, the amount of oxygen is small compared to the
demand and anaerobic processes predominate. However, in our first study, nature was
left free to colonize the wetlands of plant 3, focusing on the overall management of the
treatment systems and their integration into the management of the livestock farm.

2.2. Parameters and Samples

From plants 1 and 3, 46 samples have been taken; meanwhile, in Plant 2, 39 sam-
ples have been taken, totaling 545 days, as an initial follow-up of the implementation of
an anaerobic biological treatment facility. The parameters measured were: pH, T, EC,
and COD, and the periodicity of the samples was delivered in the following way:

1. During the first half of the year, the samples were taken four times a month, equally
spaced in time.

2. In the second half of the year, the samples were taken twice a month, equally spaced
in time.

3. After the first year, samples were taken on a monthly basis.

For measuring the parameters were used the Standard and Methods (APHA 2005).
Each plant has a meteorological station with measurement of; ambient temperature T4,
humidity ¢, and rainfall R,... For the statistical analysis of the data, the COD has been
set as the central variable so that this variable can be compared with the rest to be able to
observe possible correlations. On the data set, under the approach of finding relationships
between the parameters of the waste in the sampling point in each one of the digesters
chamber and ponds, it was attempted to demonstrate that the variations of COD during
the weeks, it was related to the variation of pH or EC at that same sampling point. When
the homoscedasticity tests were carried out, which are a fundamental requirement for
good factor analysis, it was not found any relationships between parameters at the point
of sampling in each of the chambers and lagoons, and in consequence no significant
correlation was going to be obtained from this hypothesis. Therefore, another approach to
the data was sought, and it was decided to analyze the behavior of the installation during
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the complete cycle, in which the slurry passes through the plant, defined by the Global
Hydraulic Retention Time for the plant (HRT;) of 82, 27 and 27 days (plant 1, 2 and 3,
respectively). The initial hypothesis is established, that it is possible to relate punctual data
of parameters with their respective evolution at the outlet, after the days of the treatment
cycle. From the 131 samples available, for the three plants, we selected 30, 21 and 21
sampling data from the 131 available samples, making the grouping of the corresponding
values of the study parameters possible.

3. Results and Discussions
3.1. Atmospheric Conditions

There was no temperature control in the digesters and ponds and wetlands, which
were subject to rainfall. It is possible to observe, in Figure 10, for all the plants, throughout
the time period, during the months of July and August (Table A1), that the highest ambient
temperatures are reached (28 to 32 °C), with minimums of 10-14 °C in January and Febru-
ary. In addition, the values of the dew point and sky temperatures, estimated according
to [22,23], can be observed in the same Figures, which affect the thermal conditions of
the systems.
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E * o 0Ty
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98 o ©© O** R o 0Ty
6245000 <>O ** **OO.LOO..‘Tsky
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Figure 10. Cont.
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Figure 10. Temperature results for plant 1, 2, and 3.

Regarding rainfall, from May to August they are negligible while the months of
November to February are the wettest. Figure A1. Because the systems are open, and sub-
ject to environmental conditions, rainfall contributions and evaporation losses (associated,
among other causes, with the variability of relative humidity, Figure A2), the plants pro-
cesses were influenced by modification of the liquid fraction, it has been quantified that the
difference, in evaporation losses, was between 5 and 20%, depending on the time of year.

3.2. Temporal Evolution of the Analyzed Variables

The temporal evolution of the variables, can be analyzed in the graphs represented in
the following Figures: the behavior of the temperatures in Figure 10, the values of COD in
Figure 11, the values of EC in Figure 12, and the response of pH in Figure A3. The cyclical
behavior shown in the graphs and samples indicates that the three plants operate at a
steady state, damping and adapting according to the type of natural purification system
the transient variability of the effluent input to the installation resulting from the operation
of the operation Livestock. If, it is considered the operating charts of the three plants,

*  The curves of variables, which are labeled EF, for plants 1 and 2, and subindex Ch;,
for plant 3, represent the discharge in the pilot plants of the pools and intermediate
tanks that each of the livestock farms have in their pens.

*  The curves of variables, which its label has the subindex EP, for plant 1, and subindex
Chy, for plant 2, and subindex Chy, for plant 3, represent the initial point of the system.

*  An finally, the curves of variables, which its label has the subindex TE, for plants 1
and 3, and subindex Chg, for plant 2, represent the effluent treated of the plants.

Although the pond of plant 1 multiplies by 10 the capacity of the pond in plant 3, its
performance is similar, but when comparing the performance per cubic meter, the pond
on plant 3 shows a better performance. In the digester of the plant 2, only the variability
dampens from the sixth chamber. In plant 3, the most complete one, we could observe how
the system is able to better cushion the variations due to alterations from external factors
(climatology and plant growth) than those motivated by the operating regime itself.
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Figure 11. COD results for plants 1, 2, and 3.
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Figure 12. EC results for plant 1, 2, and 3.

3.3. Correlations

For the three plants, it has been possible to propose significant correlations for the
studied variables, among them. In Table 2, it is showed several relationships, established in
form of correlation, between several variables of the plants. For example, for plants 2 and 3,
it is possible to relate the removal of CODgr¢ throughout the entire cycle and the removal
in ECRE in the same period. It was demonstrated that there is a direct relationship between
these two variables, which is reasonable because of the direct relationship between the
amount of salts in a slurry (represented by EC) versus methanogenic activity in a biological
reactor, if the quantity of salts is low, more methane will be produced and therefore
more organic matter (COD) will be removed. In this way, it is possible to confirm that
periodicity sampling, based on global HRT, allows to evaluate the best installation and to
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obtain meaningful relationships between different parameters of study in the complete
treatment cycle.

Table 2. Relations between variables of Plants.

Plant 1
R? Correlation
0.866 CODREG = 43.2947 + 705771 - COD%ppp — 8.781 - COD}pp
0.500 ECRrec = 19.202 — 0.097 - Raee +0.002 - R2.. —1.488 x 1072 - R3,,
0.798 ECreg = 18.250 — 0.60 - ECRgp + 0.020 - EC&pp + 38.87 x 107> - COD%pp
Plant 2
R? Correlation
0.942 CODRgEg = 5.923 4 0437 - ECrgp + 0.0161 - EC%pp, — 0.001 - ECpy
0.602 ECRrpg = 7.213 +1.023 - ECrgs +0.135 - EC g — 0.006 - ECarg
0.847 ECRrgg = 5.923 + 0437 - ECrep + 0.061 - EC%ppy — 0.001 - COD%p
Plant 3
R? Correlation
0.748 CODRggg = 92.559 — 1.087 - ECrgp + 0.0501 - EC}pp — 0.001 - EC3p
0.769 ECRrpg = 19.854 — 0.759 - ECggp + 0.063 - EChpp — 0.001 - ECpp
0.426 ECrpc = 18.824 —20.123 - Ryec — 6.424 - R2,, — 0.824 - R2..

Studies have been published with relationships between the variables studied COD
and Conductivity (EC) [24,25]. As reported by [26], as indicated, Refs. [26-29] chemical
analyses with standard laboratory methods are accurate, but involve a certain cost for the
farmer and it is interesting to have COD values related to conductivity that can be taken
on the farm. In this study, significant correlations with conductivity (EC), better than the
r = 0.511 and r = 0.571 [24,25], were found.

3.4. Performance

Overall, the best COD and conductivity removal efficiency is found in plant 3 (90.42%
and 36.26%, respectively, Table 3). With respect to the equipment, the sieves have a
similar average COD performance, the digester of plant 2 (with 6 chambers) has a better
performance both at a global and specific level with respect to the digester of plant 3
(with 4 chambers), while it is observed that the performance per day of residence is
higher in plant 3. However, in conductivity removal, plant 2 is superior both globally
and specifically. The ponds show differences in volume in the order of 10:1, with a higher
volume in plant 1. However, although globally the two ponds (plant 1 and 3) have similar
COD removal rates (66.67% and 66.27%, Table 3). The pond of plant 1, despite having
a 10:1 volume ratio with respect to plant 3, has a lower specific performance both per
volume and per day of residence. This advantage is confirmed by the ability of the plant
3 (which has two associated subsurface vertical flow wetlands) to reduce the overall and
specific conductivity. These results can be explained, mainly, because the constructed
wetlands are self-sustaining in relation to the removal of contaminants, since different
mechanisms are produced in them, which can be classified as: biological (bioremediation
and phytoremediation), chemical and physical [30,31]. Constructed wetlands are, as far
as possible, controlled environments in which they can act on macrophytes, some plants,
fill or gravel, and microbial populations, which act anaerobically to a considerable extent.
Macrophytes and microbes take contaminants that reach wetlands as a source of energy,
with which a removal of contaminants is achieved [30,32].
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Although precipitation has an influence, for an open system it can be found in all
three plants, and (to a greater extent in plants 1 and 3, with ponds), it can be affirmed that,
although plant 1 has the highest level of average accumulated precipitation, the conductivity
reduction capacity of plant 3 is clearly better than that of plant 1, although its capacity and
surface area are notably lower. In this case it is clear the contribution of salt elimination
caused by the presence of SFS artificial wetlands in plant 3. The role of salts in anaerobic
digestion plays an important role in the methanogenic stage, since it has a condition in
the form of possible inhibitions [33-35], which can reduce methanogenic activity. This
could be observed, directly, in the measurement of the pH of the system, since it would
cause changes in suitable ranges for the pH in anaerobic digestion, Table 4, to favor the
production of biogas, and therefore for the degradation of contaminants.

Plant 2 has a 6 chamber cascade digester in which the layout resembles a channel (or
piston flow) digester with better performance than plant 2 (or complete mix) and with a
good load buffering capacity. Plant 3 has neither the best digester nor the best pond, but has
the best performance, because the integration of different systems results in better treatment
and observed performance in terms of COD and conductivity removal. Regarding the HRT,
total capacity, and occupied surface, it can be observed that the COD removal capacity and
conductivity are clearly better in plants 2 and 3, being smaller than plant 1 (in capacity
and occupied surface), with specific removals 0.464 and 0.377 %/m?, respectively, and
3.190 and 3.229 %/day. It is further influenced by the fact that the system is composed of
complementary elements that allow the microbial fauna to better adapt to these changes.

Table 3. Removal rate values (COD, EC...).

Plant CODRggs CODgep CODRgp CODRgg ECRrgs ECgep ECrep ECreG
(%) (%) (%) (%) (%) (%) (%) (%)

1 18.08 — 66.67 72.64 9.56 19.37 — 27.63

2 14.63 75.92 — 79.75 7.78 — 12.94 19.41

3 15.41 46.86 66.27 90.42 8.31 30.79 5.41 36.26
Plant CODggs CODgep CODggp CODggg ECRgs ECgrgp ECRrep ECRrgG
(%/m3) (%/m3) (%/m3) (%/m3) (%/m3) (%/m3) (%/m3) (%/m3)

1 1.291 — 0.061 0.065 0.683 0.018 - 0.025

2 0.366 0.575 — 0.464 0.195 — 0.091 0.107

3 4.541 0.455 0.488 0.377 0.831 0.342 0.053 0.146
Plant CODggs CODggp CODggp CODggc ECRrgs ECrgp ECrep ECRrgc
(%/day) (%/day) (%/day) (%/day) (%/day) (%/day) (%/day) (%/day)

1 — — 0.833 0.897 — 0.922 — 0.776

2 — 3.615 — 3.190 — — 0.345 0.341

3 — 4.686 3.898 3.229 — 0.907 2.226 1.295

Table 4. Average values (pH, Rucc, , T).

Flant  PHee  PHsp  PHp  PHo (LR/f;CZ) (Ié) <E/E) (TSCP) (38)
1 7.58 7.55 — 7.55 68.11 20.79 77.56 25.44 —
2 6.07 — 8.48 7.44 52.95 19.80 67.30 — 26.86
3 9.40 7.95 5.80 7.95 41.46 22.60 63.50 21.74 22.38

NTSWs evaluated are compared in Table 5 with other similar ones both on farms and
domestic waters (with equal number of equivalent inhabitants) [5-7,36], it can be observed
that similar COD removal values both in % and %/HWR are obtained with livestock
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effluent treatment plants [37] and the more complete the installation (NTSW Plant 3).
Likewise, if the results given are compared against conventional systems, it is observed
that they have comparable overall COD removal rates, and again the best installation is
Plant 3 [38-41]. However, as the conventional systems are intensive in energy consumption
and with shorter retention times (HRT), in all cases except for those found by [39-41] it can
be observed that by %/HRT the conventional systems are superior to the natural systems
studied, this being the weak point of these systems in terms of retention times [42-46].

Table 5. Comparison between natural treatment systems.

Treatment HRT Total Removed Total Removed References
(days) (%COD) (%COD/HRT (day))
Anoxic-aerobic 54 95.90 1.78 [39]
Anerobic-anoxic-aerobic 48 95.00 1.98 [39]
Anaerobic 14 94.00 6.71 [40]
Codigestion anaerobic 15.5 69.20 4.46 [41]
Anoxic-aerobic 13 86.90 6.68 [38]
Anoxic-aerobic 13 93.60 7.20 [38]
Activated Slugge 10 95.00 9.50 [38]
NTSW Domestic 20 96.00 4.80 [6]
NTSW Domestic 28 90.00 3.21 [4]
NTSW Domestic 30 90.00 3.00 [7]
NTSW Livestock 25 65.00 2.60 [37]
SBR and MBR technology 6.5 96.00 14.77 [47]
Anaerobic-Biofilters 6 98.00 16.33 [45]
Aerobic termofilic 3 62.00 20.67 [46]
Anaerobic-SBR 45 96.70 21.49 [42]
MBR technology 1 51.20 51.20 [43]
Aerobic termofilic 3 60.00 20.00 [44]
NTSW Plant 1 81 72.64 0.90 This work
NTSW Plant 2 25 79.75 3.19 This work
NTSW Plant 3 28 91.70 3.28 This work
SBR 6 70.40 11.73 [39]
SBR and MBR technology 8 98.00 12.25 [47]

4. Conclussions

The NTSW has the capacity to cushion the fluctuations of the organic load due to
livestock exploitation, having stable effluents. Systems that combine different alternatives
are superior in performance and load capacity. These systems can be an alternative to
conventional systems in farms of a similar size in insular and/or isolated territories and
provide a low management cost alternative by offering a stabilized effluent. This effluent
can be reused and promote the principle of integrated production.
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Abbreviations

The following abbreviations are used in this manuscript:

COD Chemical oxigen demand
CODgr Effluent farm COD

CODgp COD of Effluent pond
CODtg COD of Treated Effluent
CODcy, COD of chamber number i
CODgp COD at bottom of pond
CODgg Percentage ratio of the removal efficiency of Chemical oxigen demand
CODgeg CODgE of the global plant
CODgEgs CODgE at the screen
CODgrep  CODRgE at the digester
CODgreep  CODRgE at the effluent pond

EC Electrical conductivity

ECgr Effluent farm EC

ECgp EC at Effluent pond

ECgr EC of the treated effluent

ECcy, EC at chamber number i

ECgp EC at bottom of pond

ECgre Percentage ratio of the removal efficiency of electrical conductivity
ECgreg ECRgE of the global plant

ECREpP ECRgE of the pond

ECgrgs ECRE of the screen

ECRrED ECRE of the digesters

HRT Hydraulic retention time

HRTg Global Hydraulic retention time for the plant
NTSW Natural treatment system for wastewater
Np, Number of bristles

Nt Total number of animals

pH Measure of the concentration of protons [H™] in a solution
pHgr pH at effluent farm

pHgp pH at the surface pond

pHp pH at the digester

pHep, pH at chamber number i

pHg pH of the global plant

pHg Average pH of the global plant

rHp Average pH of the digester

pHgp Average pH at the surface pond

pHprp Average pH at effluent farm

Qefr Effluent flow rate

Race Accumulated rainfall
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Race Average accumulated rainfall

SSFCW Subsurface flow constructed wetland
Tsp Temperature surface pond

Tx Ambient temperature

Tey, Indoor temperature chamber number i
Tsp Average temperature surface pond

Ta Average ambient temperature

Tp Average digester temperature

Vrr Reception tank volume

Vap Anaerobic digester volume

VSSFCW SSFCW volume

Vp Pond volume

¢ Relative humidity

¢ Average relative humidity

Appendix A. Samples for the Plants

Table Al. Samples for the plants.

Plant 1 Plant 2 Plant 3
Monthly day Time (day) Sample Monthly day Time (day) Sample Monthly day Time (day) Sample
June 27 0 1 June 4 0 1 July 4 0 1
July 13 16 2 July 4 30 2 August 3 30 2
July 30 43 3 August 6 62 3 August 14 41 3
August 18 61 4 August 14 70 4 October 2 89 4
September 18 92 5 September 12 98 5 October 30 117 5
October 4 108 6 October 6 122 6 Nobember 29 146 6
October 10 124 7 October 11 127 7 January 14 192 7
November 16 150 8 January 31 237 8 February 2 210 8
December 7 170 9 February 7 244 9 February 8 216 9
December 18 181 10 February 14 251 10 February 13 222 10
January 2 195 11 February 22 259 11 February 20 229 11
January 10 203 12 March 6 273 12 March 19 258 12
January 17 210 13 March 17 284 13 April 3 272 13
February 3 225 14 March 31 298 14 April 16 285 14
February 20 242 15 April 17 315 15 April 30 299 15
March 3 255 16 April 30 328 16 May 15 314 16
March 12 264 17 May 14 342 17 June 15 344 17
March 19 271 18 June 3 361 18 July 15 374 18
March 25 277 19 June 25 383 19 September 17 436 19
April 5 287 20 September 17 465 20 October 3 452 20
April 12 294 21 November 4 512 21 Nobember 4 483 21
April 23 305 22
May 17 329 23
May 25 337 24
June 23 365 25
July 7 379 26
August 03 405 27
August 24 426 28
September 17 449 29

October 18 479 30
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Appendix B. Rainfall, Relative Humidity and pH Results

Ruyee (1/m?)

R(u;c (l / m L2)
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In this appendix is displayed the results above rainfall, relative humidity and pH.
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Figure A1. Rainfall results for plants 1, 2, and 3.
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Figure A2. Relative humidity results for plants 1, 2, and 3.
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Figure A3. pH results for plant 1, 2, and 3.
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Abstract: This work proposes a series of strategies and tools for the design and characterization
of natural treatment systems of wastewater (NTSW) applied in livestock farms, considering the
parameters of flow rate (Q), conductivity (EC) and chemical oxygen demand (COD) of the waste
generated, farm location, hydraulic retention time (HRT), and removal/reduction rate targets. The
high organic load of the effluent generated in these farms has an important environmental impact,
which is amplified in insular or isolated territories. The application of such treatment systems has
demonstrated their suitability in these environments, but their design lacks proper characterization
and sizing tools for their adequate operation. The proposed tools in this work are based on a
collection of experimental data over a ten-year period of application of NTSW in real farms. This work
contributes to facilitate the design and implementation of NTSW in farms located in isolated, island,
or similar-size environments. Finally, as a practical application, an inventory and implementation of
the tool developed for livestock farms on the island of Gran Canaria (Spain) is carried out.

Keywords: effluent characterization; natural systems; wastewater treatment plant design;

livestock farms

1. Introduction

Livestock waste in general, and pig waste in particular, is made up of a dry part, of
formed by animal excrement, food remains, bedding, and a liquid part. This mixture is
called slurry [1,2]. Pig slurry is a source of multiple mineral constituents: primary and
secondary macronutrients and trace elements. The availability of macronutrients in slurry
is beneficial for crops, and even comparable to that of mineral fertilizers [3,4].

The new Spanish legal framework establishing basic rules for the management of
intensive and extensive pig farms can be found in Royal Decree 306/2020, of 11 February [5].
This Royal Decree (hereinafter referred to as RD306) focuses on environmental issues with
respect to the protection of water, soil, and air, and on the fight against climate change.
Livestock farm effluent with a high organic load has a strong environmental impact that is
amplified in island territories.

Pig slurry may have different properties at any given time due to various factors
inherent to production. These include, among others, the number sows, piglets, or fattening
pigs, the type of exploitation and management of the farmer, the feed used, farm cleanliness,
the season of the year, the frequency of reception pit emptying, and climate conditions [6-8].

For the above reasons, interest has grown in developing a characterization tool based
on historical data of the operation of wastewater treatment systems in livestock farms. As
indicated in [9,10], an interesting characterization can be carried out based on one or several
parameters that are easy to determine in situ, leaving other, more complex parameters for
the laboratory. It should also be noted that the excessive or unfavorable application of
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slurry on land can lead to losses of nitrogen and phosphorus by percolation and runoff into
surface and subsurface water bodies [9-11]. Excess phosphorus and nitrogen in the form of
ammonium (NHI), nitrate (NO;') and nitrite (NO, ), in waters can accelerate the aging of
aquatic ecosystems [12-16]. Ammonia (NH3) is recognized as one of the most important
toxic gases present in swine facilities and has profound effects on pig performance [17],
with responses to its toxicity found in alterations to the barriers and defense mechanisms
of the respiratory tract, facilitating the entry of pathogens and increasing the likelihood of
respiratory diseases [18].

Different slurry treatment systems have been proposed with the aim of reducing the
pollutant load so that the treated waste can be reused as fertilizer or safely discharged into
the sewage system [19,20].

Conventional systems involve treating the effluent by means of concentrated physico-
chemical and biological processes in which the hydraulic retention time (HRT) is relatively
short, and a stable operation can be ensured within pre-established and carefully controlled
parameters. These have been implemented with varying degrees of success, but numerous
problems have been reported, associated especially but not exclusively with the modes of
operation and the costs of the system [19,21-26].

Many pig farms have very tight profit margins and have few human resources due
to direct competition with other more suitable production sectors, making on-farm efflu-
ent treatment necessary [20,23,26,27]. Natural treatment systems of wastewater (NTSW)
employ effluent storage with a longer HRT which depends on the load applied and the
climatic conditions, with the organic matter degraded though the activity of heterotrophic
bacteria present in the natural environment. The treatment is carried out by passing the
effluent through various types of ponds, artificial wetlands and anaerobic digesters, each of
which facilitates a series of natural processes. Such systems have been successfully applied
in rural community settings and small settlements with a population equivalent below
1000 [1,2,28].

However, when it comes to sizing such systems, there are no tools available for
agricultural and livestock farms in isolated territories, with sizing limited to adaptations
based on local farmer experience [29,30].

The island of Gran Canaria (Canary Islands, Spain) has a total of 136 pig farms, the
majority of which are small and family run. However, 10% of these farms account for
more than 90% of the total and are industrial farms, in some cases close to environmental
protection zones. For many years, livestock waste has been used as fertilizer in fields or
farmland. However, in recent years, the gradual disappearance of small farms, along with
the increase in intensive livestock farming, with its high number of animals per farm, and
the general abandonment of traditional systems have led to greater fluidity and dilution of
the effluent generated and hence an increase in volume, but often without sufficient arable
land for its correct disposal [30]. Figure 1 shows the location of the pig farms considered in
the present study.

According to the applicable Spanish legislation, which establishes basic rules for the
management of intensive pig farms, farms can be classified according to their productive
capacity as self-consumption, small or industrial farms, a self-consumption farm is defined
as a farm used for breeding animals exclusively for family consumption, with a maximum
production per year of 3 fattening pigs and with no breeder. For its part, a small farm is
defined as having a maximum number of 5 breeders and no more than 25 fattening animals.

This legislation also establishes standards for the management of livestock waste on
the farm and the production of manure (theoretical maximum) by livestock unit (LSU).
This unit is established for purposes of comparison between livestock species, classifying
farms according to this value. By way of example, the corresponding LSU is 0.30 for boars
with a waste production of 6.12 m3/animal/year, 0.96 for closed cycle sows with a waste
production of 17.75 m®/animal/year, and 0.02 for piglets from 6 to 20 kg with a waste
production of 0.41 m?3/animal/ year.
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Figure 1. Location of the pig farms in Gran Canaria considered in the present study.

The objective and the novelty of this work is the proposal of a series of strategies and
tools for the design and characterization of NTSW in livestock farms. As an application,
an inventory, characterization, sizing, and design is carried out in 9 pig farms with a high
environmental impact located on the island of Gran Canaria.

A basic effluent characterization that would allow the sizing of a pig effluent treatment
system requires measurement of the flow rate (Q), the chemical oxygen demand (COD)
and electrical conductivity (EC).

2. Materials and Methods
2.1. Locations of the Study
The 9 selected farms on the island of Gran Canaria is shown in Table 1 have from

15 to 217 sows, with a total of 4442 animals, representing 94% of the total census on the
island [31]. The farms have between 1180 and 82,065 m? of available land [32].

Table 1. Selected livestock farm characteristics.

Farm X Y Z Available Area (m?2) No. Sows Total n® Animals

1 458.08 3091.56 249.26 18,935 217 1034
2 455.82 3084.34 119.28 58,642 134 897
3 446.11 310256 705.20 4516 87 800
4 456.59 3086.37 248.09 1180 81 333
5 446.85 3110.52 330.13 6885 50 134
6 440.65 3096.39 1216.72 10,089 43 344
7 457.82 308547 97.72 82,065 35 589
8 434.67 3081.32 202.11 5931 30 253
9 44553  3097.59 1026.85 35,541 15 58

As established in RD360, these farms, given the number of animals and their definition
as industrial farms, are obliged to have a waste management system on site. The following
table shows the location (X,Y,Z), the available land, the number of sows, and the total
number of animals.

2.2. Model

In this article, the methodology was adapted from that shown and applied in [19],
in which a study of the water-energy-waste nexus was developed. The model for the
evaluation of livestock farms in Gran Canaria considering parameters of water production,
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waste production, livestock farm, characterization of the waste, and occupied surface area
of the farm. The model considering % target removed. As a result of the model, NTSW
design and % removed evaluation The model is shown in Figure 2.

/

% Target
Removed

Water

, Evaluation NTSW design
Production
Tools
[ \ \
| | | Characterization N\
I \
Waste [ \
Production P |
| // Occupied \\‘
\ | Surface Area )
\ i A fa
wa::-:‘:k W {fien) o y % Removed
— Evaluation
(Type / Size)

Figure 2. Model for the evaluation of livestock farms.

2.3. Waste Generation and Characterization

Numerous authors have indicated the need to have tools to characterize livestock waste
and to monitor parameters that are easy to apply and measure on the farm itself [1,33-37].

For this study, it is necessary to know the Q, COD and EC values of the waste generated
from each livestock farm as well as the number of sows. Therefore, simple linear correlations
based on already published experimental results were used [2]. The starting parameter to
characterize the waste is the number of sows (No.Sow) as this parameter is easy to obtain.
The EC value is calculated on the basis of organic matter (OM) content. For this reason,
it is necessary to characterize OM, with the correlation being between OM and COD the
following Table 2 summarizes the correlations used.

Table 2. Wastewater characterization correlations.

Correlation R? Reference
Q [m?/day] Q = 4425 + 3029 x 10~7-(No.Sow)* 0.976 2]
COD [mg/L] COD = 7,995,901 + 360,593-(Q)* — 10,134-(Q)® 0575 2]
OM [mg/L] OM = 162,505 + 0.273-(COD) 0.945 2]
EC [dS/m] EC = 0.009-(OM) — 8.4 x 10~7-(OM)? 0.938 2]

With respect to the calculation of Q for farms where the number of sows is less than 81,
this was carried out in accordance with RD306, which includes manure production (theoret-
ical maximum) by type of livestock, due to the fact that the characterized Q was oversized.

2.4. Decision Strategy Tools for the Design of NTSW

In order to make decisions for the sizing of the NTSW, a flow diagram was designed
(Figure 3) based on the research experience of a previous study [2]. The system is potentially
composed of three elements: solid-liquid separator, biodigester, and pond + constructed
wetlands. The flow diagram has 4 step (circled in Figure 3).
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Figure 3. Flow diagram tool for NTSW design.

The first step (circled 1 in Figure 3) is to define the livestock waste and removal/ reduction
rate targets (Table 3). The second step (circled 2 in Figure 3) is to pre-sizing of solid-liquid
separation, the third step (circled 3 in Figure 3) is to pre-sizing of to tank reactor (biodi-
gester) and the fourth step (circled 4 in Figure 3) is to pre-sizing of the pond + constructed
wetlands. The following is a detailed description of the steps to follow.

Table 3. COD % removal and EC% reduction of solid-liquid separator, biodigester and
pond + constructed wetlands.

Solid-Liquid Biodigester Pond + Constructed
Separator (%) (%/Day) Wetlands (%/Day)
COD % removal 45 2.3 1.34
EC % reduction 7.5 0.2 1.51

Input data and pre-sizing;:
The first step (circled 1 in Figure 3) is to define or characterization of the waste
generated from each livestock farm, Section 2.3 Table 2, and the removal/reduction rate

of targets.
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The next step (circled 2 in Figure 3) consists of applying to the wastewater a solid—
liquid separation pre-treatment, with the objective of reducing the COD and EC values in
accordance with the values shown in Table 3. Subsequently, the biodigester is pre-sized,
complying again with the reduction parameters shown in Table 3. An HRT of 13 days is
assigned as an initial criterion.

Decision making:

If the removal/reduction rate targets are not met, we return to step (3) and resize of
the digester, assigning a new HRT. If the objective is now met, we continue to step (4),
which involves sizing of the pond + constructed wetlands. In this case, an HRT of 15 days
is assigned as an initial criterion for the reduction of COD and EC parameters as indicated
in Table 2. Note that the possibility of installing a pond + constructed wetland is based on
location criteria, including, for example, nearby population, humid climatic conditions, etc.

Equipment sizing;:

On the basis of the results obtained (Q, HRT, EC, and COD), calculation was made of
the volume and surface area required for the biodigester and pond + constructed wetlands.

3. Results and Discussions
3.1. Types of Farms and Waste Characterization

This study focused on 9 farms which, due to their characteristics, type and number
of sows, require a treatment system. The waste of the studied farms was characterized,

obtaining COD values between 24,078 and 8049 mg/L and EC values between 23 and
16 dS/m (Table 4).

Table 4. Characterization of farms and livestock waste.

Farm Q (m3/Day) COD (mg/L) OM (mg/L) EC (dS/m)
1 7.52 24,078.48 6699.93 22.59
2 5.15 16,186.60 4545.45 23.55
3 4.62 14,705.19 4141.02 22.86
4 1.76 9056.79 2599.01 17.72
5 1.00 8346.36 2405.06 16.79
6 1.67 8953.96 2570.94 17.59
7 2.60 10,262.17 2928.08 19.15
8 0.81 8228.20 2372.80 16.63
9 0.39 8049.96 2324.14 16.38

As mentioned above, in order to propose a natural purification treatment system, it is
necessary to know the parameters of Q, COD and EC generated in each farm.

The slurry flow rate was characterized on the basis of either the correlations shown in
Table 1 and/or in accordance with RD306. The choice or one method or the other was based
on the number of sows. This was required because, in the case of industrial farms with
fewer than 81 sows, an error was found in the calculations of 62-92% and, consequently,
the capacity of the NTSW of the farms was being overestimated.

The COD values obtained ranged between 8049.96 and 24,078 mg/L. The mean value
is within the range of the observed values of 5000 and 25,000 mg/L [36], 13,200 and
28,000 mg/L [1], 9400 and 14,200 mg/L [34].

The EC values ranged between 16.4 and 23.5 dS/m. Previous studies have reported
values ranging from 13.2 to 33.2 dS/m [33] and from 9.9 to 25 dS/m [34]. Hence, it can be
concluded that these results are valid.

3.2. Natural Wastewater Treatment System

As input data we have on the one hand the Q, COD, and EC parameters of the waste
generated from the livestock farms (Table 4), and on the other hand the treatment objectives
set out in RD306, establishes sets a maximum discharge objective of 1600 mg/L for COD
and 2500 ps/cm for EC. Comparing these parameters with the values obtained from each
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study farm, Table 4. It is observed that they do not meet the treatment objective and,
therefore, these wastes should be treated.

For Farm 1, the biodigester was pre-sized to an HRT of 13 days and it was not possible
to install a pond + constructed wetland. For this reason, the HRT was increased to 39 days,
Tables 5 and 6, increasing COD removal to 89% and EC reduction to 7.8%. The NTSW
therefore comprised a solid-liquid separation process and a biodigester with a required
volume of 96.8 m3, with 10 chambers, a chamber volume of 22 m3 and a surface area of
83.61 m2.

Table 5. Proposed NTSW design.

Effluent Solid-Liquid Separation Biodigester
% %
F. Q COD EC Removal % Reduction COD EC Removal % Reduction HRTdig Vchamber v Chambers CcOoD EC
T (m3/Day) (mg/L) (dS/m) cop EC (%) (mg/L) (dS/m) cop EC (%/Day) (Day) (m3) (m3) (Units) (mg/L) (dS/m)
(%) (%/Day)
1 7.520 24,078.48 22.59 45 7.45 13,243.16 2091 2.3 0.2 39 22 293.2 13 1364.05 19.28
2 5.154 16,186.60 23.55 45 7.45 8902.63 21.80 2.3 0.2 36 22 185.5 8 1531.25 20.23
3 4.624 14,705.19 22.86 45 7.45 8087.85 21.16 2.3 0.2 33 22 152.5 7 1949.17 19.76
4 1.759 9056.79 17.72 45 7.45 4981.23 16.40 2.3 0.2 30 22 52.7 2 1544.18 15.42
5 1.000 8346.36 16.79 45 7.45 4590.50 15.54 2.3 0.2 26 22 26.0 1 1845.38 14.73
6 1.670 8953.96 17.59 45 7.45 4924.68 16.28 23 0.2 26 22 434 2 1979.72 15.43
7 2.604 10,262.17 19.15 45 7.45 5644.19 17.72 2.3 0.2 29 22 75.5 3 1879.52 16.69
8 0.812 8228.20 16.63 45 7.45 4525.51 15.39 23 0.2 28 10 22.7 2 1611.08 14.53
9 0.389 8049.96 16.38 45 7.45 4427.48 15.16 2.3 0.2 23 5 8.9 2 2085.34 14.46
Table 6. Proposed NTSW design.
Pond + Constructed Wetlands NTSW
0,
Farm HRT K Iée(;n]gval COD % Reduction EC V (md) Surface V (m?) Surface HRT
o, 2 2
(Day) (%/Day) (mg/L) EC (%/Day) (dS/m) (m?) (m?) (Day)
1 - - - - - - - 293.2 97.7 39
2 - - - - - - - 185.5 61.8 36
3 15 1.34 1557.39 1.51 15.29 69.37 46.24 2219 97.1 48
4 - - - - - - - 52.7 17.6 30
5 15 1.34 1474.46 1.51 11.40 15 10 41.0 18.7 41
6 15 1.34 1581.80 1.51 11.94 25.04 16.7 68.4 31.2 41
7 - - - - - - - 75.5 25.2 29
8 - - - - - - - 227 7.6 28
9 15 1.34 1566.19 1.51 11.19 5.84 3.89 14.7 6.8 23

In the case of Farm 2, the same criteria were followed and the biodigester HRT was
increased to 36 days, Tables 5 and 6, with a COD removal of 82.8% and EC reduction
of 7.2%. The reason for not installing the pond and constructed wetland is because the
area where Farms 1 and 2 are located has low rainfall and therefore does not favor the
degradation of organic matter in the pond.

As for Farm 3, the biodigester was again pre-sized to an HRT of 13 days and the
pond + constructed wetlands were also sized since in this case installation was possible
because the farm is located in an area with high rainfall and no nearby population. However,
on the basis of these initial criteria, the RD306 treatment objectives were not met, and
therefore the biodigester HRT was increased to 33 days.

For Farms 4, 5, 6, 7, 8 and 9 an NTSW was also designed, consisting of a solid-liquid
separator and biodigester. In these cases, the biodigester will vary in terms of HRT, COD
% removal, EC % reduction, volume, etc., depending on effluent conditions. Due to their
location, Farms 5, 6 and 9 could also be equipped with a pond + constructed wetland,
which would be recommended even if the farms met the RD306 treatment objectives, since
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this will further improve the conditions of the final discharge. Tables 5 and 6 shows the
results obtained in this study in the different farms.

As can be seen, certain designs have been used for Farms 1, 2, 4, 7 and 8. They consist
of solid-liquid separation and biodigesters, Tables 5 and 6. As a result, the proposed
purification objective is achieved. All of these farms are located in a low rainfall area of
the island.

On the other hand, alternative designs have been used for Farms 3, 5, 6, and 9. They
consist of solid-liquid separation, biodigesters, and the creation of a pond + constructed
wetland, Tables 5 and 6. As a result, the proposed purification objective is achieved. These
farms are located in a high rainfall area of the island.

On farms located in areas with lower rainfall, the choice was made to amplify the
system by means of digesters only, in order to minimize evaporation losses and thus avoid
less dilution. This is why Farms 5 and 6 have larger digesters than Farms 7 and 8, where a
pond and constructed wetland can be installed to meet the purification objective.

4. Conclusions

The high organic load of the effluents generated in these farms has a significant
environmental impact, which is amplified in island or isolated territories. The application
of these treatment systems has demonstrated their suitability in these environments, but
their design lacks adequate characterization and sizing tools for their proper operation.
This work proposes a series of strategies and tools for the design and characterization of
NTSW applied in livestock farms, considering the Q, EC and COD parameters of the waste
generated, location of the farm, HRT, and elimination/reduction rate objectives. This tool is
developed and implemented in nine livestock farms on the island of Gran Canaria (Canary
Islands, Spain), which represents 94% of the total census of the island.

After the study carried out and the application of this tool, the following statements
are reached:

The characterization of the COD, Q and EC parameters of the nine study farms indi-
cates the importance of adequate treatment on the farm itself to minimize the environmental
impact that this activity has on the environment.

The NTSWs are adequate systems and constitute a viable alternative treatment for pig
waste in insular or isolated territories. This tool has shown that there is no single model for
these systems for all pig farms, since the size, flow, organic load and location of each one of
them will dictate the conditions for their design.

The proposed decision strategy tools for NTSW design have proven to be a useful tool
for the sizing of the farms considered in the study.

As a final conclusion, the characterization of the waste generated in the farms together
with the proposed decision strategy tool for the design of NTSWs applied in livestock
farms located in isolated, island or similar-sized environments contributes to facilitate the
pre-dimensioning of these systems and have proven to be a useful tool for the sizing of the
farms considered in the study.
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ABSTRACT

In this work, a modelling and numerical simulation proposal has been developed with a free
open-source software, Scilab. The learning proposal consists of the simulation of an anaerobic bio-
digester under continuous and discontinuous loading with an AM2 mathematical model based on
two reactions, acidogenesis-acetogenesis, considering a Monod-type growth, and methanogen-
esis, with a Haldane-type growth. Anaerobic digestion has become a successful process for the
stabilisation of wastewater with high organic load. The aim of this proposal is to be used in the
practical training activities to be developed by the student in the context of some of the subjects
of the University Degrees and Masters with competences in the area of environmental technol-
ogy. In the simulations, the proposed model has proved to be an effective tool for the simulation
of the anaerobic digestion process, it has proved to be an efficient system to reduce the organic
load in wastewater and it is versatile as it allows to modify the design, quickly, depending on
the future needs of the student or teacher that can be used to understand and learn the proposed

objective.

Keywords: Numerical methods; Anaerobic digestion; Anaerobic digestion; Model; Scilab

1. Introduction

Anaerobic digestion has become a successful process
for the stabilisation of wastewater with high organic load,
and it is important to understand the various factors that
affect bioreactor design. Also, anaerobic treatment sys-
tems are natural processes that take place in areas where
free oxygen is not available and are ideal for the treat-
ment of highly biodegradable wastes. Anaerobic digestion
has become more popular in recent years, mainly due to
its ability to generate energy from waste [1]. Advances in
microbial ecology methodologies in recent decades have
resulted in tools to qualify and quantify microbially driven
systems, allowing theorists to better test hypotheses,

* Corresponding author.

resulting in the potential for better engineering design and
operation of biological processes [2].

The main objective of this work is a simple proposal
for modelling and numerical simulation with SCILAB, for
learning the continuous and discontinuous dynamics of
biological digesters with an AM2 mathematical model for
wastewater treatment, due to the high cost that must be
faced when implementing a facility of this type [3-5]. For
this reason, several mathematical models have been devel-
oped for simulation, the usefulness of which depends on
the objective and complexity of the work.

The Scilab software, which is free and open source, has
been chosen to carry out the simulation. This software is
oriented towards numerical computation, especially for
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scientific and engineering applications. It can be used as a
simple matrix calculator, but its main interest lies in its hun-
dreds of general-purpose and specialised functions, as well
as in its possibilities for graphical visualisation. Several
authors have chosen this program because many examples
of ready-made and tested programs can be found at [6-10].
Therefore, it is of interest to develop learning strate-
gies, based on ICTs, which help students, of the degrees
and masters of the area with competences in environmental
technologies, to learn and understand the evolution of the
relevant variables in the operation of anaerobic bioreactors,
also being useful for the estimation of the biogas generation
potential and its valuation as an energy vector [8,10]. This
work is carried out within the framework of the Educational
Innovation Projects for Interdisciplinary Training (PIEFI)
- Line 3. Contents and programmes of teaching in the proj-
ect “Laboratories as working environments for active and
collaborative learning through the design, development,
construction, use and redesign of equipment and devices
for their application in practices” (PIE 2022-60) of the
University of Las Palmas de Gran Canaria (ULPGC).

2. Theoretical foundations of anaerobic digestion

Anaerobic digestion, also called biogas production, is a
microbiological process that occurs spontaneously in nature
in the absence of oxygen. It breaks down organic matter into
simpler compounds, which are transformed into volatile
fatty acids, which are the main intermediates and modula-
tors of the process to obtain a mixture of gases called bio-
gas, this process is carried out by the action of a group of
specific microorganisms working in sequences [4,11].

Anaerobic digestion is a very complex process due to the
high number of biochemical reactions taking place and the
number of bacteria involved. In fact, many of these reactions
occur simultaneously [4,11]. Digestion can be grouped into
three main stages: hydrolysis, acid formation and metha-
nogenesis, which will be explained in the section on phases
of anaerobic digestion. The higher the number of stages
considered in the mathematical model, the higher the com-
plexity of the model, but at the same time the better the rep-
resentativeness of the process [4,11].

As a complex process, modelling of anaerobic digestion
improves the understanding of the process and allows the
formulation or validation of certain hypotheses regarding
the process itself. A mathematical model allows to predict
the behaviour of this complex process when subjected to dif-
ferent conditions of its manipulable variables such as tem-
perature, concentration, composition and flow of the input
substrates, pH level, oxygenation, etc. and thus reduces
the possible complications that can be obtained when the
process is carried out [1].

2.1. Model AM?2

As for the mathematical modelling of the anaerobic
digestion process, the AM2 model proposed by Bernard in
2001 is designed to use as substrate wastewater contain-
ing soluble, carbohydrate-based organic matter, so that the
hydrolysis step is irrelevant. In this model it only considers
two limiting reactions, the acidogenesis of the substrate from

the influent (S,) and the methanegenesis of the volatile fatty
acids (S,), obtained as a product in the first of the reactions
[4,12]. It is intended for analytical and control applications
or instrumentation development.

2.2. Components

In the AM2 mathematical model, at least four compo-
nents are required to describe what happens in a digester,
the substrate, which is the component that serves as food for
the biomass, S, and S,, and the biomass, which is the culture
of microorganisms that feed on the biodegradable organic
matter, X, and X,

2.3. Biological processes in the digester

The model considers only two limiting steps, acidogen-
esis and methanogenesis. First reaction: acidogenesis of the
substrate supplied by the influent.

a,5,——X, +a,S, +0,CO, )

where S, is the organic substrate in the influent, X, is the
population of acidogenic bacteria and o, are the stoichio-
metric coefficients of each species.

The kinetics used is the Monod model.

5 @
K, + S1

I'llzl""maxl.

where p__  is the maximum growth and K_ is the Michaelis—
Menten constant. Second reaction: volatile fatty acid
methanogenesis.

a,S,——X, +a,CH, +a,CO, (3)

where S, are the volatile fatty acids obtained from acidogen-
esis, X, is the population of methanogenic bacteria and
a, are the stoichiometric coefficients of each species.

The kinetics used is the Haldane model.

S
IJ'ZZM'maXZ. 2 S (4)
K +5,+-%
K

i

where p__ . is the maximum bacterial growth rate regardless
of inhibition, K_is the Michaelis-Menten constant or aver-
age saturation coefficient and K; is the inhibition coefficient
due to the substrate.

2.4. System of equations

The system of ordinary differential equations related to
the biomass dynamics of the substrate is shown below.

ax, (¢
%z(ulfoK‘“)Xl (5)

&(t) = D(Sin1 - 51) o, X
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2.5. AM2 steady state model

A system is considered to reach steady state when its
characteristics do not vary over time [2,9,10]. Knowing this
and taking into account the processes and variables con-
sidered in the model, in order to obtain the steady state of
the system for biomasses and substrates it is established that:

(n,-D-K, )X, =0

re;

©)
D(Sin1 - Srel )_ al“lxrel = O
The equations for the digestion of sugars being (S,),
p,-D-K, )X, =0
(10K, )X. o

D(Sin2 - Src2 ) o, X, —a,u,X, =0

And being the corresponding equations for methano-
genesis of acetic acid (S,).

Assuming that the biomass concentrations are non-zero
and from the above equations, it is considered that:

(n,-D-K,)=0

(n,-D-K, )=0 v

Substituting in each of the expressions the correspond-
ing value of its own kinetics (2), (4) becomes as follows:

—1 __D-K, =0
umaxl I<51 +Sl d,
S (12)
P»J-maxz'izSz_D_Kd2 =0
K, +S,+——
2 K.

i

By subtracting the substrate concentration from each
of the equations, the steady-state values are obtained for
each of them.

Eq. (13) for sugars and Eq. (14) for acetic acids:

S _(Prky) K,
’ IJ'maxl _D_Kdl (13)
2
I ) oy B i Y & ¢
D+K, | ' D+K, ! 2t
5. = : : (14)
2 2
By subtracting the value of X  and X , in the sec-

ond expression (5) of the equations and substituting the

values already calculated for each of the substrates, we
obtain their respective steady-state values for each of the
biomasses.

Eq. (15) for sugars and Eq. (16) for acetic acids:

D(Sinl - Sre1 )(S’el M KS‘ )

X, = (15)
' al“’maxlsrc,
X = D(s. -S )+au Sri“*x
Te, in, T, 4 max1 I<S1 +Srel T
S.K +K K +S2
2 52 2 (16)
0"7Mmax25re2Ki

3. Transitional regime

When there is a change in the variables of the system,
we say that the process is in a transient regime [9,10,13].
When the conditions of an element change, the steady
state is lost, and after a succession of changes it returns to
equilibrium. The interval between the two steady states is
called the transient regime.

As previously explained, a reactor can be considered as
a continuous load, where the load is introduced in a con-
stant way, or discontinuous, where the load is introduced
in batches, an incoming flow Q, which is equivalent to the
volume of load V|, between the load time T, is introduced.
In this section, in addition to seeing what the system is
like in a transient state, the difference between a batch
and a continuous load [10] will be observed.

3.1. Batch loading

Batch loading involves the introduction of a given vol-
ume V,, with an organic load, in a very short time [10]. The
volume V,, of the load, each time it is introduced, displaces
an amount of volume equal to V,, being the total volume
of the digester V, and the volume not displaced is V,,
so we have:
V=V, +V, (17)

Once the loading is done, the volume of liquid with the
organic matter is assumed to be perfectly mixed at the same
time of loading. As a consequence of the above, the dilution
becomes the following expression:

- v
p-_2 _T
vi+Vv, V.

(18)

where Q is the inlet flow rate, T the loading time, V, the
loading volume, V. the total digester volume. To adapt the
model to the batch inlet the following is considered.

ax
ar (n=k,)X
ot#nT (19)
d—s——ocuX
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When charging is not carried out:

V, .
AS=_L(S, =S (nT))
VT
o t=nT (20)
V, .
AX =—L(X, - X"(nT))
VT
When loading is performed, S*(nT) being the concen-
tration of the substrate just before loading. The concentra-

tion is S(nT) after charging and mixing.

S(nT)= SV, + f/ (nT)V,

T

20

For all the present species considered in this final
degree project, the mixture is as follows:

SV +SV, -
5 == v (22)
T
X V+XV
=l 1V 172 (23)
T
SV, +SV,
. 1V 272 (24)
T
X, Vi + X, 5

3.2. Batch system of equations

The system of batch equations when no loading (26) and
when loading (27) with biomass and substrate dynamics
is performed is as shown below.

ot=nT (26)

= 0L4H1X1 - O‘7“2X2

—t=nT (27)

3.3. Numerical method for a batch system

Since the system of equations shows non-linear relation-
ships in the state variables, it is necessary to apply a numer-
ical approximation of the problem in order to solve it. The
latter involves applying the procedures typical of initial
value problems. In this work we propose to use a method
called predictor—corrector, which is based on the use of an
explicit solution as the initial predictor solution, and then
from this, an implicit solution will be used iteratively until
the solution converges, with a tolerance [8,10]. The solutions
used are: for the predictor, the simplest Euler form, in its
explicit form, as shown below:

dy(t
YO o900, v(t)= vy 8)
yn+1 :yn+hf(tn’yn) t0:t0+nh (29)

And for the corrector the implicit Crank-Nicolson
solution, or also equivalent to a trapezoidal solution.
This solution is shown below:

YO _ f(t,(r),

e y(t)=v, (30)

h
yn+1:yn+E|:f(tn’yn)+f(tn+1’yn+1)]' tn:t0+nh (31)

Unifying the two solutions in the prediction—correction
process leaves:

(P

vy =y, +hf (tn,yn) - Prediction (32)

Start up (33)

n+l

v =+ 2 ) Flba)] -

h .
y<Clm =y, + E[f(tn,yn ) + f(tml,yffjlﬂ - Correction
e | <=

As indicated, this iterative process will continue until
the convergence specifications are met.

As an example, the proposed system of equations for
the sugar degrading biomass is shown in the following
example, explicit (35), implicit (36) and Crank—Nicolson (37).

Xl. B Xl. 1 Slvfl K X 35
At - Mmaxl KSJ T Sl ] d 1,4 ( )
Xlu B Xl -1 Sln K X 36
At - Hmaxl KS] +Sl d, 1, ( )
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Fig. 1. Transient state of sugars at different loadings and the transient state of acetic acids at different loadings.
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Fig. 2. Phase plane of sugars and acetic acid in transient state at different loadings.

4. Results

This section shows the results obtained from the simu-
lation of the behaviour of X, and X, and substrates, under a
continuous and a discontinuous load in a transient regime,
depending on the simulation time. For this simulation, it is
necessary to vary the inlet flow rate and the time between
loading and loading. For this purpose, a continuous load
and a discontinuous load have been considered, where V|
is 0.01 L, always having a total volume of 10 L. Moreover,
the working conditions are the same in both simulations
where the inlet concentration of sugars is 20 and at a dilu-
tion of 30.

Fig. 1 shows how the biomass and substrate concen-
trations are affected by the type of load, in terms of sub-
strate it can be seen that the peaks are produced by the
introduction of the load and the decrease by the consump-
tion of this in the reactor, producing a small oscillation in
the number of sugar degrading bacteria. This effect is also
seen in the acetic acid degrading bacteria causing a shift in
production.

Fig. 2 shows the same way in the phase plane, but at
three different loads, the blue, continuous load, the red, batch
load explained above and the orange, batch load, where V|
is 0.015 L under the same conditions. By varying the loads
from continuous to batch loads, the process is affected, but
leads to the same steady state. However, it must be taken
into account that in order to avoid bacterial depletion, as
the time between loading and loading increases, the loading
volume has to be increased.

5. Conclusions

In this work, the proposed model has proved to be an
effective tool for the estimation of the anaerobic digestion
process and for learning the continuous and discontinuous
dynamics of anaerobic digesters. Moreover, the open-source
mathematical calculation program SCILAB is a suitable tool
to carry out a mathematical modelling project of this type,
since it is a very flexible platform that allows the user to sim-
ulate the dynamic conditions that occur during the anaerobic
digestion process, being, on the other hand, easy to apply
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in training activities for students of the University Degrees
and Masters with competences in the area of environmental
technology.
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5. Articulos del compendio explicados

5.1. Experience of Application of Natural Treatment Systems for

Wastewater (NTSW) in Livestock Farms in Canary Islands

Dada la necesidad de buscar soluciones sostenibles y de bajo costo para el
tratamiento de las aguas residuales generadas en explotaciones ganaderas porcinas en
zonas rurales e insulares. En este articulo se tuvo como propdsito evaluar la eficacia de
remocidon de contaminantes organicos y fisico-quimicos de plantas piloto, operadas a
escala real y bajo condiciones normales de explotacién, ubicadas en la isla de Gran

Canaria, Espaia.

Para la implementacion del estudio, se seleccionaron tres granjas porcinas
representativas en cuanto a tamafo, ubicacidon geogréfica y sistema productivo, las
cuales contaban con entre 1100 y 1600 animales. Cada planta incorporé configuraciones
distintas de unidades de tratamiento, permitiendo evaluar comparativamente su

desempeiio:

Planta 1: esta planta esta ubicada a 450 metros sobre el nivel del mar, con
aproximadamente 1600 animales. Esta planta consta de un tamiz de 10 micras de
apertura, que actlua como pretratamiento para eliminar soélidos gruesos.
Posteriormente, el efluente es dirigido a una laguna facultativa con una capacidad
efectiva de 1100 m3, una relacion largo-ancho de 2:1 y una profundidad de 1,5 metros.

El tiempo de retencion hidrdulica (TRH) es de 80 dias, lo cual proporciona condiciones

favorables para procesos biolégicos aerobios y anaerobios. La superficie ocupada por

esta planta es de 750 m?.

Planta 2: este planta esta instalada a 540 metros de altitud, en una explotacion con
1100 animales. El sistema incluye de un tamiz de 100 micras, por temas de superficie
ocupada este se ubicada sobre un digestor anaerobio semicerrado. El digestor estd
constituido por seis cdmaras rectangulares interconectadas mediante sifones,
simulando un flujo en cascada o pistdn. Las dimensiones de cada cdmara son de 3,00 x

3,00 metros, con una altura efectiva de 1,70 metros, sumando un volumen total de
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tratamiento de 132,60 m3. El tiempo de retencidn del digestor es de 25 dias. La planta

ocupa una superficie total de 180 m?.

Planta 3: Situada a 700 metros de altitud, en una granja con 1400 animales. Se
compone de un sistema integrado que combina multiples unidades: un tamiz de 100
micras, un digestor anaerobio con cuatro cdmaras interconectadas (volumen total de
103 m3 y TRH de 10 dias), seguido de dos humedales artificiales de flujo vertical
subsuperficial, cada uno con un volumen libre de 22,95 m? y un tiempo de retencion de
4 dias. Tras los humedales, el efluente pasa a una laguna facultativa de 90 m?® de
capacidad (TRH de 10 dias), con vegetacion periférica que mejora la estabilidad
ecoldgica del sistema. Finalmente, existe un segundo humedal similar que actia como
pulidor, seguido de un tanque de salida de 10,5 m3. Esta planta incluye un sistema de
recirculacion que permite retornar parte del efluente tratado al tanque de
homogeneizacién, reforzando la eficiencia del proceso. La superficie total ocupada es de

140 m2.

Plant 1

Plant 2
(}E;L—ZE‘\
{'hambtl Chamber 4ff 5 Chamber6
s Holding 2 Anaerobic digester (6 chambers)

Plant 3

Figura 1. Esquema de planta
Todas las plantas se disefiaron sin sistemas mecanicos de control de
temperatura, aireacién forzada ni dosificacién de productos quimicos, de modo que

operaran exclusivamente bajo condiciones ambientales reales. Este criterio permitio

72



Estudio comparativo de la mitigacion de la huella de carbono y ecoldgica de sistemas de depuracién aplicados a
efluentes de explotaciones ganaderas

evaluar la adaptabilidad y estabilidad de los sistemas frente a las variaciones climaticas

y de carga organica propias del entorno insular.

Cada sistema de tratamiento fue cargado inicialmente con agua limpia. Sin la
adicion de ningun cultivo bacteriano externo o lodos, permitiéndose el desarrollo
autdctono de la microbiota responsable de los procesos de depuracién. Esta decision
tuvo como propdsito evaluar la capacidad de autoregeneracion bioldgica de los sistemas

frente a condiciones de campo.

El tratamiento estadistico de los datos tuvo como objetivo principal identificar
patrones de comportamiento en las plantas piloto y establecer relaciones funcionales
entre los parametros fisicoquimicos medidos y la eficiencia de remocién de
contaminantes. Inicialmente, se intentd correlacionar los valores de DQO con variables
como pH, EC y temperatura, utilizando andlisis puntuales dentro de una misma unidad
de tratamiento. Sin embargo, los resultados de las pruebas de homocedasticidad
revelaron una alta dispersidn y ausencia de consistencia estadistica dentro de los

conjuntos de datos analizados bajo este enfoque.

Ante esta limitacion, se propuso una metodologia alternativa basada en el
analisis del comportamiento integral del sistema durante su ciclo completo de
operacion. Para ello, se considerd el TRH de cada planta como intervalo de analisis.
Dichos valores fueron de 82 dias para la planta 1 y de 27 dias para las plantas 2 y 3. Se
seleccionaron subconjuntos de muestras emparejadas que correspondieran al tiempo

de transito del efluente a través del sistema completo.

Sobre estos conjuntos de datos se aplicaron modelos de regresiéon multiple y
polindmica (de segundo y tercer orden), a fin de evaluar la relaciéon entre variables
independientes como la DQO o EC de entrada, la precipitaciéon acumulada (Rac), v las
condiciones meteoroldgicas, con respecto a la eficiencia de remocién global de DQO

(CODgeg) v EC (ECrea).

Esta metodologia permitié establecer correlaciones significativas y generar
ecuaciones predictivas con altos coeficientes de determinacion (R?), validando asi la
aplicabilidad del analisis estadistico como herramienta de control y evaluacién del

desempeiio en sistemas naturales de tratamiento. Asimismo, se evidencié el potencial
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de la conductividad eléctrica como parametro sustituto para estimar la carga organica,

lo que representa una ventaja para el monitoreo en campo con bajo costo tecnolégico.

La eficiencia de cada planta fue evaluada en términos de remocidon de

contaminantes, considerando diferentes escalas:
e Remocidn por unidad de tratamiento (tamiz, digestor, laguna, humedal).
e Remocidn especifica por volumen de tratamiento (%/m3).
e Remocidn especifica por dia de retencion (%/dia).
e Remocidn global del sistema.

Los resultados obtenidos indican que la Planta 3 presentd el mejor desempefio
general, alcanzando una eficiencia de remocién global de DQO del 90,42% y una
eficiencia en remocién de EC del 36,26%. Este resultado se atribuye a la integracién de
varias tecnologias naturales en un mismo sistema (digestores, humedales y laguna), lo

cual permitié un tratamiento mds completo y estable.

La Planta 2, equipada con un digestor anaerobio de seis camaras, logré una
eficiencia de remocién de DQO del 79,75% y de EC del 19,41%. Si bien su configuracién
permite un tratamiento efectivo, la ausencia de humedales o etapas adicionales de

pulido limitd su capacidad de remocidn de sales.

En cuanto a la Planta 1, su disefio simple basado en laguna facultativa obtuvo
una eficiencia de remocion de DQO del 72,64% y de EC del 27,63%. Aunque su volumen
es considerablemente mayor que el de la Planta 3, su rendimiento especifico por metro

cubico y por dia de retencién fue inferior.
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Remocidén Global de DQO y EC por Planta

mmm Remocion DQO (%) 90.42
B Remocién EC (%)

Remocidn (%)

Planta 1 Planta 2 Planta 3

Figura 2. Grdfica Resumen de Remocion de DQO y EC Global por planta

En resumen, se concluye que la combinacién de digestores anaerobios,
humedales artificiales y lagunas facultativas, como en el caso de la Planta 3, maximiza la
eficiencia depurativa del conjunto. La combinacién de digestores anaerobios,
humedales artificiales y lagunas facultativas permite que los procesos fisicos, quimicos
y bioldgicos se complementen mutuamente, generando un tratamiento progresivo y
robusto. Este hallazgo subraya el potencial de los sistemas de depuracién natural para
el tratamiento de aguas residuales ganaderas como alternativas viables, escalables y
sostenibles, especialmente adaptadas a las necesidades de las zonas rurales e insulares,

donde los recursos técnicos y econdmicos suelen ser limitados.

5.2. Decision Strategy Tool for the Desing of Natural Trearment

Systems for Wastewater (NTSW) from Isolated Livestock Farms

Esta investigacion se desarrolld una herramienta de decision estratégica
orientada al disefio y dimensionamiento de sistemas naturales de tratamiento de aguas
residuales, con especial enfoque en granjas porcinas localizadas en territorios insulares

o rurales aislados estudiadas en esta tesis. Esta iniciativa respondié a la necesidad de
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ofrecer soluciones técnicas viables para explotaciones ganaderas que, por sus
caracteristicas productivas y localizacidon geografica, no podian acceder a sistemas de

tratamiento convencionales debido a limitaciones econdmicas, técnicas o ambientales.

El disefio de la herramienta se fundamentd en una caracterizacion simplificada
del efluente generado en las explotaciones. Para ello, se seleccionaron tres parametros
clave: el caudal (Q), la DQO vy la EC. Dichos pardmetros fueron estimados a partir del
numero de cerdas reproductoras, una variable de facil obtencion en el ambito
agropecuario. Las correlaciones empleadas fueron construidas y validadas con base en
datos experimentales recopilados a lo largo de mas de diez aifios de funcionamiento y
monitoreo de sistemas SDN en condiciones reales, de las mismas plantas piloto

estudiadas en el articulo anterior expuesto en este compendio.

El modelo opera mediante una estructura de cuatro etapas decisionales,
organizadas en forma de diagrama de flujo. Cada etapa representa un bloque légico de
decisiéon y calculo, que permite avanzar en el disefio del sistema hasta alcanzar los
objetivos de tratamiento establecidos por la normativa vigente o por criterios técnicos

previamente definidos.
Etapa 1: Caracterizacidn del efluente y definicién de objetivos de remocién

En primer lugar, se realiza la estimacidon de los pardmetros principales del
residuo: Q, DQO y EC, a partir del nimero de cerdas reproductoras. Esto se lleva a cabo
mediante un conjunto de correlaciones empiricas basadas en datos experimentales

validados.

A partir de estos valores iniciales, se establece si el efluente supera los limites
maximos permitidos de vertido, definidos, por ejemplo, por el Real Decreto 306/2020
(1600 mg/L de DQO y 2.5 dS/m de EC). Si se superan dichos valores, es necesario

dimensionar un sistema de tratamiento.
Etapa 2: Pretratamiento — Separacién sélido-liquido

El primer componente del sistema es un separador sdlido-liquido, cuya funcién
es reducir la carga organica y eliminar parte de los sélidos suspendidos. La herramienta

asigna una eficiencia fija de remocion del 45 % para la DQO y del 7,5 % para la EC,
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basdndose en datos experimentales de campo. Estos valores permiten recalcular las
concentraciones residuales y evaluar si ya se cumplen los objetivos. Si no es asi, se

continuda con la siguiente etapa.
Etapa 3: Biodigestor anaerobio

En esta etapa, la herramienta evalla y dimensiona un biodigestor tipo tanque,
aplicando un TRH inicial de 13 dias. Se considera una remocion diaria del 2,3 % para DQO
y del 0,2 % para EC. Si con ese tiempo de retencién no se alcanzan los valores objetivos,
la herramienta ajusta el TRH de forma iterativa hasta lograrlo, dentro de margenes

técnicamente aceptables.

La herramienta permite ademas calcular el volumen total del digestor, el nimero
de camaras necesarias, el volumen por camaray el area ocupada, en funcion del Qy del

TRH establecido.
Etapa 4: Tratamiento terciario — Laguna y humedales construidos

Cuando el biodigestor no es suficiente o se desea reforzar el tratamiento, la
herramienta propone el uso de una combinacion de laguna facultativa y humedales
construidos. Esta opcidn es evaluada solo si las condiciones del emplazamiento lo

permiten clima hiumedo, disponibilidad de espacio, lejania de nucleos urbanos, etc...

El tratamiento terciario parte de un TRH estandar de 15 dias, y se aplican tasas
diarias de remocion del 1,34 % DQO y 1,51 % EC. Se calculan el volumen de la laguna 'y
la superficie requerida de humedales, y se verifica nuevamente el cumplimiento de los

objetivos de calidad.
Evaluacion final y seleccidon del sistema

Con base en las simulaciones anteriores, la herramienta define si el sistema
propuesto, ya sea con una, dos o tres etapas, cumple con los objetivos legales y técnicos
establecidos. De ser asi, se considera valido el disefio. En caso contrario, se recomiendan

ajustes en el TRH o en el tipo de tecnologia empleada.

Ademas, la herramienta toma en cuenta criterios geograficos y climaticos para

descartar configuraciones inviables en ciertos entornos. Por ejemplo, en zonas con
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escasa disponibilidad de espacio, se prioriza el uso de biodigestores de mayor TRH antes

gue lagunas o humedales.

Define livestock
waste and removal
rate target

T
h 4

(2
\H Solid-liquid separation ]

HRTgges = 13 days

\3/ Tank reactor
(biodigester)

A4

Yes Can a Pond and No
constructed
wetland be

installed?
HRT g = 15days HRT gges days = HRT e + A

(a)
Kl’ond and constructec J

wetlands

Does it meet the
Lo ? -«
| No
Yes
END

Figura 3. Diagrama de flujo para el disefio de SDN

La herramienta se estructurd en tres etapas principales:

1. Caracterizacion del residuo

2. Definicién de objetivos de remocién

3. Evaluacidn y diseio del sistema

Los porcentajes de remocidn considerados en cada etapa del proceso se basaron en

los resultados obtenidos a lo largo de esta investigacion. El tamiz mostro eficiencias del
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45 % en la remocion de DQO y del 7,5 % en la reduccion de EC. Por su parte, el
biodigestor alcanzé una remocién diaria del 2,3 % de DQO y del 0,2 % de EC, mientras
gue las lagunas y humedales construidos aportaron remociones adicionales de 1,34 %y

1,51 % por dia, respectivamente.

Para este estudio, la herramienta fue aplicada en nueve granjas porcinas ubicadas
en la isla de Gran Canaria, las cuales representaban el 94 % del censo porcino insular en
el afo 2021. Cada explotacién fue evaluada de manera individual, y se diseiid un sistema
SDN adaptado a las condiciones especificas de cada una. En las zonas de baja pluviosidad
se optd por sistemas basados exclusivamente en biodigestores, mientras que en zonas
con mayores precipitaciones y disponibilidad de espacio se incorporaron lagunas y
humedales, aprovechando las condiciones naturales del entorno para potenciar el

tratamiento.

La aplicacion de esta herramienta demostré su utilidad para el disefio de sistemas
naturales de tratamiento de aguas residuales adaptados a contextos rurales y aislados.
Se concluyé que no existe un disefio Unico aplicable a todas las explotaciones, y que cada
sistema debe ser ajustado a las condiciones particulares de la granja. Por ello, la
herramienta se consolidé como una guia técnica eficaz para el pre-dimensionamiento

de SDN, especialmente en entornos con recursos limitados y alta sensibilidad ambiental.

5.3. New methodology for calculating the production of biogas in

livestock wastewater treatment systems

Esta investigacion presenta una metodologia innovadora para simular y comprender
el proceso de digestién anaerobia en sistemas de tratamiento de aguas residuales
ganaderas, utilizando el software libre Scilab. Ademas, se aplica como propuesta de
aprendizaje centrado en la simulacién del comportamiento de un biodigestor
anaerdbico operando bajo condiciones de carga continua y discontinua, empleando el
modelo matematico AM2. Este modelo se fundamenta en dos procesos bioquimicos

principales: la acidogénesis-acetogénesis, cuya dindmica de crecimiento microbiano se
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describe mediante la cinética de Monod, y la metanogénesis, representada mediante

una cinética de tipo Haldane.

En este contexto, el objetivo general de esta investigacién es el desarrollo de una
metodologia accesible para el andlisis de la dinamica bioldogica en digestores
anaerobicos, permitiendo la exposiciéon de las poblaciones bacterianas a diferentes
variables operativas, asi como la aplicacién de modelos de crecimiento microbiano
ampliamente aceptados como los de Monod y Haldane. Asimismo, esta propuesta ha
sido elaborada como una orientacion docente, con el propdsito de integrarse en
actividades de formacidn practica dentro de asignaturas pertenecientes a programas de

Grado y Master relacionados con la ingenieria y la tecnologia ambiental.

La digestiéon anaerobia es un proceso microbiolégico complejo en el que diversos
grupos de microorganismos degradan materia orgdnica en ausencia de oxigeno. El
proceso puede dividirse en varias etapas: hidrélisis, acidogénesis, acetogénesis vy
metanogénesis. Sin embargo, para efectos de simplificacién modelada, se ha adoptado
el modelo AM2, que contempla exclusivamente dos etapas limitantes: acidogénesis y

metanogénesis (Bernard et al., 2001).

El modelo AM2 incorpora dos tipos de sustratos (S1: azlcares; S2: acidos grasos
volatiles) y dos tipos de biomasa (X1: bacterias acidogénicas; X2: bacterias
metanogénicas). Las cinéticas de crecimiento microbiano estdn representadas mediante
la ecuacién de Monod para la acidogénesis y la ecuacion de Haldane para la
metanogénesis, incorporando esta ultima el efecto de inhibicidon por concentraciones

elevadas de sustrato (Batstone, 2006).

El sistema estd constituido por un conjunto de ecuaciones diferenciales ordinarias
gue describen la dinamica de las concentraciones de biomasa y sustrato bajo
condiciones de carga continua o discontinua. La simulaciéon permite analizar tanto el
estado estacionario como los regimenes transitorios del Se utilizan métodos numéricos
predictivo-correctivos: una aproximacion explicita tipo Euler como predictor, seguida de

un corrector implicito tipo Crank—Nicolson (Leon et al., 2021).

La metodologia desarrollada incluye la simulacién del comportamiento de las

poblaciones bacterianas bajo la influencia de diversas variables operativas. Esta
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aproximacion permite observar el impacto de variaciones en el flujo de entrada, la
concentracion del sustrato y la frecuencia de carga, facilitando una comprensién

profunda del sistema.

Las simulaciones realizadas demuestran que la introduccion discontinua del sustrato
genera oscilaciones significativas en la concentracion de sustratos y biomasa. No
obstante, el sistema tiende a alcanzar un nuevo estado estacionario bajo ciertas
condiciones de operacion. Se evidencia que a mayor intervalo entre cargas, es necesario
incrementar el volumen de carga para evitar la pérdida de actividad microbiana.
Asimismo, se confirma que el modelo AM2 es capaz de representar adecuadamente la
evolucion del sistema ante distintos esquemas de operacidon, ofreciendo una
herramienta fiable para el andlisis y disefio de digestores anaerobios (Lauwers et al.,

2013).
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Figura 4. Estado transitorio de azucares a diferentes cargas
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Acido acético
Biomasa degradadora de acidos acéticos

Sy y Xo
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Figura 5. Estado transitorio de dcidos acéticos a diferentes cargas

Figura 6. Plano fase de azucares en estado transitorio a diferentes cargas
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Figura 7. Plano fase de dcido acético en estrado transitorio a diferentes cargas

El modelo propuesto ha demostrado ser una herramienta eficaz para representar el
proceso de digestion anaerdbica, mostrando un rendimiento significativo en la
reduccion de la carga orgdanica de las aguas residuales. Ademas, su caracter versatil
facilita la modificacién de las condiciones de disefio y operacién, lo que lo convierte en
un recurso didactico valioso tanto para estudiantes como para docentes interesados en

comprender y aplicar los fundamentos de este proceso biotecnolégico.

Los resultados permiten evaluar el comportamiento del sistema ante distintas
condiciones de carga y facilitan suimplementacién tanto en contextos de disefio técnico
como en actividades formativas. La herramienta desarrollada contribuye a fortalecer la
comprensién de procesos biolégicos complejos y fomenta una visidn interdisciplinaria
en la gestion de residuos agroindustriales. En definitiva, el modelo AM2, integrado en
un entorno de simulacién computacional, se presenta como una herramienta robusta y
pedagdgicamente valiosa para la formacion en tecnologias sostenibles de tratamiento

de aguas y produccién de energia renovable.
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6. Conclusiones

Los tres articulos desarrollados en esta tesis doctoral constituyen una propuesta
integral para abordar la gestiéon de aguas residuales en explotaciones ganaderas
insulares mediante sistemas de tratamiento natural, incorporando enfoques empiricos,

metodoldgicos y de modelizacion matematica.

En primer lugar, mediante los resultados de la monitorizacion prolongada de plantas
piloto operando en condiciones reales, se comprobd que los SDN tienen capacidad de
adaptacion frente a fluctuaciones en carga hidraulica y orgdnica, manteniendo la
estabilidad del efluente tratado. Se evidencié que la combinacién de digestores,
humedales construidos y lagunas facultativas permite una mayor eficiencia de
depuracion, con un bajo coste operativo, convirtiéndose en una alternativa viable frente

a tecnologias convencionales.

En segundo lugar, se desarrollé y aplicd una herramienta de decisién basada en
parametros clave que permite el disefio preliminar y dimensionamiento de estos en
explotaciones porcinas. Esta herramienta fue validada en nueve granjas representativas
del censo ganadero de Gran Canaria, demostrando su utilidad para orientar el disefio
personalizado de soluciones de tratamiento, adaptadas a las caracteristicas de cada

explotacidn.

Por ultimo, se implementd un modelo matematico (AM2) para simular la digestion
anaerobia en diferentes regimenes de carga, utilizando el software libre Scilab. La
simulacidn del comportamiento transitorio de biomasa y sustratos permite estimar la
produccién potencial de biogas y analizar la eficiencia del sistema, constituyéndose en
una herramienta de disefio para profesionales y formativa para estudiantes en el area

de tecnologias ambientales.

En conjunto, las conclusiones obtenidas a partir de los tres enfoques presentados
configuran una base metodoldgica sélida para la implementacién técnica, econdmica y
formativa de los SDN, reforzando su aplicabilidad como estrategia de gestion integrada

de residuos en territorios aislados o con limitaciones estructurales. La tesis contribuye,
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por tanto, al desarrollo de soluciones adaptativas, sostenibles, orientadas a la economia

circular y a la valorizacion energética en el contexto ganadero.
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