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Resumen 

Resumen 
El proceso de digestión anaerobia se ha estudiado desde hace años resultando en una gran 

cantidad de aplicaciones. Las investigaciones dentro de esta tecnología se han orientado 

hacia la mejora con diferentes enfoques científicos: el estudio más fundamental del 

proceso, la cinética de las etapas, el uso final de los productos y subproductos obtenidos, 

o los pretratamientos para la optimización del proceso, entre otros. 

Se trata de un proceso biológico que de manera controlada puede suponer una gran 

oportunidad para la generación de energía renovable y su integración dentro del mix 

energético de los países. Su principal producto es el biogás que tiene un alto poder 

calorífico y se usa como una fuente de bioenergía que sustituye a los combustibles fósiles, 

los cuales actualmente siguen suponiendo más del 75% del consumo energético global. 

Una mayor implementación de la producción de biogás supondría un ahorro en emisiones 

de gases de efecto invernadero y la mitigación del uso de combustibles fósiles derivado 

del crecimiento de la población, que a su vez implica un aumento de la generación de 

residuos orgánicos. El desarrollo de las tecnologías de digestión anaerobia puede tener un 

efecto doble, ya que con la producción del biogás se dejan de emitir gases de efecto 

invernadero a la atmósfera al tratarse de una fermentación anaeróbica controlada de 

residuos orgánicos, y en su consumo se evita el uso de otros combustibles más dañinos 

para el medio ambiente. Estas emisiones captadas por la digestión anaerobia controlada 

tienen un potencial enorme cuando trabajamos con sustratos o residuos orgánicos 

agrícolas (de origen antropogénico) ya que, de manera espontánea, suponen actualmente 

el 40 % de las emisiones de metano a la atmósfera siendo este gas uno de los más dañinos 

con el medio ambiente por su fuerte efecto en el aumento de las temperaturas, que es 

aproximadamente 28 veces mayor que el dióxido de carbono. 

Es, por tanto, imprescindible centrar parte de los esfuerzos en mitigar este efecto con una 

mejor gestión de esta actividad agrícola dentro del sector primario con un doble enfoque 

para convertir al sector (i) mejorando su rentabilidad, por la gestión de los subproductos 

generados, así como (ii) atenuando su efecto como fuente de gases de efecto invernadero 

y, en suma, transformarlo en un proceso mucho más sostenible.  

En este contexto, los desechos ganaderos como el purín de cerdo y otros animales, que 

además llevan asociados otros problemas ambientales por contaminación de suelos y 
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Resumen 

malos olores, son sustratos adecuados y ampliamente utilizados para la producción de 

biogás. Los subproductos de las plantaciones de cereales básicos como el trigo, la cebada 

o el centeno, por su abundancia y amplia disponibilidad geográfica se presentan como 

sustratos clave en esta transformación. Finalmente, la industria de productos agrícolas, 

que normalmente demanda energía, también tiene una oportunidad de transformación 

hacia la sostenibilidad incluyendo procesos de digestión anaerobia con la gestión de los 

subproductos de bajo o nulo valor añadido. En este sentido, la industria vitivinícola por 

su extensa distribución y la gran cantidad de subproductos asociados a su actividad puede 

contribuir notablemente a la generación de bioenergía en el sector primario. Dentro de 

esta industria las lías de vino son uno de los sustratos con más necesidades de gestión por 

su alto contenido de materia orgánica y su compleja composición química que puede tener 

efectos nocivos en el medioambiente. 

No obstante, la transformación biológica dentro del proceso de digestión anaerobia va a 

ser diferente para cada tipo de sustrato por su diferente composición química y 

propiedades físicas. Es, por tanto, imprescindible estudiar a fondo los diferentes 

subproductos disponibles para su gestión a partir de la fermentación anaeróbica con el 

objeto de maximizar su transformación. De este modo, el desarrollo tecnológico del 

proceso de digestión anaerobia aplicado al sector agrícola es básico para la 

implementación de la producción de biogás y una operación más eficiente de las 

instalaciones, permitiendo que sea, más respetuoso con el medio ambiente y rentable para 

el usuario final.  

El objetivo de esta tesis es el estudio a escala de laboratorio de tecnologías incipientes en 

el proceso de la digestión anaerobia aplicada a sustratos orgánicos procedentes de la 

actividad agrícola. Estos estudios se acompañan de un análisis de proyección para la 

integración a escala real a partir de simulaciones con datos experimentales. 

Específicamente, se busca optimizar la digestión anaerobia mediante el control y 

seguimiento de los parámetros operativos gracias al (i) estudio microbiológico del medio, 

(ii) la generación de subproductos de alto valor durante el proceso, (iii) la eficiencia del 

uso de micropartículas para acelerar la transformación biológica, (iv) el uso de 

pretratamientos en residuos lignocelulósicos y (v) la viabilidad de combinar la digestión 

anaerobia con otras fuentes de energía renovable. 
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Para ello, en las dos primeras secciones se presenta el estado del arte del proceso de 

digestión anaerobia y sus nuevas perspectivas (Capítulo 1) así como los objetivos y 

desarrollo de la tesis (Capítulo 2). Los posteriores cinco capítulos (3-7) son las líneas de 

trabajo específicas que preceden a una última sección de conclusiones y líneas futuras de 

trabajo (Capítulo 8). 

En el Capítulo 3, se propuso una aplicación de tecnología híbrida para la generación de 

biogás y biometano en granjas aisladas a partir de la digestión anaerobia del purín de 

cerdo generado en la actividad ganadera y la instalación de paneles solares híbridos con 

capacidad de producir simultáneamente calor y electricidad para proporcionar energía 

térmica para la fermentación anaeróbica (entre 35 y 55 °C) y energía eléctrica/térmica 

para los consumos del proceso y de la transformación del biogás en biometano 

(upgrading).  

Para ello, se estudiaron cinco localizaciones diferentes a nivel mundial en zonas de alta 

actividad porcina, evaluando el balance energético y la generación final de energía en 

forma de biometano en función de las condiciones climáticas de cada localización 

comprobando que: (i) la configuración híbrida planteada garantiza un mayor rendimiento 

energético y acceso a bioenergía en zonas aisladas, (ii) las altas temperaturas y, en 

particular, la disponibilidad de luz solar, favorecen este sistema híbrido en términos de 

eficiencia energética y conversión a biometano, con valores máximos en zonas tropicales, 

hasta el 83,3% del potencial, y mínimos en climas templados fríos, menos del 40 % en 

promedio anual y (iii) los climas templados permiten una producción intermitente de 

biometano con una marcada estacionalidad que limita la operación de upgrading a los 

meses cálidos. Se realizó un análisis económico considerando los costes de capital y 

operativos del sistema híbrido propuesto con el objeto de compararlo con otras energías 

renovables en términos de “Coste nivelado de la energía” (LCOE), que es un indicador 

normalizado del coste promedio neto de generación de energía durante el ciclo de vida 

del sistema, obteniendo un valor de entre 0,042 y 0,055 USD/kWh en función de la 

localización, resultando notablemente competitivo en comparación con otras tecnologías 

del sector energético. 

En el Capítulo 4, se evaluó la producción simultánea de biogás y carboxilatos o ácidos 

grasos volátiles (AGVs) por fermentación anaerobia como subproducto intermedio del 

proceso. Para ello, se estudiaron las condiciones operativas óptimas de la fermentación 
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acidogénica cuyos principales productos son los AGVs -ácidos acético (C2), propiónico 

(C3), butírico (C4) y valérico (C5)- utilizando como sustrato agrícola paja de cultivos de 

cereal (trigo, cebada y centeno), con diferentes condiciones de pretratamiento mecánico, 

a partir de un experimento por lotes. Las transformaciones bioquímicas se modelizaron 

mediante las ecuaciones y formulaciones validadas aplicadas para la producción de 

biogás (ADM1), y se calcularon balances de masas para evaluar la bioconversión de 

diferentes sustratos.  

La modelización de las fases de digestión anaerobia ayudó a comprender el proceso y a 

establecer una estrategia para maximizar la producción de AGVs. El uso de un tiempo 

hidráulico de residencia (THR) de entre 9 y 12 días permitió alcanzar una concentración 

total de AGVs por encima 4000 mg/L paralelamente a una producción de biogás en torno 

a 300 mL CH4/g SV. La generación simultánea de AGVs y biogás permitiría suplir el 

consumo térmico para la operación del digestor en la integración del proceso dentro de 

una planta de biorrefinería. Esta configuración propuesta maximiza la bioconversión de 

biomasa en bioproductos y garantiza las necesidades energéticas del proceso. 

La paja de cebada presentó un índice de conversión por encima del 60 % de la DQO 

inicial, siendo un 30 y un 35% superior al de la paja de centeno y trigo, respectivamente, 

probablemente debido a que su menor contenido en lignocelulosa favorece su 

biodegradabilidad. El pretratamiento mecánico, por otra parte, permitió aumentar, para 

los tres sustratos, tanto el rendimiento de la bioconversión de la paja en biogás y 

carboxilatos como la cinética del proceso de digestión anaerobia (hasta un 40%). 

En el Capítulo 5, se evaluó el efecto de la adición de micropartículas en el rendimiento 

del proceso de digestión anaerobia de las lías del vino, subproducto de la industria 

vitivinícola. Para ello se pusieron en marcha reactores anaerobios discontinuos en los que 

se estudió el potencial de producción metanogénico con la agregación de micropartículas 

de base férrica (magnetita) y carbonosa (grafito), para determinar su efecto en la mejora 

del potencial de producción de biometano (BMP). Al mismo tiempo, se monitorizaron 

otros parámetros clave del proceso, como la composición del biogás, el pH y la 

concentración de AGVs y compuestos fenólicos. 

La adición de micropartículas de magnetita dio lugar a un aumento sustancial del 39,1% 

en las tasas de producción de biometano, mientras que el uso de micropartículas de grafito 

produjo un aumento del 35,6%. No obstante, durante el proceso de digestión anaerobia 
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se detectaron factores inhibidores, como un elevado contenido de AGVs y bajos valores 

de pH, que no se evitaron con la presencia de las partículas. Además, el contenido en el 

biogás de ácido sulfhídrico (H2S) mostró un rápido aumento a lo largo del proceso de 

digestión anaerobia lo que supuso otro factor inhibitorio del proceso. 

En el Capítulo 6, se pusieron en marcha dos reactores anaerobios paralelos alimentados 

con purín de cerdo trabajando en condiciones semicontinuas durante 150 días 

monitorizando los parámetros fisicoquímicos relevantes en el proceso de digestión 

anaerobia trabajando a un bajo THR con el objeto de identificar posibles inhibiciones y 

analizar las poblaciones microbianas en cada escenario, a partir de las abundancias 

relativas basadas en el ARNr 16s.  

La producción de biometano registró una fuerte inhibición debida a las altas 

concentraciones de amoniaco y AGVs que se superó tras más de 70 días de marcha. Estas 

tendencias indican que las condiciones del reactor cambian con el tiempo y subrayan la 

importancia de una cuidadosa monitorización y control de los parámetros del sistema 

(químicos y biológicos) para optimizar la producción de biogás en aplicaciones de 

digestión anaerobia. Además, el análisis microbiológico reveló que los taxones de 

bacterias y arqueas identificadas en el purín de cerdo muestran resiliencia durante el 

proceso de digestión anaerobia, lo que sugiere que la población microbiana que se 

encuentra en este sustrato podría ser suficiente para la rápida puesta en marcha de la 

digestión anaerobia sin necesidad de añadir fuentes externas de microorganismos como 

lodos anaerobios. 

En el Capítulo 7, se evaluó el efecto de la aplicación de un pretratamiento mecánico y 

térmico (explosión de vapor) en la paja de trigo como sustrato para la mejora cinética de 

su transformación biológica en biometano. Para ello, se establecieron experimentos por 

lotes dando seguimiento a la producción de biogás y a otros parámetros críticos del 

proceso. También se llevó a cabo una evaluación energética de todo el proceso para 

determinar su viabilidad a escala real comprobando que la etapa de hidrólisis térmica 

optimizaba el balance energético del proceso hasta un 15 % por descomposición de la 

hemicelulosa de la paja de trigo que hace que se aumente la biodegradabilidad del 

sustrato. 

Los resultados obtenidos en esta tesis confirman el potencial del proceso de digestión 

anaerobia en la gestión de los residuos y subproductos agrícolas como una tecnología 
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eficiente, limpia y sostenible que favorece la economía circular. La necesaria 

transformación del sector pasa por este tipo de alternativas que además deben resultar 

rentables para su inversión. El desarrollo tecnológico del proceso se hace necesario para 

mejorar el rendimiento del proceso e incentivar su uso. En este desarrollo se puede 

mejorar sustancialmente el rendimiento mediante: (i) la hibridación de digestores 

anaerobios con energía solar, en el caso de sustratos procedentes de la ganadería, (ii) la 

conversión de sustratos agrícolas abundantes en bioproductos (AGVs), (iii) la adición de 

micropartículas en sistemas destinados a sustratos recalcitrantes de difícil digestión, (iv) 

la caracterización de poblaciones microbianas en procesos susceptibles de sufrir 

inhibiciones y (v) la aplicación de pretratamiento térmico para mejorar la 

biodegradabilidad de sustratos de composición lignocelulósica. 
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Abstract 
The anaerobic digestion process has been studied for years, leading to numerous 

applications. Research in this technology has been focused on improvement through 

various scientific approaches: the most fundamental study of the process, the kinetics of 

the stages, the final use of the products and by-products obtained as well as pretreatments 

for process optimization, among other aspects. 

This is a biological process which, in controlled conditions, can represent a great 

opportunity for the generation of renewable energy and its integration into the country’s 

energy mix. Its primary product is biogas, which has a high calorific value and is used as 

a source of bioenergy with the capacity to be a direct substitute for fossil fuels, which 

currently still account for more than 75% of global energy consumption. Greater 

implementation would mean savings in greenhouse gas emissions and mitigation of the 

use of fossil fuels due to global population growth, which leads to a constant increase in 

energy consumption and the generation of organic waste. Its implementation would also 

result in a double effect. From production, where greenhouse gas emissions to the 

atmosphere are avoided through controlled anaerobic fermentation, to its final 

consumption, which avoids the use of other more environmentally harmful fuels. The 

emissions captured through controlled anaerobic digestion have a significant potential, 

particularly when dealing with agricultural organic substrates from the anthropogenic 

activity since, these emissions account for 40% of methane released into the atmosphere 

spontaneously. Methane is one of the most environmentally damaging gases due to its 

strong effect on temperature increase, approximately 28 times greater than carbon 

dioxide. 

Therefore, it is imperative to focus efforts on mitigating this effect through a better 

management of this agricultural activity within the primary sector. This involves a double 

approach of (i) enhancing the sector's profitability through the management of the by-

product generated and (ii) mitigating its impact as a source of greenhouse gas emissions, 

ultimately transforming it into a much more sustainable process. 

In this context, livestock waste such as pig slurry, which are also associated with 

environmental issues due to soil contamination and unpleasant odours, are suitable and 

widely substrates for the biogas production. By-products from basic cereal crops like 

wheat, barley, or rye, due to their abundance and high geographical availability, emerge 
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as key substrates in this transformation. Finally, the agricultural products industry, that 

normally requires energy in its activity, also has an opportunity for transformation 

towards sustainability by including anaerobic digestion processes with the management 

of low or no added-value by-products. In this sense, the wine industry, due to its extensive 

distribution and the significant quantity of by-products associated with its activities, can 

contribute significantly to bioenergy generation in the primary sector. Within this 

industry, wine lees are one of the substrates with the greatest management needs due to 

their high organic matter content and complex chemical composition, which can have 

harmful effects on the environment. 

The biological transformation in process of anaerobic digestion varies for each type of 

substrate due to differences in chemical composition and physical properties. In such a 

way that is essential to study the different available by-products for their management 

through anaerobic fermentation to maximise the biotransformation. In this way, 

technological development in the anaerobic digestion process applied to the agricultural 

sector is fundamental for a biogas production implementation and a more efficient 

operation of the installations. This not only ensures environmental improvement but 

ultimately makes it profitable for the end user. 

The aim of this thesis is to investigate, at a laboratory scale, the emerging technologies in 

the anaerobic digestion process using organic substrates from agricultural activities. 

Additionally, the study includes their integration on a larger, real scale through a 

simulation projection based on experimental data. Specifically, the aim is to enhance the 

anaerobic digestion process by controlling and monitoring operating parameters through 

(i) microbiological analysis of the medium, (ii) the generation of high-value by-products 

during the process, (iii) the efficient use of microparticles addition to accelerate the 

biological transformation, (iv) the application of pretreatments on lignocellulosic wastes, 

and (v) the feasibility of integrating anaerobic digestion with other renewable energy 

sources. 

For this purpose, the first two sections provide an overview of the state of the art in the 

anaerobic digestion process and its new perspectives (Chapter 1), as well as the 

objectives and development of the thesis (Chapter 2). The following five chapters (3-7) 

represent the specific lines of work, leading to a final section of conclusions and future 

lines of work (Chapter 8). 
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In Chapter 3, a hybrid technology application was proposed for biogas and biomethane 

generation on isolated farms. This involved anaerobic digestion of pig slurry from 

livestock activities and the installation of hybrid solar panels capable of simultaneously 

producing heat and electricity. The generated heat serves the anaerobic fermentation 

process (maintained between 35 and 55 °C), while the electricity/heat powers the overall 

process and the upgrading of biogas into biomethane. 

To achieve this, five different locations worldwide with a high pig farming activity were 

studied, evaluating the energy balance and the final energy generation in the form of 

biomethane based on the climatic conditions of each location. The findings confirmed 

that: (i) the proposed hybrid configuration ensures higher energy efficiency and access to 

bioenergy in isolated areas, (ii) high temperatures, especially sunlight availability, favour 

this hybrid system in terms of energy efficiency and biomethane conversion, reaching 

maximum values in tropical zones, up to 83.3% of the potential, and minimums in cold 

temperate climates, averaging less than 40% annually, and (iii) temperate climates allow 

intermittent biomethane production with a marked seasonality that limits upgrading 

operation to warm months. An economic analysis was carried out considering the capital 

and operational costs of the proposed hybrid system in order to compare it with other 

renewable energies in terms of the "Levelized Cost of Energy" (LCOE), which is a 

standardized indicator of the average net cost of energy generation over the system's 

lifecycle. The obtained value ranged between 0.042 and 0.055 USD/kWh depending on 

the location, proving to be significantly competitive compared to other technologies in 

the energy sector. 

In Chapter 4, a simultaneous production of biogas and carboxylates or volatile fatty acids 

(VFAs) as an intermediate by-product of the anaerobic fermentation process was 

evaluated. Optimal operational conditions for acidogenic fermentation were studied, 

focusing on the production of VFAs - acetic acid (C2), propionic acid (C3), butyric acid 

(C4), and valeric acid (C5). The agricultural substrate used in this investigation was cereal 

straw (from wheat, barley, and rye crops), with a different mechanical pretreatment 

conditions, in a batch experiment setup. Biochemical transformations were modelled 

using validated equations and formulations applied for biogas production (ADM1). Mass 

balances were calculated to evaluate the bioconversion of different substrates. 
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The modelling of anaerobic digestion phases facilitated an understanding of the process 

and to establish a strategy to maximize the production of Volatile Fatty Acids (VFAs). 

Employing a hydraulic retention time (HRT) between 9 and 12 days led to achieving a 

total VFA concentration exceeding 4000 mg/L, concurrently with a biogas production of 

around 300 mL CH4/g VS. The simultaneous generation of VFA and biogas would allow 

to supply the thermal consumption for the digester operation in the integration of the 

process within a biorefinery plant. This proposed configuration aims to optimize the 

biomass bioconversion into bioproducts while ensuring the energy requirements of the 

process. 

Barley straw showed a conversion rate above 60% of the initial chemical oxygen demand 

(COD), which was 30% and 35% higher than that of rye and wheat straw, respectively. 

This difference is likely attributed to its lower lignocellulose content, promoting higher 

biodegradability. On the other hand, mechanical pretreatment increased both the 

conversion efficiency of straw into biogas and carboxylates and the kinetics of the 

anaerobic digestion process for all three substrates, achieving an improvement of up to 

40%. 

In Chapter 5, the impact of adding microparticles on the performance of the anaerobic 

digestion process of wine lees, a by-product of the wine industry, was evaluated. 

Discontinuous anaerobic reactors were employed to investigate the methanogenic 

production potential with the addition of microparticles, specifically iron-based 

(magnetite-Fe3O4) and carbon-based (graphite) to determine their effect on improving the 

biochemical methane potential (BMP). Simultaneously, other key process parameters, 

such as biogas composition, pH, and concentrations of VFAs and phenolic compounds, 

were monitored. 

The addition of Fe3O4 microparticles resulted in a substantial increase of 39.1% in 

biomethane production rates, while the use of graphite microparticles led to a 35.6% 

increase. However, inhibitory factors were identified during the anaerobic digestion 

process, such as a high concentration of VFAs and low pH values, which were not 

mitigated by the presence of the particles. Additionally, the hydrogen sulphide (H2S) 

content in the biogas showed a rapid increase throughout the anaerobic digestion process, 

serving as another inhibitory factor. 
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In Chapter 6, two parallel anaerobic reactors were initiated, fed with pig slurry, and 

operated under semi-continuous conditions for 150 days, monitoring the relevant 

physicochemical parameters in the anaerobic digestion process, operating at a low 

hydraulic retention time (HRT). The objective was to identify potential inhibitions and 

analyse microbial populations in each stage based on relative abundances derived from 

16S rRNA. 

The production of biomethane experienced a significant inhibition due to high 

concentrations of ammonia and VFAs, a challenge that was overcome after more than 70 

days of operation. These trends highlight that reactor conditions evolve over time and 

underscore the importance of careful monitoring and control of system parameters 

(chemical and biological) to optimize biogas production in anaerobic digestion 

applications. Additionally, the microbiological analysis revealed that the intrinsic bacteria 

and archaea taxon’s present in pig slurry exhibit resilience and could be very significative 

during the anaerobic digestion process. This suggests that the microbial population 

inherent to this substrate might be sufficient for the rapid initiation of anaerobic digestion 

without the need to introduce external sources of microorganisms, such as anaerobic 

sludge. 

In Chapter 7, the impact of implementing mechanical (milling) and thermal 

pretreatments (steam explosion) on wheat straw as a substrate was evaluated to enhance 

the kinetic aspects of its biological transformation into biomethane. Batch experiments 

were set up to monitor biogas production and other critical process parameters finding 

the highest biomethane production with a steam explosion conditions of 170 ˚ and 7 bars 

for 15 minutes. 

An energy assessment of the whole process was also carried out to determine its 

feasibility at a real scale, proving that the thermal hydrolysis stage optimized the energy 

balance of the process by up to 15% through the decomposition of wheat straw 

hemicellulose, enhancing the substrate's biodegradability. 

The results obtained in this thesis confirm the potential of the anaerobic digestion process 

in the management of agricultural wastes and other by-products as an efficient, clean, and 

sustainable technology that favours the circular economy. The necessary transformation 

of the sector relies on such alternatives, which must also prove profitable for investment. 
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Technological advancements in the process are essential to enhance its performance and 

encourage its widespread implementation. 

In this development, anaerobic digestion performance can be substantially enhanced 

through: (i) the hybridization of anaerobic digesters with solar energy, particularly for 

substrates from livestock, (ii) the conversion of abundant agricultural substrates into 

bioproducts (AGVs), (iii) the addition of microparticles in systems designed for 

recalcitrant substrates with challenging digestibility, (iv) the characterization of microbial 

populations in processes susceptible to inhibitions, and (v) the application of thermal 

pretreatment to improve the biodegradability of lignocellulosic substrates. 
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1.1. Current global situation 
The continuous growth of the global population has supposed a significant challenge in 

sustainability. This phenomenon has increased the pressure on natural resources and 

intensified the demand for resources as food or water, and energy. Population growth and 

the rise in energy consumption are directly correlated (Fig. 1). Fossil fuels, including coal, 

natural gas, and oil, currently account for 78.9% of the origin of consumed energy (Fig. 

1, a). Despite the prominent use of fossil fuels, renewable energy sources are growing 

rapidly and in recent years they have registered an increasing share of generation, 

surpassing 20,000 TWh and supplying 12.6% of global energy and 29.9% of electricity 

generation [1]. 

 

Fig. 1. a) Global primary energy consumption by source and b) World population evolution and 

their annual change, 1990-2022; [2]. 

This high dependence on fossil resources to meet global energy demand creates an 

unsustainable  framework. The continuous extraction and burning of fossil fuels, besides 

contributing to greenhouse gas emissions (GHG), has led to the accelerated depletion of 

these non-renewable resources. In this sense,  the term defined as peak oil, referring to 

the point in time when global oil production reaches its maximum level and starts to 

decline irreversibly generating energy insecurity, has been already surpassed (Fig. 2, a). 

This situation underscores the urgent need to a transition towards alternative energy 

sources. 
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In parallel, the increased consumption of natural resources has also had a huge impact on 

waste generation (Fig. 2, b). The production of substantial amounts of solid waste, 

coupled with inefficient waste management practices, contributes to soil and water 

degradation, among other impacts. The composition of waste generated globally averages 

in 40 % of organic fraction, in case of urban activities and more than 90 % in rural 

activities. That means that most part of the waste produced could be easily transformed 

into energy or commodities [3,4]. 

 

Fig. 2: a) Global oil demand in exajoules with three scenarios projected between 1970-2050. [5,6] 

b) Waste generation worldwide and the projection 2015-2050. [7]. 

This rise in resource depletion and waste generation is significantly impacting on 

greenhouse gases (GHG) emissions, and contributing to the global warning (Fig. 3, a). In 

this manner, emmissions have reached values close to 40 Gt CO2 equivalents, mainly 

pushed by industrial activity, transportation, and energy generation. [8]. This global 

warning is perceptible with indicators as rising temperatures, melting ice caps, droughts 

and more frequent extreme weather events. These dangerous consequences have 

motivated international efforts to address the GHG emissions mitigation: including the 

key agreements such as the Paris Agreement, where nations commit to limiting global 

temperature increases or The Kyoto Protocol, outlined emission reduction targets 

between others [9,10]. 

In addition to CO2 emissions, the impact of other emissions that contribute to global 

warming, such as methane (CH4), nitrogen oxides (NOx), or hydrofluorocarbons (HFCs), 

among others, must also be considered. Collectively, these emissions contribute to 

climate change by trapping heat in the atmosphere, intensifying the greenhouse effect 

[11]. 
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Fig. 3: a) Global CO2 and b) CH4 emissions and their annual change (Gt and Mt), 1990-2022 

[8,12]  

Methane emissions into the atmosphere may account for approximately 30% of the 

increase in global temperatures since the Industrial Revolution. This effect is attributed 

to two factors: (i) the duration it remains in the atmosphere and (ii) its capacity to absorb 

energy. Methane has a much shorter atmospheric lifetime than CO2, around 12 years 

compared to centuries, but it absorbs significantly more energy while present in the 

atmosphere, resulting into 28 times the impact of CO2 [13]. 

The origin of methane emissions includes approximately 35% from natural sources and 

65% from human activities (Fig. 4, b). The most significant anthropogenic source is 

agriculture, accounting for about a quarter of total emissions, closely followed by the 

energy sector including emissions from coal, oil, natural gas, and biofuels [14]. 

Agricultural methane emissions come from livestock production, crop cultivation, 

landfills, and wastewater management. The largest contributor to the CH4 emissions 

globally is livestock farming, primarily due to the ruminant activity of animals that emit 

methane as a by-product of the microbial activity in their digestive systems [15,16]. The 

primary factor contributing to the rise in emissions is the continual growth of the total 

number of livestock, once again linked to global population expansion (Fig. 4, a), even 

though in recent years the use of more modern technologies and optimization of diets has 
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changed the linearity between the number of heads and the emission, with a clear 

reduction of methane release [17]. 

 

Fig. 4. a) Number of livestock in the world, 1980-2021 [18]; b) Sources of methane emissions 

[14] 

An important contribution to methane emissions includes the management of liquid 

manure, including storage of sludge in lagoons, ponds or tanks, where the organic matter 

is spontaneously transformed into methane, which is responsible for 10-15% of total 

anthropogenic methane emissions [19]. Another important source are agricultural 

plantations, where waterlogged crops such as rice in flooded fields represent a significant 

source of methane emissions. Likewise, the management of by-products such as straw 

from staple crops like wheat, rice, and corn, with a huge worldwide production (Fig. 5), 

must also be considered since their natural decomposition releases GHG emissions, also 

contributing to soil and water pollution. Furthermore, the common practice of burning the 

straw as a disposal method has an even more damaging effect on air quality. 

 

Fig. 5. a) Basic cereals production in the world, 1995-2022 and b) straw production estimation in 

millions of tons [18,20] 
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A third source of GHG emission is the agro-industrial waste management based in landfill 

deposition., becoming a significant methane production source [21]. That is the case of 

by-products derived from wine industry, that is globally widespread and especially 

important in Spain. (Fig. 6). During the process, by-products like grape pomace or wine 

lees are generated, and their organic composition represents an environmental challenge 

that requires a proper management. 

 

Fig. 6. a) Wine production and wine lees generation in the world in millions of tons, 1995-2021 

and b) Wine production per country [18] 

In all cases, these uncontrolled agricultural CH4 emissions can considerable reduced by 

improving the management of their sources through two strategies (i) minimize such 

emissions and (ii) capture and convert these emissions into available energy, considering 

that methane gas has a high energy content. A significant portion of the proposed 

solutions to decrease CH4 emissions into the atmosphere involves implementing the best 

available techniques aimed at enhancing the environmental efficiency of processes. This 

includes reducing pollutant emissions and resource consumption under economically and 

technically viable conditions. In the livestock sector, the strategies include applying 

nutritional techniques, enhancing housing design and management, implementing 

improvements during manure or slurry storage and optimizing water and energy usage 

[22]. In agricultural plantations, techniques such as periodic drainage and aeration can be 

applied. On one hand, these methods oxidize existing soil CH4, and on the other hand, 

they inhibit the additional production of CH4 in the soil [23]. 

In this context, anaerobic digestion emerges as an alternative for managing agricultural 

by-products. Through a controlled biological process, it does not only minimize CH4 
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emissions but also valorises it for a final energy use. This approach has a double impact 

on the emissions balance of agricultural activities, potentially transforming a GHG 

emissions source into an emission sink [24] (Fig. 7). In addition to the environmental 

positive impact of this management, there is also an economic revenue due to the added 

value of the by-products generated in the process. Both biogas as an energy source and 

digestate as a fertilizing source contribute to this economic effect [25]. 

 

Fig. 7. Livestock farm (a) transformed using anaerobic digester (b). 

 

Further improvement is needed to enhance biogas production performance, incorporating 

initiatives such as (i) microbiological characterization for process stability, (ii) pre-

treatment in substrates with higher biodegradation difficulty, or (iii) using additives to 

improve biotransformation rates. Additionally, enabling the technology implementation 

in areas with organic substrate availability, even in energetically isolated regions through 

(iv) the hybridization with other energy sources to optimise the energy balance. 

Furthermore, agricultural wastes can be transformed by simple fermentation into (v) 

valuable bioproducts (such short chain organic acids) useful in the chemical industry. 

Finally, (vi) the process validation is needed for different organic substrates, paying 

special attention in those of agricultural origin due to their greater availability.  

The development of these lines of work will make the anaerobic digestion process a more 

robust, efficient, and ultimately, a more profitable environmental technology for waste 

management. 
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1.2. Anaerobic digestion process 

1.2.1. Background 
Anaerobic digestion (AD) is a biological process where the organic matter is transformed 

from complex compounds to simpler compounds by microbiological activity in the 

absence of oxygen. The growing interest in this spontaneous process in recent decades 

has different perspectives, with the main ones being the reduction of organic load of 

substrates with a high organic content, the production of a biogas with a high energy 

content, or the obtaining of intermediate by-products from the process that can be applied 

in various industries. 

In the research field, new lines of work are also being continuously explored, focused on 

gaining a deeper understanding of all process variables with the final objective of improve 

the biogas production ensuring the operation and stability. This includes studying the 

physicochemical parameters of operation, the substrates used in the process and their 

biodegradability, as well as the microbiological characterization of organic matter 

transformers. 

AD, as a technology that is increasingly integrated into the research development field 

was identified and used centuries ago, with significant scientific and technological 

contributions over the years, as depicted in Fig. 8. Historical documents suggest that the 

Sumerians, 5,000 years ago, employed anaerobic cleaning of waste and wastewater. 2,000 

years ago, the Roman scholar Pliny described bright lights appearing under the surface of 

swamps [26].  

The fundamental biochemical principles of AD began to be clearly understood only a few 

decades ago. The process has been studied as a proven scientific matter since the 1930s. 

Even before that, some renowned scientists, including Alessandro Volta (Italy) at the end 

of 18th century, Michael Faraday (United Kingdom), and Louis Pasteur (France) in the 

19th century, discovered fundamental facts about biogas and its generation process. The 

chemical structure of methane was formulated through the works of John Dalton (United 

Kingdom), Henry Cavendish (United Kingdom), Humphrey Davy (United Kingdom), 

and Amedeo Avogadro (Italy) [27]. The first documented and designed anaerobic digester 

was commissioned in Mumbai (India), in 1859. Another significant milestone in the 

development of AD was the construction of the first industrial-scale biogas plant in Exeter 

(United Kingdom) in 1895. This facility treated solid and liquid waste to produce 
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methane, which was then used to illuminate public places in the city. These events marked 

the beginning of the practical application of large-scale anaerobic digestion for the 

generation of biogas with energy purposes. 

Following research in the 19th and 20th centuries focused on the characterization of the 

microorganisms involved in the process, where microbiologists such as Sergei 

Winogradsky (Ukraine), Martinus Beijerinck (Netherlands), Ralph Stoner Wolfe (United 

States of America), Arthur Mckenzie Buswell (United States of America), and Horace 

Albert Barker (Untied States of America). Their contributions played a crucial role in 

clarifying the anaerobic digestion process [28]. 

Concerning the practical application of the process in the first half of the 20th century, 

reactor designs were achieved, and two-stage reactors were implemented, among other 

milestones such as the sale of biogas in Germany in 1923. In the second half of the 20th 

century, encouraged by the oil crisis of the 1970s, many biogas plants were established, 

with Germany notably leading the way, a fact that still continues today. Industrial new 

technologies were also developed that are still in use nowadays, such as UASB (Upflow 

Anaerobic Sludge Blanket) reactors, immobilised digesters, which are efficient systems 

that retain microorganisms on a solid support, the annamox process (ANaerobic 

AMMonium OXidation) to eliminate ammonium content, among others, and also a new 

line of biogas purification or up-grading that allowed greater added value to the biogas 

produced. In the 21st century, the development of biogas and biomethane plants remains 

to grow in number each year.  

 

Fig. 8. Anaerobic digestion application and advances evolution. 
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A novel implement for diagnosing the main research trends in the field of AD is through 

a bibliometric study that allows the identification of research trends and gaps in this field. 

Scientific collections from Web of Science (WOS) and Scopus were examined using an 

“advanced search” on their platforms with the equation code provided in Eq. 1. Over 

130,000 publications were registered from 1980 to the present (search end date: 

20/11/2023). The collected data were exported and processed using the bibliometric 

software VOSviewer to creates a keyword network, thus identifying research trends in 

AD following the methodology described by Ampese et al., (2022) [29]. 

Topic =  “Anaerobic” and “Digestion” ;  Keyword =  “Anaerobic” and “Digestion (1) 

Fig. 9 illustrates the evolution of publications over the years 1980 and 2023, 

demonstrating a significant increase from the year 2000 to the present. The total number 

of publications has surpassed 10,000 annually since 2020. This exponential growth in 

publications related to anaerobic digestion reflects the growing interest of researchers in 

the subject and a global trend toward the use of renewable fuels. Authors like Yaoyang 

& Boeing (2013) emphasize this trend due to the strong interest in bioenergy and biofuels 

generation from waste [30]. 

 

Fig. 9. Evolution of the number of publications over the years (1980–2023). 

In Fig. 10, a, different research lines related to anaerobic digestion can be observed 
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in the described bibliometric search. This analysis is based on a selection of the 2,500 

most relevant documents determined by the associated citation numbers. This tool can be 

used to identify critical points and research frontiers [31]. The most frequent research 

themes, with a larger size in the image, include biogas and methane, microbial 

community, wastewater, sewage sludge, and waste management. This result is an 

indicative of the interest in utilizing the AD process for energy recovery from waste, as 

well as a tendency to obtain a greater knowledge on the bioprocess and the microbiology 

features together with the operational optimization. On the other hand, it has been 

identified as a research frontier the heavy focus on wastewater and urban waste as 

substrates, while other substrates are receiving less attention in the scientific research. 

  

Fig. 10. a) Bibliometric mapping using a Cluster of the 50 most frequent keywords in the 2,500 

most cited research publications related with “anaerobic digestion”. b) Number of publications 

with the keyword “Anaerobic digestion” and “sludge”, “manure” or “straw” since 1990. 

1.2.2. Biochemical reactions 
The biological process of AD is divided into four stages where organic matter is degraded 

from more complex to simpler molecules. Each of these stages is carried out by specific 

microorganisms that will be responsible for the kinetics of this transformation and as a 

whole for the final production of biogas whose main components are CH4 (≈ 60 %) and 

CO2 (≈ 40 %). The general equation for biogas formation can be seen in Eq. 2 [32]. 

𝐶𝐶𝑐𝑐𝐻𝐻ℎ𝑂𝑂𝑜𝑜𝑁𝑁𝑛𝑛𝑆𝑆𝑠𝑠 + 𝑦𝑦 𝐻𝐻2𝑂𝑂 → 𝑥𝑥 𝐶𝐶𝐻𝐻4 + 𝑛𝑛 𝑁𝑁𝐻𝐻3 + 𝑠𝑠 𝐻𝐻2𝑆𝑆 +  (𝑐𝑐 − 𝑥𝑥)𝐶𝐶𝑂𝑂2   (2) 
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where: 𝑥𝑥 = 1
8
∙ (4𝑐𝑐 + ℎ − 20 − 3𝑛𝑛 − 2𝑠𝑠) / 𝑦𝑦 = 1

4
∙ (4𝑐𝑐 − ℎ − 20 + 3𝑛𝑛 + 3𝑠𝑠) 

Specifically, these products can be divided into carbohydrates, fats and proteins according 

to Eq. 3-5: 

Carbohydrates: 𝐶𝐶6𝐻𝐻12𝑂𝑂6 → 3𝐶𝐶𝐻𝐻4 + 3𝐶𝐶𝑂𝑂2      (3) 

Fats: 𝐶𝐶12𝐻𝐻24𝑂𝑂6 + 3𝐻𝐻2𝑂𝑂 → 7.5𝐶𝐶𝐻𝐻4 + 4.5𝐶𝐶𝑂𝑂2      (4) 

Proteins: 𝐶𝐶13𝐻𝐻25𝑂𝑂7𝑁𝑁3𝑆𝑆 + 6𝐻𝐻2𝑂𝑂 → 6.5𝐶𝐶𝐻𝐻4 + 3𝑁𝑁𝐻𝐻3 + 𝐻𝐻2𝑆𝑆 + 6.5𝐶𝐶𝑂𝑂2   (5) 

These well-known and characterized stages, as established in various studies, are 

distinguished by the different activities of microorganisms in each of the four phases, as 

illustrated in Fig. 11. The first phase involves hydrolysis, where complex organic 

substances such as carbohydrates, lipids, and proteins, included polymers, fatty acids, and 

amino acids respectively, are broken down through the secretion of exoenzymes by 

anaerobic hydrolytic bacteria. [33].  

In the second stage known as acidogenesis, the monomers generated are absorbed by 

acidogenic bacteria to transform them into short-chain fatty acids (C1 to C5 molecules), 

also called volatile fatty acids (VFAs), including acetic acid, propionic acid, butyric acid, 

and valeric acid. In this stage, alcohols, CO2, H2, and H2O are also formed. In the third 

stage of acetogenesis, sometimes grouped together with the acidogenesis stage, fatty acids 

are oxidized into acetic acid (C2), also generating H2 in the process through the activity 

of acetogenic bacteria, also producing H2. The formation of acetate is thermodynamically 

possible only with a very low partial pressure of hydrogen, and therefore, these acetogenic 

bacteria must live in symbiosis with methane-producing microorganisms that consume 

this H2. There is another pathway called homoacetogenesis where the CO2 is reduced with 

H2 to produce acetic acid (2CO2 + 4H2 → CH3COOH + 2H2O) [34]. 

In the last stage of the process, methanogenesis, CO2, H2, acetic acid, and methyl groups 

are transformed into CH4 by the activity of archaea through three different metabolic 

pathways: (i) the hydrogenotrophic pathway from H2 and CO2, (ii) the acetoclastic 

pathway from the oxidation of acetic acid and CO2 and finally, through (iii) the pathway 

of methyl groups which are oxidised to form CH4, CO2, and other compounds (see Eq. 6-

16) [35]. There are several methane-forming reactions with different energy yields. Most 

of the methane generated comes from the acetotrophic pathway (≈ 70 %), while the 
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remaining 30 % of the methane comes from the hydrogenotrophic and methylotrophic 

pathways. 

Hydrogenotrophic pathway: 

4𝐻𝐻2 + 𝐶𝐶𝑂𝑂2 → 𝐶𝐶𝐻𝐻4  +  2𝐻𝐻2𝑂𝑂        (6) 

4𝐻𝐻𝐶𝐶𝑂𝑂𝑂𝑂𝐻𝐻𝐹𝐹𝑜𝑜𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 → 𝐶𝐶𝐻𝐻4 + 3𝐶𝐶𝑂𝑂2 +  2𝐻𝐻2𝑂𝑂      (7) 

4𝐶𝐶𝐻𝐻3𝑂𝑂𝐻𝐻𝑀𝑀𝐹𝐹𝐹𝐹ℎ𝐹𝐹𝑛𝑛𝑜𝑜𝑎𝑎 → 3𝐶𝐶𝐻𝐻4 + 𝐶𝐶𝑂𝑂2 +  2𝐻𝐻2𝑂𝑂      (8) 

Acetoclastic pathway: 

𝐶𝐶𝐻𝐻3𝑂𝑂𝐻𝐻𝐴𝐴𝑐𝑐𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 → 𝐶𝐶𝐻𝐻4 + 𝐶𝐶𝑂𝑂2        (9) 

Methylotrophic pathway: 

4(𝐶𝐶𝐻𝐻3)3𝑁𝑁𝑇𝑇𝐹𝐹𝑇𝑇𝐹𝐹𝐹𝐹𝐹𝐹ℎ𝑦𝑦𝑎𝑎𝐹𝐹𝐹𝐹𝑇𝑇𝑛𝑛𝐹𝐹 + 6𝐻𝐻2𝑂𝑂 → 9𝐶𝐶𝐻𝐻4 + 3𝐶𝐶𝑂𝑂2 +  4𝑁𝑁𝐻𝐻3    (10) 

2(𝐶𝐶𝐻𝐻3)2𝑁𝑁𝐻𝐻𝐷𝐷𝑦𝑦𝐹𝐹𝐹𝐹𝐹𝐹ℎ𝑦𝑦𝑎𝑎 𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠𝐹𝐹𝐹𝐹𝐹𝐹 + 2𝐻𝐻2𝑂𝑂 → 3𝐶𝐶𝐻𝐻4 + 𝐶𝐶𝑂𝑂2 +  2𝑁𝑁𝐻𝐻3    (11) 

4(𝐶𝐶𝐻𝐻3)𝑁𝑁𝐻𝐻2𝑀𝑀𝐹𝐹𝐹𝐹ℎ𝑦𝑦𝑎𝑎𝐹𝐹𝐹𝐹𝑇𝑇𝑛𝑛𝐹𝐹 + 2𝐻𝐻2𝑂𝑂 → 3𝐶𝐶𝐻𝐻4 + 𝐶𝐶𝑂𝑂2 +  4𝑁𝑁𝐻𝐻3    (12) 

 

Fig. 11. The microorganism and pathways involved in the anaerobic digestion of organic 

substrates. Adapted from [36]. 
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1.2.3. Microorganisms participating in the AD process 
Each stage exhibits its own kinetic depending on the substrate composition and the 

environmental conditions where microorganisms interact. Generally, the hydrolytic phase 

can be limited by substrates with a high a complex structure, as lignocellulose, making 

the biodegradation slower. Meanwhile, carbohydrate hydrolysis occurs in a few hours, 

and protein and lipid hydrolysis take a few days [37]. Under certain circumstances, the 

balance in microbiological activity between the acetogenic and methanogenic phases may 

take longer due to hydrogen consumption in other metabolic pathways, ultimately leading 

to excessive acidification (VFAs accumulation), making these stages the limiting factors. 

As mentioned, there are two major groups of microorganisms involved in the AD process: 

bacteria, primarily responsible for breaking down carbonaceous compounds into simple 

intermediate products, and archaea, capable of converting them into CH4 and CO2. The 

species of microorganisms are highly diverse. The most common genera are presented in 

Table 1. 

Currently, there are more than 150 identified species of microorganisms in anaerobic 

digestion [38]. Focusing on bacteria, 58 species across 18 genera are involved in the first 

and second stages of degradation, and an additional 81 species and 4 orders are involved 

in the third and fourth stages, with concentrations ranging between 108 y 109 fermentative 

bacteria per mL [39]. Species of the genus Clostridium, Ruminococcus, Eubacterium y 

Bacteroide are the most common [36]. The activity of these bacteria involves the 

decomposition of polymers, fatty acids, and amino acids through the secretion of lipases, 

proteases, cellulases, pectinases, and amylases. Pentoses and hexoses are metabolized 

through the Embden-Meyerhof-Parnas (EMP) pathway, producing pyruvate and NADH 

as intermediaries for their subsequent transformation into mainly acetate, propionate, or 

lactate. Table 1 provides a list of bacterial genera that participate in each stage. 

Hydrolytic products are fermented into VFAs by acidogenic microorganisms during 

acidogenesis, where CO2, H2, ammonia, and sulfide are also produced. Acetogens include 

both hydrolytic and fermentative bacteria. Firmicutes, Bacteroidetes, Chloroflexi, 

Proteobacteria, and Atribacteria are the main phyla containing many acidogenic species 

reported in AD bioreactors. Acidogenesis is generally rapid and can lead to the 

accumulation of volatile fatty acids (VFA) and a significant pH drop [40]. 
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Acetate, formate, H2, and CO2 resulting from acidogenesis can be directly utilized by 

methanogens for biogas production. However, other acidogenesis products, including 

propionate, butyrate, isobutyrate, valerate, and isovalerate, cannot be used for 

methanogenesis. It is necessary to further degrade and transform them through syntrophic 

acetogenesis. During this process, the previous hydrolytic and acidogenic products are 

further degraded/oxidized into acetate, H2, and CO2. 

The methanogenic archaea, forming part of the archaea domain, appear in the final stage 

of the anaerobic decomposition process. These are unicellular microorganisms with 

unusual shapes that have the ability to convert organic matter into CH4 and CO2 through 

three different metabolic pathways [41]: Acetoclastic, where acetate is the precursor 

substrate; hydrogenotrophic, utilizing H2 and CO2; and methylotrophic, using methyl 

groups such as methanol, methylamines, and methyl sulfides. The archaea participating 

in the methanogenesis stage are classified into 7 orders identified in Table 1 based on 

their metabolic pathway. 

In recent years, new strains of hydrolytic/acidogenic bacteria have been characterized, 

including Clostridium bornimense, Herbinix hemicellulosilytica, Herbinix luporum, 

Herbivorax saccincola, Proteiniphilum saccharofermentans, Petrimonas mucosa, 

Fermentimonas caenicola, y Proteiniborus indolifex, thanks to improved techniques in 

anaerobic microbial cultivation and biomolecular techniques. Additionally, new species 

of methanogenic archaea, such as Methanobacterium aggregans y Methanosarcina 

flavescens have been reported [42]. 

Understanding the transforming microorganisms in the different stages of anaerobic 

digestion is fundamental to advance the technological development of the process. 

Similarly, selecting and maintaining an appropriate anaerobic inoculum is essential to 

initiate the digestion processes of complex substrates. However, in the case of livestock 

wastewater substrates, little attention has been given to the microbiota of manure, which 

is already adapted to the chemical substrate conditions and can play a decisive role in the 

bioprocess (CHAPTER 6). 
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Table 1. Anaerobic digestion process main microorganisms divided in Bacteria (genus) and 

Archaea (order). 

Bacteria Archaea 
Genus Stage Order Pathway 

Acetobakterium 
Eubacterium 

All the 
process Methanobacteriales 

Hydrogenotrophic
/  

Methilotrophic Lactobacillus Sporobacterium 

Hydrolysis Propioni-
bacterium Megasphaera Methanococcales Acetoclastic 
Sphingomomas Bifidobacterium Methanomicrobiales Hydrogenotrophic 
Clostridium Cloacimomas 

Hydrolysis & 
Acidogenesis 

Methanosarcinales Acetoclastic 
Ruminococcus Cytophaga Methanomassiliicoccales Hydrogenotrophic 
Acetivibrio Flavobacterium Methanocellales Hydrogenotrophic 
Thermotogae Bacteroides Methanopyrales Hydrogenotrophic 
Proteiniphilum Terrisporobacter   
Anaerobacter  Tissierella   
Cloacibacillus  Turicibacter   
Bifidobacterium Syntrophus 

Acetogenesis 

  
Anaerolineaceae Syntrophomonas   
Cloacibacillus Desulfovibrio   
Syntrophobacter Aminobacterium   
Pelotomaculum Acidaminococus   

 

For a success biological activity by the microbiological communities and consequently, 

a proper anaerobic digestion of organic substrates, there are several parameters that will 

determine the living conditions and ultimately define the dominant microorganism 

populations in the environment. These parameters can often be controlled to maximize 

biodegradation, biomethane production, or even the accumulation of other intermediate 

by-products such as volatile fatty acids. 

An important factor to consider is that, in general, the environmental requirements of 

fermentative bacteria involved in the firsts stages of anaerobic digestion differ from the 

requirements of methane-producing archaea and it can be complex to optimize all process 

stages. In this regard, two-stage technology offers a solution by optimizing hydrolysis, 

acidogenesis, and acetogenesis in a first reactor, and methanogenesis in a second reactor 

under different working conditions [43,44]. 
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1.2.4. Process parameters and substrates 
Anaerobic decomposition as a biological process is highly complex, involving the 

interaction of numerous biotic and abiotic elements. Its development depends on various 

environmental and operational factors [45,46]. The main parameters affecting the kinetics 

of anaerobic digestion as a whole are outlined in Fig. 12.  

It has been identified that the most crucial 

elements influencing the anaerobic 

digestion process are temperature, pH, the 

presence of toxic or inhibitory substances, 

and the nature of the raw material 

(composition, nutrients) [47]. Another 

important factor, given that it is a biological 

process, is the persistence or continuity in 

the environmental conditions, as 

microorganisms, especially methanogenic 

archaea, are highly sensitive to unfavourable 

and/or fluctuating conditions for their 

survival in the medium. 

 

Fig 12. Parameters influencing anaerobic digestion. 

The type or nature of substrate is one of the operational parameters, which, besides being 

dependent on geographical location, is crucial as its chemical composition and physical 

properties will define the metabolic pathways and the rate of anaerobic degradation, 

potentially leading to process limitation or inhibition. AD can be carried out using 

different types of substrates, which can be categorized based on their origin: (i) urban, 

such as sewage sludge and municipal solid waste [48]; (ii) industrial, including those from 

processing industries, slaughterhouses or paper mills and (iii) agricultural, composed of 

manure and lignocellulosic biomass principally. While most of the published research 

papers deals with sewage sludge or urban organic waste [49], there has not been the same 

emphasis on the by-products of primary sector activities, which, as mentioned in Section 

2, are one of the main sources of anthropogenic CH4 emissions.  
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Therefore, managing these by-products, particularly livestock manure, agricultural 

wastewater, and agricultural residues, possess both a challenge and an opportunity for the 

sector due to its high availability as can be seen in Fig. 13 with two representative 

indicators. Fig. 13, a show the rapid worldwide economic development of the main 

agriculture production since 1995 derived from the rise of the number of livestock heads, 

crops and vegetables plantations. On the other hand, Fig. 13, b shows the waste origin 

used in biogas and biomethane plants in Europe, where two thirds come from the 

agricultural sector showing its high importance and interest. 

 

Fig. 13. a) Economic value of the main agriculture production between 1995-2021 [18]; b) 

Substrates used in the anaerobic digestion of biogas (blue colour) and biomethane plants (grey 

colour) [50,51]. 

This management proposed involves mitigating the significant environmental impact of 

CH4 emissions and, simultaneously, capturing these emissions through anaerobic 

digestion for the generation of useful energy or other value-added by-products. The 

optimal environmental and operational conditions for the anaerobic digestion of these 

agricultural by-products are analysed in Table 2, distinguishing between livestock 

manure, agricultural straw and industrial agricultural waste. 

Table 2. Operational conditions for the livestock manure, agricultural straw and industrial 

agricultural waste anaerobic digestion [52–63]. 
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 Livestock manure Agricultural 
straw 

Industrial 
agricultural waste* 

Parameter Average conditions 

Total solids (%) 2-30 60-95 40-21 
Volatile solids (% of TS) 70-85 80-95 70-85 
C:N ratio 5-30 80-150 25-115 
Temperature (˚C) 35-55 35-55 35-55 
pH value 7.5-8.5 7-8 6.5-8 
Hydraulic retention time (d)  20-50 25-70 21-45 
Biogas yield (m3∙ kg VS-1) 0.2-0.6 0.1-0.9 0.1-0.4 
CH4 content (%) 55-80 45-60 49-67 

Potential problems NH4
+, Inhibition, 

scum layers 

Poor degradation 
of lignocellulose, 

sediments 

Phenolic 
compounds 
inhibition 

* Due to the great heterogeneity of the substrates, wine-making industry waste has been selected including 

grape pomace, grape stalk and wine lees. 

The differences observed in the table are primarily attributed to the composition of each 

by-product. Livestock manure as a substrate with high moisture content, exhibits lower 

volatile solids and a much lower carbon-to-nitrogen ratio (<10 most of the times) due to 

its high nitrogen content. This factor often leads to ammonia toxicity [64]. In contrast, 

agricultural residues are generally drier and predominantly with a high content of 

lignocellulose in composition, resulting in slower degradation, which often requires a 

prior stage of pretreatment for the hydrolytic phase. To address these operational 

difficulties of these substrates, co-digestion is frequently employed for various purposes: 

(i) balancing nutrient content, (ii) mitigating the negative effects of inhibitors, (iii) 

increasing the system's buffering capacity, (iv) improving methane production capacity, 

and finally (v) enhancing the economic profitability of the process [65]. 

 One of the most common 

operational strategies used with 

agricultural residues, involves the 

implementation of pretreatments. 

The primary purpose is the 

acceleration of the AD process by 

enhancing the biodegradability of 

substrates through different 

technologies outlined in Fig. 14.  

Fig. 14. Pretreatment more used in the anaerobic digestion process. 
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The nature and composition of the substrate, once again, will determine the type of 

pretreatment to be used before anaerobic digestion. Lignocellulosic biomass is highly 

resistant to degradation and requires one or various pretreatments to enhance its 

susceptibility to enzymes and transformative microorganisms, (i) increasing the 

accessible surface area, (ii) decrystallizing the cellulose, and (iii) solubilizing the 

hemicellulose and lignin [66]. Wastewater from the livestock sector achieves better 

efficiency through thermal pretreatments, especially in the case of manure from ruminant 

animals such as cows. Table 3 provides a summary of studies realized on the pretreatment 

technologies used with agricultural substrates. 

Table 3. Agricultural feedstock pretreatment strategies for improved anaerobic digestion 

Pretreatment 
Feedstock Physical Chemical Physico-Chemical Biological 

Productive 
livestock 
manure 

Milling [67,68] Alkali [69,70] Thermal [71,72]   

    Steam explosión 
[73,74]   

Animal waste     Pasteurisation [75]   

Agricultural 
residues- crops 

Milling [76] Alkali/ Acid [77] Liquid hot water 
[78,79] Enzymes [80] 

Extrusion [81]  Steam explosion 
[82,83] Fungal [84] 

 

Most of the studies found explore new laboratory-scale pretreatment methods under 

various conditions and scenarios to identify potential effects on biogas production rates, 

the kinetics of each stage, etc. However, the integration of these proposals into real scale 

applications is not always considered, including the application of energy and/or 

economic balances. This integration would allow the replication to full-scale plants 

(CHAPTER 7). Similarly, this integration should include flow diagrams that identify 

each stage at an industrial level. For agricultural by-product management, two examples 

with the key stages are depicted in Fig. 15 considering a biogas plant feed with swine 

manure and cereal straw as the substrates: 
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Fig. 15. Conceptual Process Flow Diagram for the anaerobic digestion of a) swine manure and 

b) cereal straw as substrates 

1.2.5. Biogas and biomethane use 
Biogas represents, the most useful by-product resulting from anaerobic digestion. The 

combined microbiological activity of bacteria and archaea allows the transformation of 

biodegradable organic by-products from the agricultural sector, such as livestock manure, 

crop residues, or other solid wastes with varied compositions, into a homogeneous 

gaseous mixture primarily composed of methane and carbon dioxide. It also contains 

minor proportions of hydrogen sulphide, carbon monoxide, hydrogen, oxygen, nitrogen, 

siloxanes, ammonia, volatile organic compounds (VOCs), and halocarbons [85]. The 

proportion of each component and the overall composition of the generated biogas is, 

therefore, influenced by the nature of the substrate and the technology employed in its 

decomposition. The specific properties of a standard biogas are shown in Table 4. 

Table 4. General characteristics of a conventional biogas generated by the biodegradation of 

organic matter under anaerobic conditions. Adapted from [27] 

Composition  55 – 70% methane (CH4) 
 

30 – 45% carbon dioxide (CO2) 
 

Traces of other gases 

Energy content  6.0 – 6.5 kWh m−3 

Fuel equivalent 0.60 – 0.65 L oil m-3 biogas 

Explosion limits  6 – 12 % biogas in air 

Ignition temperature  650 – 750 ˚C 

Critical pressure 75 – 89 bar 

Critical temperature  −82.5 ˚C 
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Depending on the final use, it could be necessary to enhance the quality of the biogas 

through a process known as upgrading. This upgrading stage is achieved not only to 

maximize the energetic performance but also to eliminate components that may cause 

technical or operational issues. Table 5 provides a summary of the effect of each 

component on biogas. 

Table 5. Biogas components and impurities and their effects. Adapted from [27] 

Component Content (%) Effect 

CH4 45-75 - Gives the calorific value 

CO2 25-50 
- Lowers the calorific value 
- Increases the anti-knock properties of engines 
- Causes corrosion if the gas is wet. 

H2S 0-1 
- Corrosive effect in equipment and piping systems 
- SO2 emissions after burners 
- Spoils catalysts 

NH3 0-0.1 - NOx emissions after use 
- Increases the anti-knock properties of engines 

Water vapour 1-0.5 - Condensate’s damage instruments and plants. 
- Risk of freezing of piping systems and nozzles 

N2 0-10 - Lowers the calorific value. 
- Increases the anti-knock properties of engines 

Siloxanes 0-0.005 - Act like an abrasive and damages engines 

There are different uses for raw biogas or refined gas, as can be seen in Fig. 16. When 

employed to generate electricity and heat through combustion engines or turbines, the 

removal of hydrogen sulfide and siloxanes is necessary. Purifying biogas into biomethane 

for use as vehicle fuel or injection into the grid involves eliminating most contaminants 

present in biogas (CO2, N2, O2, H2, CO, H2S, NH3, siloxanes, halocarbons, and VOCs). 

 

Fig. 16. Biogas applications depending on its quality in terms of composition. 
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Various technologies are employed to enhance biogas, including absorption methods such 

as water scrubbing, amine scrubbing, and physical scrubbing, as well as adsorption 

techniques like pressure swing adsorption. Additionally, membrane separation and 

cryogenic separation are utilized [86,87]. These improvement technologies are applicable 

in both small-scale applications, such as farms and landfills, and large-scale industrial 

environments. However, they often involve significant costs in terms of both investment 

and operation. Consequently, conventional upgrading systems are not always 

economically viable on a small scale. Nevertheless, emerging technologies like 

photosynthetic upgrading may provide a new alternative, proving cost-effective in 

smaller biomethane production scales, as demonstrated in pilot projects like the LIFE 

SMART Agromobility [88] or EU Horizon 2020 Urbiofin [89–91]. 

Depending on the biogas/biomethane use, there are regulations related with the quality of 

biomethane with defined quality parameters. These standards differ among countries and 

regions; however, the criteria address methane purity, impurities concentration and the 

presence of contaminants. In Spain, there is a standard regulation derived from the 

European Union with minimum quality standards and specifications for injecting 

biomethane into the natural gas network (UNE-EN 16723-1) and for vehicular 

biomethane in transport sector (UNE-EN 16723-2). 

1.2.5.1 Biogas and biomethane. Current global situation 

The scenario for the development of technologies related to biogas has experienced a 

significant change due to geopolitical conflicts in this decade, leading to a price increase 

resulting from excessive dependence on external energy suppliers. This new context of 

energy insecurity has accelerated the development and adoption of renewable energies, 

with a more focused emphasis on renewable gases such as biogas and biomethane, which 

are becoming essential components of the energy mix [50]. This strategic direction has a 

double perspective: on one hand, reducing dependence, and on the other, substantially 

contributing to an integrated net-zero energy system, including energy and agroecological 

transitions within the circular economy context. The global trend in biogas production is 

emerging, doubling its production in the last 10 years (Fig. 17). Currently, Europe leads 

both biogas production and the implementation of anaerobic digesters worldwide, 

followed by China and the United States. The European Union, led by Germany, has 

made a significant contribution to biogas production, generating over 200 TWh in 2022, 
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representing approximately 5% of natural gas consumption but with projections to cover 

between 35% and 62% by 2050 [50]. 

The reduction in the costs of solar and wind energy is affecting tax incentives for 

electricity generation from biogas, motivating research into alternative uses such as the 

production of biomethane for vehicular use, bioplastics, and other higher-value-added 

products. In the same way, in Europe, biomethane plants have experienced a significant 

growth, reaching 1323 by the end of 2023. In Spain, the number of biomethane plants has 

increased from 1 in 2018 to 8 in 2023, currently producing more than 400 GWh from 

various sources, with an estimated biomethane production potential of 14∙ 106 Nm3 from 

different organic materials.  

 

Fig. 17. a) Global and b) European biogas production in 2012 and its trend to 2022; [50,92] 
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1.3. New tendencies in anaerobic digestion: Integration, valorisation, 

and potential 
Energy valorisation is the most common application of the biogas generated in anaerobic 

digestion. In recent decades, research has been carried out on the control of operational 

parameters to optimize the process. A significant share of this research has focused on a 

(ii) better understanding of the transforming microorganisms, (ii) the use of various 

substrates simultaneously through co-digestion, (iii) the application of pretreatments, or 

(iv) enhancing the final biogas quality through upgrading technologies. However, novel 

approaches of optimizing process performance are also being explored from alternative 

perspectives. 

1.3.1. Energy hybridization 
Simultaneous utilization of other renewable energies together with anaerobic digestion is 

an innovative line of work that can enhance the overall technological development of the 

process. This idea stems from the energy requirements of the process, which, as described, 

is highly dependent on operational parameters such as temperature that involves energy 

consumption in the form of heat. Likewise, there are additional electric power 

requirements for the process, including substrate feeding pumps, system agitation, or 

biogas upgrading if applicable. In Table 6 can be seen the main energy inputs of a biogas 

plant [93]. In this context, the availability of renewable energy basis resource, such as 

solar irradiation, wind and biomass availability, and the difficulty of energy storage make 

this proposal potentially more efficient. 

From the AD perspective, the goal of the hybridization is to cover this need, which can 

represent over 30% of the generated biogas, and maximize the production of 

biogas/biomethane for another energy purpose. This proposal can be highly effective, 

especially in isolated systems where there is an abundant availability of organic residues 

from agricultural sources and no access to the grid and the energy demand satisfied 

through the consumption of fossil fuels. Such scenarios, common in rural areas or 

intensive livestock farms, represent an opportunity to transform waste management with 

a double environmental and economic impact by reducing (i) greenhouse gas emissions 

associated with the activity by-products and (ii) the consumption of fossil fuels. 
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Table 6. Rough estimate of specific energy consumption in a biogas plant related to the energy 

produced in the plant [94–97].  

Energy inputs for a biomethane pant operation (%) 

 Electricity demand Heat demand 

Small-scale plant.  <500 kWel installed capacity 
Heating of the substrate - 6.3-8.5 
Heat losses - 4.0-5.1 
Agitation and pumping 1.3-1.7  
Up-grading system* 10.0-20.0  
Other components 4.0-5.0 

Large-scale plant.  >500 kWel installed capacity 

Heating of the substrate  4.6-6.3 
Heat losses  2.9-3.8 
Agitation and pumping 3.0-4.0  
Up-grading system* 10.0-20.0  
Other components 3.5-4.4 

*Up-grading energy consumption depends strongly on the technology used. 

In these isolated scenarios, solar energy has been the most explored for hybridization with 

AD due to its general availability and well-developed technological advancements, 

enabling easy and cost-effective implementation with reported positive outcomes [98,99]. 

Wind energy, traditionally used for electricity generation, exhibits suboptimal efficiency 

when employed for heat production. Additionally, standard wind turbines would be 

oversized, with an average power output of 2-3 MW. Mini wind energy systems could be 

a viable alternative; however, they still face challenges related to cost, performance, and 

reliability, despite recent improvements in their design and turbine efficiency [100]. 

Another hybridization proposal that has been studied involves the combination of AD 

with Compressed Air Energy Storage (CAES). In this approach, energy is stored in the 

form of compressed air, and upon its use, heat is generated and can be utilized in anaerobic 

digestion [101]. 

Fig. 18 shows an example of hybridization technology in a rural area with agricultural 

residues as feedstock for an anaerobic digester that would produce biogas por the heat 

needs in the farms around and for its own necessities (the average temperature of work is 

35 ˚C). On the other hand, solar panels would generate the electricity to cover the farm 

and digester demands. Also, there is a digestate production from the digester with a 

fertilizer use on the crop fields around.  



 

 
- 28 - 

 

Chapter 1 

 

Fig. 18. Isolated farms with energy supply based on renewable energies: Anaerobic digestion and 

solar panels. 

Another promising scenario for the use of AD is in agricultural cooperatives, food 

industrial zones, or urban areas where integration with other energy sources within the 

framework of a microgrid or district heating network can be effective and cost-efficient 

(Fig. 19). All these locations are a sources of organic waste generation, and with a well-

established system for separating organic components - which is mandatory at the 

European level (Directive (EU) 2018/850 of the European Parliament) - they could be 

easily managed within a short distance [102]. The produced biogas/biomethane would 

become another output of the system, with a significant advantage over other technologies 

as its production is continuous over time, and its use is not linked to immediate production 

due to the ease of storage.  
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Fig. 19. District electricity and heating proposal based on renewable energies: Anaerobic 

digestion, solar collectors, wind turbines and a wood chips plant. 

Hybridization AD with other renewable energy sources has not been thoroughly studied 

yet, although, it presents a significant opportunity for implementation in biogas plants. 

Research under different environmental conditions and with different substrates is 

essential to understand the energy and economic balances of its application. which can 

motivate the real-scale implementation (CHAPTER 3). 

 

1.3.2. Volatile fatty acids production 
In addition to the energy valorisation of the anaerobic digestion process, technologies for 

obtaining other high value bioproducts from the process have been developed in recent 

years in the industry [103]. 

A recent trend involves the accumulation of VFAs, intermediate compounds of the 

process, through operational strategies that inhibit the methanogenesis stage. The idea of 

recovering organic carbon in the form of VFAs (acetic acid (C2), propionic acid (C3), 

butyric acid (C4), and valeric acid (C5)) becomes highly valuable, as these can serve as 

building blocks in other industrial processes such as the synthesis of bioplastics, advanced 

biofuels, or the formation of medium-chain fatty acids [104,105] (Fig. 18). The market 

interest in VFAs increases with the higher number of carbon atoms they contain (Fig. 20). 
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Wind turbines
Solar collector

Solar collector

Organic residues



 

 
- 30 - 

 

Chapter 1 

 

Fig. 20. Volatile fatty acids obtained through the anaerobic digestion process and its global 

production and market value. 

Recent studies are validating operational strategies for the controlled accumulation of 

specific VFAs thanks to the modelling of metabolic pathways, controlling operational 

parameters such as pH, HRT, or substrate composition [106]. Current advancements are 

only at an experimental level in the laboratory conditions and with very specific substrates 

such as cellulose carbohydrates, xylan, glucose, and xylose, or proteins like casein and 

gelatine. However, these new lines of research promote new opportunities for valorising 

VFAs from the process, as the obtention of VFAs with a specific and control 

concentration. This is significant because anaerobic fermentation is typically 

characterized by producing a non-selective mixture of VFAs due to its complex biological 

nature with various interactions. 

 

Fig. 21. VFAs production and potential uses. Adapted from [107] 
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Two limitations have been identified in the production of VFAs, (i) the difficulty of 

increasing the selective concentration due to the lack of sufficiently developed and 

specific technologies. The most common methods are based on ionic liquids, membranes, 

and electrolysis. Additionally, (ii) the integration of the process and its energy balance 

for the implementation of anaerobic digesters without energy valorisation can incur in 

significant operational costs (CHAPTER 4). 

1.3.3. Addition of particles in anaerobic digestion process. 
The new trends in the technological development of AD in this century align with the 

goal of enhancing biogas production rates and its quality. In this context, a novel work 

line involves the addition of small-sized particles (micrometric or nanometric) to serve as 

chemical activators due to their characteristics of small size, varied morphologies, high 

reactivity, chemical stability and a high surface area/volume ratio make them particularly 

effective for this purpose [108,109].  

The effect of these particles, still in the early stages of study, primarily at the laboratory 

level, has different causes: (i) a significant increase in active sites for microorganisms due 

to the expanded support surface available [110]. The average size of bacteria can vary 

considerably but is normally within the range of 0.4 to 4 μm in length, and methanogenic 

archaea range between 0.1 and 15 μm [111] while particle sizes can reach the nanometric 

scale; (ii) the enhancement of direct electron transfer due to the particles' ability to disrupt 

cell membranes (Fig. 22). Regarding the substrate, there may be (iii) an acceleration of 

the initial hydrolysis through abrasion effect, promoting the substrate decomposition, 

leading to higher biogas production, and reducing the latency phase [112]. 

 

Fig. 22. Electron transfer mechanism between fermenting bacteria and methanogen. 
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Optimisation of particle composition is currently being explored, as well as optimal 

concentrations in their use depending also on the organic substrate. A summary of the 

main particle types and working conditions experienced with a positive impact is 

presented in table 7. However, the addition of micro or/and nanoparticles to a biodigester 

can have both positive and negative impacts on biogas generation. Iron particles and their 

compounds and carbon-based materials are the most frequently reported to have a positive 

effect [113] and there is a need for comparative AD performance improvement 

experiments. 

Iron oxide-based nanoparticles, such as magnetite or maghemite, stand out for their high 

chemical stability and magnetic properties, making them appreciated in anaerobic 

digestion. These oxides play a crucial role in promoting direct electron transfer between 

microorganisms, facilitating the conversion of CO2 to methane [114]. Magnetite (Fe3O4) 

particles enhance hydrogenotrophic methanogenesis by generating electrons during iron 

corrosion, increasing hydrogen production, and consequently, methane production. 

Additionally, Fe3O4 also contribute to breaking down volatile solids in the substrate, 

improving hydrolysis. However, an excessive accumulation of iron can be toxic to 

microorganisms and inhibit the process [115]. Similarly, carbon-based micro-

nanoparticles, such as graphite or biochar, have demonstrated significant improvements 

in methane production due to their key properties, including high conductivity and a large 

specific surface area, promoting chemical reactivity and microbial growth [116]. Their 

ability to assist direct electron transfer makes them comparable to metallic particles, with 

the added advantage of being more cost-effective. 

Table 7. Biogas production effect from different types of substrate and particles in AD. 

Agricultural 
substrate 

Type of 
nanoparticles 

Highest reported 
concentrations 

Effect on AD process 
(CH4 production) Reference 

Livestock manure 

Poultry litter Fe3O4 100 mg∙ L-1 ↑ 45 % [117] 
Chicken litter Fe3O4 20 mg∙ L-1 ↑ 74 % [118] 
Piggery waste Biochar 0.0 g∙ g dry matter-1 ↑ 7 % [119] 
Cattle dung slurry Fe3O4 20 mg∙ L-1 ↑ 115 % [120] 
Swine manure Fe3O4 75 mmol ↑ 48 % [121] 
Cattle manure Fe2O3 100 mg∙ L-1 ↑ 19 % [122] 
Pig manure and 
wheat straw  Fe3O4 54 mg∙ g TS-1 ↑ 57 % [123] 



 

 
- 33 - 

 

Chapter 1 

Agricultural residues 

Wheat straw Fe3O4 100 mg∙ L-1 ↑ 51 % [124] 
Canola straw and 
banana plant 
wastes  

Fe3O4 0.162 mg∙ g TS-1 ↑ 65 % [125] 

sweet sorghum Biochar 15 g∙ L-1 ↑ 25 % [126] 
Rice straw Fe3O4 12 mg∙ g VS-1 ↑ 129 % [127] 
Wine lees Biochar 10 g∙ L-1 ↑ 18 % [128] 
Corn straw Iron Biochar 15 g∙ L-1 ↑ 30% [129] 
Swine manure Iron Biochar 2 mg∙ g VS-1 ↑ 86% [130] 
Fruitwoods Biochar 50 mg∙ g VS-1 ↑ 54% [131] 

 

A drawback identified in the use of particles in anaerobic digestion is the lack of an 

exhaustive study on their potential environmental impact. Their size typically falls below 

100 nanometers, making them susceptible to be dispersed in the environment, with 

associated high impacts dangerous to ecosystems, water and soil quality and different 

biological processes [132,133]. Additionally, these particles can interact with living 

organisms, including plants, animals, and microorganisms, potentially causing toxic or 

disruptive effects on their normal functioning. 

Another relevant aspect is the production cost of the particles, as the studies presented are 

at the laboratory scale. When scaling up to an industrial plant, these costs can impact the 

overall economics of biogas production. Consequently, this factor must be considered to 

assess the economic viability of the process [134]. To conclude there is a high necessity 

in this AD field to study the comparation of the different particles effect in the kinetics 

pathways and methane production rates, to clarify its result basis and other associated 

effects (CHAPTER 5). 
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1.1. Justification 

Enhancing the efficiency of anaerobic digestion is a key factor for its implementation in 

the field of organic waste and by-product management.  

The generation of organic waste is becoming increasingly large due to the rise in the 

world's population. This surge in population is correlated with increases in resource and 

energy consumption, predominantly sourced from fossil fuels, which are finite. This 

consumption has led to an uncontrolled release of greenhouse gas emissions, with a direct 

impact on the global warming, which has made necessary the development of global 

measures through international agreements, as well as, the development of new energy 

production alternatives, including renewable energies such as solar, wind, and biomass, 

alongside an improved waste management strategy. 

In recent years, anaerobic digestion has emerged as an environmentally friendly and cost-

effective technology. This process transforms organic waste into energy in the form of 

biogas. The biogas produced consists mainly of CH4 and CO2, effectively capturing 

potentially harmful greenhouse gases. It also provides energy valorisation while 

simultaneously avoiding the consumption of fossil resources, which would otherwise 

generate CO2 emissions through combustion. 

Nevertheless, this process, reliant on the biological activity of transforming 

microorganisms, can provoke difficulties, leading to operational challenges with low 

biotransformation yields and finally a reduced biogas production. Thus, technological 

development is necessary to overcome these barriers, making anaerobic digestion a more 

robust and attractive alternative for waste management and energy recovery. Particularly, 

the agricultural sector, with its expanding activity and substantial organic waste 

production, stands as a strategic area for the implementation of anaerobic digesters. 

1.2. Main objectives 

The overall objective of this thesis was the study and development of innovative 

technologies that enhance the anaerobic digestion process for energy production and the 

generation of other value-added intermediate by-products. A multidisciplinary approach 

was employed, focusing on agricultural by-products with an extensive availability 
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worldwide, giving significant potential for transformation and valorisation. The specific 

objectives to achieve this overarching goal included: 

 

1. Evaluate the hybridization of anaerobic digestion with other renewable energy 

sources. 

2. Control the production of high-value by-products in the anaerobic digestion 

process. 

3. Enhance the biogas production efficiency in the anaerobic digestion process by 

monitoring operational parameters. 

4. Conduct microbiological studies and characterization to identify stable conditions 

in the process. 

5. Projection of the implementation of the process on a real-scale level. 

 

These objectives were addressed through experimental basis at a laboratory level, 

adopting a real-scale integration forecast approach to ensure the replicability of the 

knowledge generated. 

 

1.3. Development of the thesis 

To achieve the objectives, various experiments were conducted. The first objective was 

addressed in Chapters 3 where a simulation was carried out based on experimental data, 

exploring the integration of a hybrid solar installation into a biomethane plant on a pig 

farm in an energy isolated scenario. Different locations were studied to observe the 

climatic effect on the proposed system, and an economic analysis was performed.  

The second objective was developed in Chapter 4, where the kinetics of each stage were 

studied with the implementation of batch reactors fed with straw from different cereals 

(wheat, barley and rye) to optimize the production of volatile fatty acids as a valuable 

intermediate by-product in the industry, serving as a building-block precursors for other 

products. 

The third objective was addressed in Chapters 5, 6, and 7. It involved the operation of 

batch reactors fed with wine lees with the addition of iron-bases and carbon-based 
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microparticles (Chapter 5). Using the same methodology, reactors fed with wheat straw 

as a substrate were performed, subject to different thermal (steam explosion) pre-

treatment conditions (Chapter 7). Additionally, two semi-continuous reactors were 

operated with pig slurry until reaching stable optimal conditions for biomethane 

production (Chapter 6). This study also included a microbiological analysis, providing 

insights into the biological interactions of bacterial and archaeal species, aligning with 

the fourth objective of the thesis. 

The last objective of the real-scale projection is overarching in all the works developed 
in the thesis, across Chapters 3, 4, 6, and 7. 
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This chapter is based on the article: 
 

Alfonso García Álvaro, César Ruiz Palomar, Daphne Hermosilla Redondo, Raúl Muñoz Torre, 

Ignacio de Godos Crespo (2023). Hybridization of anaerobic digestion with solar energy: A 

solution for isolated livestock farms. Energy Conversion and Management: X, 100488. 

 https:// doi.org/10.1016/j.ecmx.2023.100488 
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Abstract: Intensive farming causes an important amount of greenhouse gases emissions. 

This situation can be significantly reduced by the implementation of renewable 

technologies and transforming farms from being energy consumers to become energy 

providers. In case of livestock production, biogas and solar energy reduce greenhouse gas 

emissions and the energy demand of the installations. However, the implementation of 

these technologies requires solutions adapted to the circumstances of the facilities, such 

as connectivity to the energy grids. In this work, a biogas/biomethane production system, 

energetically covered with hybrid solar panels is proposed as a solution for isolated areas 

where biodegradable substrates (manure) are abundant. In this manner, the electrical and 

thermal necessities of the digester are supplied by solar panels, reducing the biogas self-

consumption and the energy inputs from the electrical grid. Hybrid solar panels also 

provide sufficient energy for operation of an upgrading system to obtain biomethane of 

fuel vehicle quality, increasing the energy self-sufficiency of the agricultural activities. 

This solution has been simulated in five different climatic regions corresponding to areas 

of intense pig farming activity. The results demonstrate the sustainable bioenergy 

production in isolated farms with limited connection to the energy grid and organic matter 

availability. Furthermore, the economic study showed that the proposed technology is 

competitive compared to other technologies in the energy sector. 
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This chapter is based on the article: 
 

Alfonso García Álvaro, César Ruiz Palomar, Daphne Hermosilla Redondo, Raúl Muñoz Torre, 

Ignacio de Godos Crespo (2023). Simultaneous production of biogas and volatile fatty acids 

through anaerobic digestion using cereal straw as substrate. Environmental Technology & 

Innovation, 103215.  https://doi.org/10.1016/J.ETI.2023.103215 
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Abstract 

Cereal straw is one of the most abundant wastes worldwide, with 30.000 million tons 

produced per year. Bioconversion of this residual material into carboxylates by anaerobic 

digestion could potentially replace conventional production based on fossil feedstocks 

(oil). In this work, fundamental issues of this bioconversion have been explored, 

including: different kinds of straw (wheat, barley and rye), biomass size reduction, mass 

balances and modelling of the different steps of the digestion. Under optimum conditions, 

44% of the raw material was effectively converted into VFAs (mainly acetate) when 

barley was used as substrate. Wheat and rye straw presented lower conversion rates due 

to the higher lignin content compared to barley straw. According to the modelling 

proposed, methanogenesis and hydrolysis presented very similar reaction rates, which 

resulted in a simultaneous production of VFAs and biogas. In view of these results, a 

process integration is proposed where biogas covers the thermal needs of the 

biotransformation of barley biomass into VFAs. 
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Abstract 

Wine lees generation, a by-product of the wine industry, imply economic challenges for 

producers in terms of management due to its high organic load and low pH value. 

Biological treatment based on controlled anaerobic digestion may emerge as viable 

management alternative given their promising potential of biogas production thanks to 

the organic content of the substrate. However, the complex properties of wine lees may 

lead to microbial activity inhibition and process kinetics failure. Various solutions have 

already been explored, including co-digestion with other substrates, or the application of 

different pre-treatments, to mitigate the effects of the accumulation of phenolic 

compounds, volatile fatty acids, and antioxidants, or the acidic pH value of the medium. 

In this study, laboratory-scale batch reactors were established, adding iron (magnetite) or 

carbon (graphite) based microparticles to assess their impact on the kinetics of the 

process. The results demonstrate a significant improvement of the 35% in the potential 

production of biomethane after four days of operation with graphite particles and 40% 

after six days using magnetite particles. Evidences of acceleration of the methanogenesis 

phase were detected along the essays. However, the strong inhibition mediated by the 

carboxylate accumulation was not avoided in any of the conditions tested.  
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Abstract 

Anaerobic digestion of swine manure offers a solution to the environmental impacts of 

farm greenhouse gases emissions and provides a renewable gas in the agricultural sector. 

The particular composition of manure, with high concentrations of ammoniacal nitrogen 

and volatile fatty acids, often threatens the stability of the process through inhibition of 

methanogens. In this work, continuous production of biogas was tested under relative 

short hydraulic retention time (15 days) using swine manure as substrate. Although a 

strong inhibition period was detected, adaptation of the microbiota and displacement of 

bacteria and archaea present in the inoculum by microorganisms present in the animal 

manure resulted in biogas production close to the values found in standardized batch tests 

mailto:ignacio.godos@uva.es
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in absence of inhibitions (410 ml CH4 per g organic matter). The findings suggest that 

inoculation of digesters in farms is unnecessary and it may even outcome in long 

inhibition periods characterized by low biogas productivities.   

 

Keywords: Anaerobic digestion, inhibition, microbial community, swine manure, waste 

to energy. 

 

1. Introduction 

The production of gases of renewable origin plays a crucial role in the transition to a 

sustainable, carbon-free energy future, becoming instrumental in shaping the energy mix 

[1]. These gases, such as biogas and biomethane, are generated through the anaerobic 

digestion of organic matter and waste, providing a clean energy source. Agricultural 

residues have significant potential to lead this transformation due to their abundance and 

constant availability [2]. The agricultural industry produces a large amount of organic 

waste, such as crop residues, animal manure and spoiled products. These substrates are 

susceptible to be converted into a valuable source of energy by processing them in 

anaerobic digestion plants [3]. In case of swine production, there is an increasing trend in 

the global production which is expected to increase by more than 10% between 2020 and 

2030 [4]. The high environmental impact associated with this activity and the legal 

requirements force the sector to implement sustainable practices in the proper 

management of the by-products (mainly manure), efficiency in the use of resources and 

the adoption of cleaner technologies [5,6]. The biological process of anaerobic digestion 

offers an efficient and sustainable technical solution for livestock manure management, 

generating renewable energy in the form of biogas and a liquid organic fertilizer. In 
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addition, greenhouse gas (GHG) diffuse emissions in the form of CH4 and NO2 are 

reduced when agricultural wastes are digested and methane is recovered. According to 

some estimations, GHG savings in case of wet animal manure can reach 240 % when 

applying anaerobic digesters and using the biogas generated for replacement of fossil-

based fuels [7]. Therefore, an increasing interest in the implementation of agricultural 

digesters has been experimented in the recent years and foster the fossil natural gas 

replacement. While some European countries have achieved biogas/biomethane 

production that represents more than 15 % of the gas consumption, the percentage of 

replacement in this continent is expected to reach between 35 and 62 % by the year 2050, 

depending on the different projections based on the organic substrate availability [8]. At 

this point, it must be stressed that all the projections highlight the significance of animal 

manure in this transformation [9]. The production of biogas directly depends on the 

optimal operation of digesters in order to guarantee the stability and maximizes 

bioconversion. 

The detection of operational problems due to different inhibitions (ammonia, sulfide and 

heavy metals ion among others) has been studied through the different anaerobic 

digestion stages [10–12]. However, there is a lack of research that specifically 

investigates these effects associated with a simultaneous study of the microbiological 

populations together with a physical-chemical monitoring [13,14]. The stability and 

efficiency of anaerobic digestion of complex substrates such as swine manure, relies on 

the tight equilibrium between the microbial populations responsible of the hydrolytic, 

acidogenic, acetogenic, and methanogenic stages [15]. This equilibrium is based on the 

microbial symbiotic relationships that may be importantly affected by changes in the 

environmental conditions (temperature, pH, nutrient content), intermediate compounds 

and toxic substances. In this sense, the very slow growth rates of methanogenic archaea 
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and the lower tolerance towards some chemicals has been identified as the critical step 

[16,17]. The selection and maintenance of adequate anaerobic inoculum for starting the 

digestion processes of complex substrates such as swine manure is normally viewed as a 

decisive strategy for a successful process [18]. Little importance has been addressed to 

the manure microbiota which is already adapted to chemical conditions and can play 

decisive role in the bioprocess.  

In the present work, two parallel reactors fed with swine manure working under semi-

continuous conditions were operated with the objective of monitoring the relevant 

physicochemical parameters for a successful anaerobic digestion process working under 

a short hydraulic retention time (HRT) in order to identify possible inhibitions. Changes 

in the microbial populations based on 16s rRNA-based relative abundances were studied 

and correlated with the performance in terms of biometanization. The yields of 

bioconversion and rates were compared with normalized batch anaerobic test with and 

without anaerobic inoculum. 

 

2. Material and methods 

2.1 Substrate and inoculum 

Pig manure from a feeder farm placed in Sauquillo de Boñices (Soria, Spain) was used as 

substrate. Average content of volatile solids (VS) was between 13.41 ± 0.35 g∙ kg−1 and 

62.43 ± 0.12 g∙ kg−1, respectively. This large difference in the organic content is due to 

the fact that the manure is stored in an open lagoon and exposed to ambient conditions. 

The manure was sieved to prevent clogging and provide efficient mixing and pumping 

and stored at 4 °C before usage. Two anaerobic inoculums were used in the batch 

experiments: one sampled from a local urban wastewater treatment plant treating mixed 

sludge (namely WWT) in Soria (Spain) and other withdrawn from the anaerobic digester 
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placed in the pig farm (namely farm digester, FD). The WWT inoculum presented a 

content of volatile solids (VS) value of 12.8 ± 0.1 g∙ kg−1 and the FD of 20.7 ± 0.1 g∙ kg−1. 

2.2 Biomethane potential test 

To determine the potential biogas production of the manure, standardized BMP 

(biomethane potential tests) were performed in triplicate for 60 days. In order to evaluate 

the effect of the microbiota present in the waste, three different essays were performed: 

with WWT inoculum, with FD inoculum and uninoculated. Glass serum bottles with a 

total working volume of 120 mL were used as batch reactors for BMP experiments with 

an inoculum/substrate ratio of 1:1 [19]. Temperature conditions were maintained at 35 ± 

0.5 °C in an incubator (Selecta, Hotcold-GL) provided with an orbital stirring plate 

(Selecta, Rotabit). Control tests with the inoculum were included to measure the 

endogenous production of biogas in inoculated essays. 0.5 g∙ L-1 of CaCO3 were 

introduced as a buffer to prevent alterations in pH and to ensure anaerobic conditions. 

Bottles were flushed with N2 gas (99.9% purity) and immediately sealed with butyl rubber 

stoppers and aluminium crimps [20,21]. The rates of biogas production and its 

composition were measured by water displacement and biogas composition was 

periodically determined. 

2.3 Continuously stirred tank reactors set up 

The experimental set up consisted of two continuously stirred tank reactors (CSTR) with 

a total volume of 1.5 L and 0.75 L of liquid. Mesophilic conditions were used for the 

digestion (35 ± 1 °C) using a thermal bath (Selecta, Termotronic-100). The reactor was 

operated for a period of 5 months with an HRT of 15 days. A 1-L gas trap containing 

water was used to measure the biogas produced. The swine manure feeding was done 

manually every 24 hours. The reactor was mixed continuously with a magnetic stirrer at 

100 rpm (Barnstead Thermolyne, SP131320-33). Final effluent from the digesters were 
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collected to measure total volatile fatty acids (VFAs) concentration, chemistry oxygen 

demand (COD), total and partial alkalinity, pH and ammoniacal nitrogen. Biogas 

composition was also measured with a gas analyser once per week. Fig. 1 shows a scheme 

of the experimental setup.  

Fig. 1. Schematic representation of the experimental set-up and components: (1) Swine manure 

(substrate); (2) Feeding inlet valve; (3) Anaerobic reactor; (4) Digestate outlet valve; (5) Stirring 

plate; (6) Thermal bath; (7) Water trap; (8) Measuring cylinder 

2.4 Analytical methods 

The characterization of the substrate and inoculum was carried out following the 

standardized methodology by The American Public Health Association (APHA) in order 

to measure total solids (TS), volatile solids (VS), pH, total and partial alkalinity, total 

nitrogen (TN) and ammoniacal nitrogen and PO4
3- [22]. Samples for volatile fatty acids 

(VFA) determination were prepared following the procedure described in [23] and 

determined through a gas chromatograph (Agilent 7820). Biogas composition was 

analysed with a (GeoTech, Biogas 5000) gas analyser. The characteristics of inoculum 

and diluted substrates used in the experiments are presented in Table 1.  

Table 1. Characteristics of substrates, inoculum and digestate 
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Analitic parameter Pig manure Inoculum Digestate 

Total solids (g∙ kg-1) 45.3±28.9 17.9±0.1 35.8± 12.2 

Volatile solids (g∙ kg-1) 33.3±23.1 12.8±0.1 25.01± 8.6 

Total Nitrogen (g∙ L-1) 3.3±1.3 4941.1±854.8 3.1± 0.8 

Mineral Nitrogen (%) 63.5±4.6  71.7± 2.7 

Total Phosphorus PO4³- (g∙ L-1) 1024.5±819.7  751.25± 317.2 

Electrical conductivity (mS) 13.9±2.8  16.3± 2.7 

Chemistry oxygen demand (g∙ L-1) 95.3±37.6  72.1± 31.0 

Total Alkalinity (g CaCO3∙ L-1) 13.8±6.8  13.5± 2.8 

Alkalinity ratio 1.10±0.20  0.41± 0.35 

pH 7.5±0.4  7.9± 1.4 

2.5 Microbial communities 

Microbial characterization was performed in samples taken from the bioreactors at the 

different stages identified during the operation: after 41 days of operation, corresponding 

to a period of low biogas productivity and after 136 days of operation, when biogas 

production reached maximum levels. Additionally, the microbial composition was also 

analysed in samples of the swine manure and the WWT inoculum. Samples were 

preserved at -20 °C until DNA extraction procedures. After DNA extraction, a total of 50 

ng of high-quality DNA was amplified following the 16S metagenomic sequencing 

library Illumina 15044223 B protocol (ILLUMINA). Two sets of primers were used to 

amplify 16S regions. The V3‐V4 region of the 16S rRNA gene was amplified using the 

universal 341F‐805R set of primers [24], additionally, the V4 region of 16S was amplified 

to study archaeal communities, using the primer pair combination 344F‐1041R/519F‐

806R [25]. 

The retrieved 16s rRNA sequences were analysed using the software package DADA2 

v1.6 in the R environment [26]. Forward and reverse reads were filtered and truncated to 

290 and 220 nucleotides, respectively, and then paired reads were assembled. 
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Subsequently, paired-end reads underwent denoising, and singleton and chimera 

sequences were removed. Taxonomy was assigned to representative sequences taken 

from an amplicon sequence variant (ASV) table using the Naïve Bayesian classifier 

trained against the SILVA database release v132. Data analysis was performed using R 

through RStudio software (R Core Team, 2021). The sequences obtained in this work 

were deposited in the Genbank Sequence Read Archive under BioProject number 

PRJNA1025111. 

3. Results and discussion  

3.1 BMP tests 

The biomethane production data was monitored over a time span extending for 60 days 

shown in Fig. 2. Significant discrepancies emerged between the trials concerning the rate 

of production and the total biogas output. In the case of tests inoculated with WWT 

sludge, biogas production showed a rapid increase without lag phase increasing until it 

peaked at 435 ml CH4∙ g VS-1 after 18 days of incubation. The trial with only pig sludge 

(uninoculated) showed a slower production during the first 10 days of the essay with a 

notable lag phase. However, a higher accumulated biomethane production was reached 

with 517.5 ml CH4∙ g VS-1 on day 55. The flasks inoculated with FD (taken from the farm 

digester) showed an intermediate rate of biogas production but the higher bioconversion 

of organic matter to methane with a value of 534 ml∙ g VS-1 by day 57. Taking in 

consideration that the same substrate was employed in the three essays, these variations 

between the trials should be attributed to the inoculum use. Although the WWT anaerobic 

inoculum presented a high rate and lack of latency, the yield of biomethanization was 

considerable higher (up to 18 %) in essays without inoculum or with a manure adapted 

inocula (FD test). Even though higher rates were achieved in WWT inoculated tests 
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during the first 10 days, this fact could be negligible since anaerobic processes are 

designed to operate for years.  

Fig. 2. Biogas production in the BMP tests: ■ (WWT- Swine manure with WWT sludge); ● 

(Uninoculated- Swine manure without inoculum); ▲ FD- (Swine manure with farm digester 

digestate) 

3.2. Biogas production in CSTR  

Three different phases were observed through the experiment: an initial short-duration 

adaptation stage (stage 1), followed by a stage 2 marked by a minimal biogas production, 

and finally, a third stage when biogas production gradually increased reaching the yields 

achieved in the BMP tests (stage 3) (Fig. 3b). Stage 1 was characterized by large 

fluctuation in methane production from 164.47 mL∙ g VS-1 on day 5 to a peak of 240.64 

mL∙ g VS-1 on day 9. These unstable conditions could be attributed to microbial 

adaptation and substrate availability still present in the WWT inoculum. A significant 

decline in biogas production commenced after day 15 (stage 2), when a period 

corresponding to one HRT was completed. This inhibition period was marked by a very 
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low biogas production, decreasing from initial values of about 196.57 mL∙ g VS-1 to only 

25.20 mL∙ g VS-1 and corresponded to 55 days of continuous operation (until day 70) 

(Fig. 3b). This decline in organic matter conversion into biogas was associated with the 

accumulation of inhibitory factors and attributed to the elevated organic load rate (OLR) 

entering the reactor and the inhibition of methanogens due to the relative reduced HRT 

applied of 15 days. 

Fig. 3. Time course of the operational parameters during the experiment inside the anaerobic 

reactors: a) Organic loading rate (OLR); b) Biomethane production; c) Alkalinity ratio; d) Volatile 

fatty acids (VFAs) 

From day 70 onwards (stage 3), biogas production experienced a significant increase 

which lasted until the end of the experiment with an average value of biogas production 

of 375 mL∙ g VS-1 during the second half of the stage (Fig. 3b). This increase in biogas 

production was concomitantly detected with a decrease in VFA concentration in the 

reactor and notably decrease of the alkaline ratio, suggesting that the systems have 

reached a steady state period after 5 HRTs. The biomethanization levels at the end of 

0

2

4

6

8

10

5 20 35 50 65 80 95 110 125 140

O
LR

 (k
g 

C
O

D
∙ m

-3
in

∙ d
-1

)

Time (d)

0

100

200

300

400

500

5 20 35 50 65 80 95 110 125 140

B
io

m
et

ha
ne

 p
ro

du
ct

io
n 

(m
l∙ 

g 
V

Si
n-1

)

Time (d)

0.0

0.5

1.0

1.5

5 20 35 50 65 80 95 110 125 140

A
lk

al
in

ity
 ra

tio

Time (d)

a) b)

c)

0

5

10

15

20

25

5 20 35 50 65 80 95 110 125 140

V
FA

s (
g 

∙ L
-1

)

Time (d)

d)

1 2 3

1 2 3

1 2 3

1 2 3



 

 
- 73 - 

 

Chapter 6 

stage 3 were close to the values achieved in the BMP tests (410, vs. 435 mL∙ g VS-1). At 

this point it must be highlighted that under the conditions of BMP essays no inhibitions 

are likely to occur due the optimum dosages of inoculum and substrate, suggesting that 

inhibition phenomena detected in CSTRs during stage 2 was overcome.  

The inhibition of the methanogenic process was evidenced by the VFA accumulation and 

the considerable high values of the alkalinity ratio. In case of VFA, average concentration 

of the stage 2 was above the inhibition thresholds with average values of 14.6 ± 2.2 g L-1 

of total VFA per litre. In this sense, concentration above 5 g∙ L-1 can potentially inhibit 

microbial activity in the anaerobic digestion process, and subsequently reducing the 

capacity to produce biogas [27]. VFAs, such as acetic acid, propionic acid, and butyric 

acid, are intermediate products of anaerobic fermentation of organic matter. At low 

concentrations, these VFAs are utilized by methanogenic bacteria to produce methane, 

the primary component of biogas. However, at elevated concentrations, VFAs can have 

a toxic effect on methanogenic bacteria, reducing their activity and resulting in decreased 

biogas production [28]. Yeole T. (1996) and Yuan H. (1999) stablished the VFA 

concentrations of 5-6 g∙ L-1 as inhibitory level using cattle dung and sewage sludge as 

substrate [29,30]. Alkalinity ratio is often used to monitor the digester stability [31]. Stage 

2 was characterised by values above 0.4, and reaching values beyond 1, which are 

normally associated with inhibition processes and the insufficient capacity to neutralize 

or remove organic acids and maintain an appropriate pH for microbial activity. A high 

alkalinity ratio, above 0.3, may indicate an excess of alkalinity, signifying an imbalance 

of the anaerobic digestion. In the same manner that VFA concentration, the alkalinity 

ratio showed a remarkable decrease along stage 3, evidencing the increase of the 

methanogenic activity.  



 

 
- 74 - 

 

Chapter 6 

Animal waste products, such as swine manure, frequently contain exceptionally high 

concentrations of total ammoniacal nitrogen due to the presence of ammonia, as well as 

proteins and urea that readily release ammonia after anaerobic treatment [32,33]. While 

sudden increases in ammonia concentration in the feedstock are uncommon [34], stored 

feed slurries, like the substrate under study, often contain elevated levels of ammonia 

released during the organic nitrogen decomposition process. Ammoniacal nitrogen 

together with the VFA are main inhibitors found during swine manure treatment in 

digesters.  

 

Fig. 4. Time course of the operational parameters during the experiment inside the anaerobic 

reactors: a) N-NH3; b) pH;  
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Fig. 4 illustrates the evolution in total ammonia nitrogen (TAN) and pH in the CSTRs 

over the course of the experiment. In stage 2, the TAN concentration averaged in 2.72 ± 

0.29 g∙ L-1, while slightly lower concentrations were detected in stage 3, 2.03 ± 0.19 g∙ L-

1. These conditions were detected together with mild basic conditions, which increases 

the free ammonia form. Stable pH values of 8.21 ± 0.3 and 8.14 ± 0.25 were measured in 

stages 2 and 3, respectively. Ammonia accumulation often triggers process instability 

through inhibition of the methanogenesis, leading to the accumulation of VFAs, which 

subsequently causes a decrease in pH and reduces the free ammonia concentration. The 

interplay between free ammonia, VFAs, and pH can result in what is termed an "inhibited 

steady state" - a situation where the process operates steadily but with a reduced methane 

yield [35,36] and corresponding to the conditions described in stage 2. Nevertheless, 

microbial acclimatization to these conditions can lead to a resume of the biomethane 

production. Such adaptation may arise from internal changes within the dominant 

fermentative or methanogenic species or shifts in the population [37]. In this experiment, 

the adaptation period seemed to occur within a duration spanning between 4 to 5 HRT. 

Among the four types of anaerobic microorganisms involved in the anaerobic digestion 

process, methanogens are the least resilient and are prone to halting their growth in 

response to ammonia inhibition [38]. Numerous studies have examined this issue, 

suggesting that a concentration of 4 g NH3-N∙ L-1 is already sufficient to affect certain 

methanogenic microorganisms. Once acclimated, microorganisms can maintain their 

viability even at concentrations well above the initially inhibitory levels. Koster & 

Koomen, (1988) reported that non-acclimated methanogens failed to produce methane at 

ammonia concentrations of 1.9-2 g NH3-N∙ L-1, but they did resume methane production 

at a concentration of 11 g NH3-N∙ L-1 after the adaptation process [39]. Experiments have 
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unequivocally demonstrated the feasibility of achieving stable manure digestion at 

ammonia concentrations exceeding 5 g NH3-N∙ L-1 following an initial adaptation period.  

3.3 Microbial communities in CSTR  

Microbial community analysis based on universal primers (V3-V4) revealed a significant 

difference in the composition of microbial lineages between swine manure and the WWT 

used as inoculum (Supplementary Information, Fig. S1A and Fig. 5). While the swine 

manure was mainly composed of three phyla: Firmicutes, Bacteroidota, and 

Actinobacteriota, accounting for approximately 82, 8 and 6 % of the microbial 

community, respectively, the WWT inoculum displayed a broader microbial diversity.  

Firmicutes and Actinobacteriota were the dominant groups each comprising 

approximately 17 % of the microbial community, followed by Bacteroidota, 

Patescibacteria and Chloroflexi, each representing 12 to 13 % of the community found in 

the WWT sample. Regarding archaeal members of the communities, only members of the 

Haloarchaeota phylum were detected by the V3-V4 primers in the inoculum, making up 

3.7% of the microbial community. However, no archaea were detected in the swine 

manure by these primers (Fig. S1A). Conversely, when archaea-targeted V4 primers were 

employed, Euryarchaeota were predominant in the swine manure (80 %), while the WWT 

sample was also dominated by Euryarchaeota (50 %) followed by Halobacterota, 

comprising 42 % of the archaeal community (Fig. S1B). 

Interestingly, bacterial groups originally found in the swine manure showed stability and 

resilience throughout the anaerobic digestion process, whereas those originally found in 

the anaerobic sludge tended to diminish over time (Fig. 5A).  
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Fig. 5. Heatmap displaying the microbial community analysis employing 16s-based universal 

(Panel A) and archaeal (Panel B) primers. For the V3-V4 universal primers, all taxa with relative 

abundances of less than 2% were summarized in the “others” group. *For the V4 archaeal primers, 

all taxa not belonging to the archaea kingdom were summarized in the “others” group. SM stands 

for swine manure and WWT stands for wastewater treatment plant inoculum. Day 41 and 136 

columns correspond to the samples taken from CSTRs.  

. 

For instance, members of the Peptostreptococcaceae and Clostridiaceae families 

(specifically Terrisporobacter and Clostridium sensu stricto 1 genera) from the 

Firmicutes demonstrated minimal fluctuations in their relative abundance maintaining 

levels of approximately 10 % and 40 %, respectively throughout the entirety of the 

anaerobic digestion process, that means in stages 2, 3 and swine manure (Fig. 5A).  
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Furthermore, an unidentified member of the Rikenellaceae family (Bacteroidota), 

increased its relative abundance from 0.5 in the swine manure, to 2.5, and 8 % in days 41 

and 136 of the anaerobic digestion operation. These facts prove that the microorganisms 

originally found in the swine manure possess metabolic capabilities contributing to 

anaerobic digestion. Supporting this fact, several recent studies have detected 

Terrisporobacter and Clostridium sensu stricto 1 as key bacteria responsible of 

fermentation reactions during the digestion of swine manure [40–42]. Historically, 

members of the Firmicutes phyla have been recognized due to their fermentative 

metabolism which allows them to provide acetoclastic and methanogenic microbes with 

substrates for biogas production [43,44]. Furthermore, members of the Rikeneallaceae 

family have been reported as H2 producing microorganisms and thus they could have 

contributed to hydrogenotrophic methanogenesis in the studied system [45,46]. 

In contrast, members of Longilinea, Tetrasphaera, unclassified Intrasporangiaceae, and 

Thermovirga genera, that were present in the WWT inoculum, significantly diminished 

their relative abundance by 9, 6, and 5 % respectively by the end of the anaerobic 

digestion process (Fig. 6). This suggests a less prominent role in the anaerobic digestion 

of the swine manure, even though members of these genera have been previously reported 

to play significant roles in digesters [47–49]. 
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Fig. 6. 16s-based rRNA analysis showing the relative abundance of bacteria retrieved by V3-V4 

universal primers from biomass and swine wastewater samples. Taxa not identified at the family 

level include the next identified taxonomic level in parenthesis. All taxa with relative abundances 

of less than 2% were summarized in the “others” group. *Abbreviations: o_: order, c_:class. 

From the archaeal counterpart of the microbial communities, taxa originally identified in 

both, the swine manure and WWT sludge, showed prevalence during anaerobic digestion 

(Fig. 7). From the swine manure, members from the Methanobrevibacter and 

Methanosphaera genera reached relative abundances of 9 and 22 %, respectively, at stage 

3 when biogas production reached its maximum value, albeit their dominance was 

considerable higher in the manure, 22 and 57 %, respectively. From the WWT sludge, 

members of Methanobacterium, and unclassified Halobacterota, comprised 27 and 20 % 

of the archaeal community in stage 3, respectively. However, the practical absence of the 

unclassified member of the Halobacterota phylum in the sample of the stage 2 (inhibition 

period) suggest that the inoculated organisms belonging to this group were probably 
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inhibited by high concentrations of ammonia and/or VFA. The subsequent adaptation of 

these organisms probably conducted to the most favourable conditions detected during 

stage 3. The genus Methanosaeta, strongly present in the WWT inoculum (up to 19 %) 

were practically absent in the steady state conditions of stage 3 (2 %).  Interestingly, the 

most drastic increase in relative abundance was observed for Methanosarcina (final 

abundance of 16 %) which was present at very low levels (<0.2 %) in both the swine 

manure and in the inoculum.  

Fig. 7. 16s-based rRNA analysis showing the relative abundance of archaea retrieved by V4-V5 

archaeal primers from biomass and swine wastewater samples. Taxa not identified at the family 

level include the next identified taxonomic level in parenthesis. All taxa with relative abundances 

of less than 2% were summarized in the “others” group. *Abbreviations: o_: order. 

Overall, the microbial community analysis suggests that bacterial taxa with fermentative 

metabolism originally present in the swine manure do prevail during anaerobic digestion 

and provide to the hydrogenotrophic and acetoclastic methanogens from both the swine 

manure and the inoculum with substrates for biogas production. In case of archaeal, 
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responsible of the methane production, the intermediate microbial population found in 

the steady state of the reactors, comprising organisms present in both manure and the 

WWT inoculum, suggested that inoculation could played a relative minor role. This 

observation is in agreement with the results found in the BMP tests, where uninoculated 

tests showed similar levels or even higher levels of biomethane production.   

4. Conclusions    

In summary, biomethane production in continuous mode showed a strong inhibition due 

to high ammonia and VFA concentrations that was overcome after more than 70 days of 

operation.  These trends indicate changing reactor conditions over time and underscore 

the importance of careful monitoring and control of system parameters (chemical and 

biological) to optimize biogas production in anaerobic digestion applications. 

Furthermore, the 16s analyses performed revealed that clades of bacteria and archaea 

intrinsic to the swine manure display resilience and might play key roles during the 

anaerobic digestion process presumably due to acclimation to the substrates found in the 

swine manure. This suggests that microbial population find in this substrate might be 

sufficient for the quick start-up of anaerobic digestion without the need of the addition of 

external sources of microorganisms (i.e., anaerobic sludge). 
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Fig. S1. Pie plot displaying the microbial community analysis based on 16s-based universal 

(Panel A) and archaeal (Panel B) primers at the phylum level. For the V3-V4 universal primers, 

all taxa with relative abundances of less than 2% were summarized in the “others” group. *For 

the V4 archaeal primers, all taxa not belonging to the archaea kingdom were summarized in the 

“others” group. 
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Abstract 

Cereal straw stands out as one of the most abundant and globally distributed agricultural 

residues. Traditional applications cope with a limited amount of the production, leaving 

the remainder in the field for its natural decomposition. Managing cereal straw through 

controlled biological transformation under anaerobic conditions holds the potential to 

generate added value in the form of bioenergy. However, the lignocellulosic composition 

of these substrates poses challenges for organic degradation, often requiring energy-

intensive pretreatments. Detailed research with a comprehensive calculation of the overall 

energy balance of the integrated process, aiming to provide real added value and 

replicability to such studies. Three scenarios for wheat straw transformation were 

investigated, incorporating two preliminary pre-treatment stages—mechanical milling 

and physicochemical steam explosion—under varying conditions based on experimental 

data. The subsequent energy integration analysis reveals that the process can be optimized 

by up to 15% in the final energy balance. 
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1. Introduction 

There is a growing interest in the use of agricultural residues as an alternative to fossil 

fuels in energy production. There are several reasons for this trend. First, agricultural 

residues, such as crop residues, straw and manure, are abundant and renewable, making 

them a sustainable source of energy [1]. In addition, their use reduces dependence on 

fossil fuels and helps mitigate greenhouse gas emissions [2]. Likewise, the use of 

agricultural residues for energy generation can provide economic benefits to agricultural 

communities by generating additional income and promoting the diversification of their 

activities [3]. Anaerobic digestion (AD) is introduced as a biological process that yields 

high-calorific-value biogas, primarily composed of biomethane [4]. This biogas serves as 

a substitute for traditional natural gas, thereby promoting a more environmentally friendly 

balance in greenhouse gas emissions during its use [5]. Along with the aspects mentioned 

above, the growing interest in the use of agricultural residues to replace fossil fuels in 

energy production has also been backed by legal and political support.  

Many countries and regions have implemented policies and regulations that encourage 

the use of renewable energy sources, including agricultural residues [6]. This is reflected 

in financial incentives, subsidies and feed-in tariff schemes that promote power 

generation from agricultural biomass. Legal and political support must play a crucial role 

in promoting the use of agricultural residues as a viable and sustainable alternative to 

fossil fuels in energy production [7,8]. Several countries around the world have 

implemented regulations and policies to encourage the use of agricultural residues in 

energy production e.g. Germany, United States, Brazil or China where there are 
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regulations and incentive programs to encourage power generation from agricultural 

biomass in order to reduce its dependence on fossil fuels and mitigate air pollution [9]. 

Spain has regulations and provides support for the advancement of technologies that 

transform agricultural waste into energy [10]. The Electricity Sector Law 24/2013 

establishes the legal foundation for promoting renewable sources, including agricultural 

biomass. Economic incentives like feed-in tariffs and premiums are available, as well as 

financing programs and subsidies for renewable energy initiatives [11]. Furthermore, both 

national and European-funded research and development programs are in place to bolster 

research and the adoption of innovative technologies in agricultural waste management 

for energy production [12]. 

Within the agricultural residues produced, there exists a category characterized by its 

substantial lignocellulosic content, which, owing to its limited degradability, presents a 

significant hurdle in the biogas production process [13]. These wastes primarily consist 

of three distinct polymers: cellulose, hemicellulose, and lignin. Cellulose, which is 

characterized by its rigid crystalline structure, makes up a significant percentage. 

Hemicellulose, on the other hand, has a lower molecular weight and short side chains, 

making it a polymer that can be easily hydrolyzed. Lignin, a complex and amorphous 

heteropolymer, comprises three different phenylpropane units and is insoluble in water 

[14]. Wheat straw is principally composed of cellulose (30-45 %), hemicellulose (20-35 

%), and lignin (7-22 %) [15–17]. Both the cellulose and hemicellulose fractions can be 

broken down into monomeric sugars through hydrolysis. Anaerobic digestion is presented 

as an alternative to convert these wastes into biogas, but their low biodegradability blocks 

this process [18]. Composting, enzymatic hydrolysis and pretreatments are key 

techniques to improve biodegradability and increase biogas production [19]. Overcoming 
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microbial inhibition and optimizing mass balances are crucial challenges to obtain 

optimal performance in biogas production from lignocellulosic wastes.  

Thermal pretreatment is an effective strategy to improve the degradability of 

lignocellulosic wastes [20]. It consists of subjecting the waste to high temperatures, 

typically above 150 ̊ C, for a given time [21]. This process breaks down the lignocellulose 

structure, increasing the accessibility of enzymes and facilitating the release of the 

components of interest. Thermal pretreatment can be performed by different methods, 

such as steam explosion, pyrolysis and or in combination with chemical processes such 

as a thermal-acid treatment [22], being the most widely employed pretreatment method 

for lignocellulosic biomass due to its cost-effectiveness and efficiency [23]. These 

methods modify the chemical composition and physical properties of the residues, 

making them more susceptible to enzyme action during the fermentation stage [24]. As a 

result, a higher conversion of waste to biogas is achieved, thus improving the efficiency 

and profitability of the process of producing renewable energy from lignocellulosic waste 

[25]. Table 1 shows the main results found in works where steam explosion pretreatment 

of lignocellulosic materials has been studied to improve biogas production. This process 

involves exposing the material to high temperatures by directly injecting saturated steam 

and subsequently, the material undergoes rapid depressurization, which generates shear 

forces capable of separating the fibres. However, it is important to note that while steam 

explosion consumes 70 % less energy compared to mechanical treatments, it has some 

drawbacks. [26] These include the partial destruction of xylans from hemicelluloses, 

incomplete breakdown of the lignin-carbohydrate matrix, and the production of 

fermentation inhibitors [27].  
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Table 1. Summary of the anaerobic digestion effect of steam explosion pretreatment on AD of 

lignocellulosic biomass 

Substrate Pretreatment 
conditions Anaerobic Digestion effect Reference 

Wheat Straw 
(WS) 175, 5 min 26.6 % increase methane production 

[28] WS 175, 30 min 62.9 % increase methane production 

WS 178, 30min 85.7 % increase methane production (day 10) [29] 

WS 170, 5 min 40.5 % increase methane yield 

[30] WS 170, 15 min 59.4 % increase methane yield 

WS 160, 10 min 13.9 % increase methane production 

[31] 

WS 180, 10 min 12.8 % increase methane production 

WS 180, 15 min 20.0 % increase methane production 

WS 160, 60 min 42.1 % increase methane production 

[32] WS 180, 60 min 57.3 % increase methane production 

Spent grain 170, 30 min 40.2 % increase methane production [33] 

Corn stover 180, 15 min 12.7 % increase methane production [34] 

Rice straw 174, 30 min 6.7 % increase methane yield [35] 
 

On that path, the economic viability of applying thermal pretreatment depends on several 

factors. The cost of pretreatment, which includes energy consumption and necessary 

equipment, must be weighed against the benefits obtained. These benefits may include a 

significant increase in biogas production and an improvement in the efficiency of the 

anaerobic fermentation process. In addition, the economic value of the substrate used 

without pretreatment, such as its potential use as fodder or direct sale, must be considered. 

Other factors to consider are the availability of local resources, government incentives or 

subsidies, and energy market conditions [36]. In general, an economic analysis, based on 

detailed mass and energy balances, is required to assess the specific feasibility of applying 

thermal pretreatment to wheat straw in a particular context. The current study explores 
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the utilization of wheat straw, as a widely available lignocellulosic by-product [37], as a 

substrate for energy generation via anaerobic digestion, which includes a steam water 

explosion pretreatment conducted under varying conditions. Batch experiments were 

established to evaluate the potential benefits following the wheat straw pretreatment. The 

production rate of biogas was assessed and modelled, followed by an energy assessment 

of the entire process to determine its feasibility on a full-scale basis. 

2. Materials and Methods 

2.1 Feedstocks and anaerobic inoculum 

Agricultural residues, specifically wheat straw, were collected in the Soria province of 

Spain following the harvest season and employed as a substrate. To prepare the 

substrate, a physical pretreatment process was performed using a Moulinex grinder, 

resulting in particle sizes of 1 mm [38]. Inoculum for the anaerobic reactor, operated 

under mesophilic conditions, was sourced from the anaerobic digester of sewage 

sludge of the wastewater treatment (WWT) plant in Soria, Spain. The inoculum used 

required an adaptation period of four weeks under continuous conditions feeding with 

wheat straw in a 1.2-liter reactor at 35 ± 0.5 ˚C degrees and magnetic stirring. Table 2 

offers detailed characteristics of both the substrates and the inoculum. 

Table 2. Substrate and inoculum characterization. 

Parameter Units WWT inoculum Wheat straw 

Total Solids g· kg-1 14.9 ± 0.1 928.2 ± 7.3 

Volatile Solids g· kg-1 10.2 ± 0.2 851.6 ± 15.9 

COD g· L-1 19.2 ± 0.4 1422.4 ± 15.5 

Cellulose % - 33.9 ± 0.4 

Hemicellulose % - 23.8 ± 0.2 

Lignin % - 22.3 ± 0.1 
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2.2 Thermal hydrolysis pretreatment 

The laboratory-scale hydrolysis system consists of a 2 L reactor that receives the wheat 

straw (WS) substrate and is heated using steam until the desired temperature is attained. 

Additionally, there is a 5 L flash tank where the steam explosion takes place once the 

hydrolysis reaction time has passed (Fig. 1). A detailed description of the thermal 

hydrolysis TH equipment can be found elsewhere [39]. The operating conditions 

remained constant, maintaining a temperature of 170 ̊ C and a pressure of 7 ± 0.2 bar until 

the depressurization, following the approach by [40], and varying the hydrolysis times to 

5, 10, and 15 minutes. These specific operating conditions were chosen with the aim of 

optimizing methane production and enhancing the maximum kinetics, as indicated by 

BMP tests. 

  

Fig. 1. Schematic diagram of the wheat straw transformation from the field until the AD 

processing trough mechanical and thermal pretreatment. 
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2.3 BMP tests 

2.3.1 Anaerobic digestion tests  

The anaerobic biodegradation of the pretreated substrates was assessed in batch mode 

over a 40-day period. The tests were initiated following the BPM (Biochemical 

Methanogenic Potential) methodology, in accordance with the standard protocol 

outlined by [41]. 

For these experiments, 120 mL serological glass bottles with a working volume of 70 

ml and a headspace of 50 mL were prepared. The temperature was maintained at 35 ± 

0.5 ̊ C in an incubator (Hotcold-GL, Selecta), and mixing was achieved using an orbital 

stirring plate (Rotabit, Selecta). The inoculum-to-substrate ratio was set at 1.5:1 g SV, 

and 1.5 g of CaCO3 L-1 was added as a buffering agent to prevent pH fluctuations 

[42,43]. To establish anaerobic conditions, the bottles were purged with nitrogen to 

remove any residual air at the start of the experiment.  

Three parallel tests were conducted for each pretreatment conditions, namely: Wheat 

straw standalone (WS Control), wheat straw with a 5-minutes period of steam 

explosion pretreatment as explained in section 2.2 (WS T1), with a 10-minutes 

pretreatment period (WS T2) and 15 minutes (WS T3); as well as a blank test with only 

the inoculum were included to measure the endogenous production of biogas 

originating from the inoculum. The measurements were adjusted by subtracting the 

endogenous production. Daily biogas production was quantified using a water 

displacement method, and the biogas volume was corrected for standard conditions, 

accounting for ambient pressure and operating temperature. Biogas composition was 

also measured by a gas analysis equipment (Biogas 5000, GeoTech). 
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2.3.2 Analytical procedure 

American Public Health Association’s standard methods were employed for the analysis 

of Total Solids (TS), Volatile Solids (VS), and Chemical Oxygen Demand (COD) [44]. 

The determination of carbon (C) and nitrogen (N) content was carried out using a Leco 

CNS-928 elemental analyser. This analyser employs a process that involves the total 

combustion of the sample, followed by the determination of the percentage of total weight 

for each element. 

The lignocellulosic fractions (comprising hemicellulose, lignin, and cellulose) in both the 

pre- and post-pretreatment samples were analysed using the lignocellulosic biomass 

analysis methods established by the National Renewable Energy Laboratory [45].  

2.4 Modelling 

2.4.1 Biogas production 

The experimental data acquired from the tests were applied to the modified Gompertz 

mathematical model to adjust the biomethane production for each test and applied for 

evaluating the anaerobic digestion (AD) performance following the Eq. 1 [46–48]. This 

model segments bacterial growth curves into three phases: the lag and stationary 

phases, where the specific growth rate remains at zero, and the exponential phase, 

where the natural logarithm of the bacterial population increases linearly with time.  

𝐵𝐵 (𝑡𝑡) = 𝐵𝐵 ∙ 𝑒𝑒
�−𝑒𝑒�

𝑅𝑅∙𝑒𝑒
𝑃𝑃  ∙(λ−t)+1��

         (1) 

In this equation, B(t) represents the cumulative methane production at standard 

temperature and pressure mL CH4∙ g VS-1. B stands for the potential methane production 

in mL CH4∙ g VS-1, R represents the maximum methane production rate mL CH4∙ g VS-1 
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d-1, λ signifies the lag phase duration in days, and t denotes the elapsed time in days. The 

model was fitted to the experimental data using the least squares methodology. 

2.5 Energy Integration study 

A scenario has been created based on the configuration shown in Fig. 2, which integrates 

two pretreatment methods: mechanical and thermal. The energy requirements for both 

pretreatment processes have been determined using the electrical consumption for 

substrate grinding and the steam requirements based on Cano et al. (2014) [31] prior 

research [33]. To achieve this, the scenario has been applied in a full-scale plant, with a 

thorough analysis of energy inputs and outputs. 

The potential biomethane generated from the BMP tests was assessed using an energy 

content of 10 kWh∙ Nm-3 [4,49]. Initially, all raw substrates and cold water were assumed 

to be at 20 ˚C, with a consistent heat capacity equivalent to that of water (4.18 kJ∙ kg-1∙ 

˚C-1) assigned to them to achieve hydrolysis conditions at 170 ˚C and anaerobic digestion 

at 35 ̊ C. Furthermore, the process considered the grinding of straw in a 30-kW knife mill. 

This grinding operation had a specific flow rate per dry matter (DM) of 2.6 kg DM∙ h-1∙ 

kW-1 and consumed 140 kWh∙ t DM-1[38,50,51]. The net energy balance of the process 

was determined as the difference between the energy produced from renewable sources 

and the cost associated with natural gas as can be observed in Eq. 2-5. 

𝐸𝐸𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑒𝑒 �
𝑘𝑘𝑘𝑘∙ℎ
𝑡𝑡
� = 𝐸𝐸𝐺𝐺𝑒𝑒𝐵𝐵𝑒𝑒𝐺𝐺𝐵𝐵𝑡𝑡𝐺𝐺𝐺𝐺𝐵𝐵 (𝐶𝐶𝐶𝐶4) �

𝑘𝑘𝑘𝑘∙ℎ
𝑡𝑡
� −  𝐸𝐸𝐶𝐶𝐺𝐺𝐵𝐵𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡𝐺𝐺𝐺𝐺𝐵𝐵 (𝑃𝑃𝐺𝐺𝑒𝑒𝑃𝑃) �

𝑘𝑘𝑘𝑘∙ℎ
𝑡𝑡
�+

𝐸𝐸𝑆𝑆𝐵𝐵𝑆𝑆𝐺𝐺𝐵𝐵𝑆𝑆 �
𝑘𝑘𝑘𝑘∙ℎ
𝑡𝑡
�         (2) 

Where E(generation) is the energy produced in the anaerobic digestion process and 

E(consumption) is the energy consumed including the pretreatments. 
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𝐸𝐸𝐺𝐺𝑒𝑒𝐵𝐵𝑒𝑒𝐺𝐺𝐵𝐵𝑡𝑡𝐺𝐺𝐺𝐺𝐵𝐵 (𝐶𝐶𝐶𝐶4) �
𝑘𝑘𝑘𝑘∙ℎ
𝑡𝑡
� = 𝑀𝑀𝑀𝑀 �𝐶𝐶

3

𝑡𝑡 𝑉𝑉𝑆𝑆
� ∗ 𝑉𝑉𝑉𝑉 �𝑡𝑡𝐺𝐺𝐵𝐵 𝑉𝑉𝐶𝐶

𝑡𝑡
� ∗ 𝐶𝐶𝑉𝑉 �𝑘𝑘𝑘𝑘∙ℎ

𝐶𝐶3 �   (3) 

Where MP is the methane production per ton of substrate, VS is the volatile solids of the 

substrate and CV the calorific value of the methane. 

𝐸𝐸𝐶𝐶𝐺𝐺𝐵𝐵𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡𝐺𝐺𝐺𝐺𝐵𝐵 (𝑃𝑃𝐺𝐺𝑒𝑒𝑡𝑡𝐺𝐺𝑒𝑒𝐵𝐵𝑡𝑡𝐶𝐶𝑒𝑒𝐵𝐵𝑡𝑡𝐶𝐶) �
𝑘𝑘𝑘𝑘∙ℎ
𝑡𝑡
� = 𝐸𝐸(𝑀𝑀𝐺𝐺𝐵𝐵𝐵𝐵𝑒𝑒𝐺𝐺) �

𝑘𝑘𝑘𝑘∙ℎ
𝑡𝑡
�+ 𝐸𝐸(𝑆𝑆𝑡𝑡𝑒𝑒𝐵𝐵𝐶𝐶) �

𝑘𝑘𝑘𝑘∙ℎ
𝑡𝑡
�   (4) 

Where E(miller) is the energy consumed in the mechanical pretreatment of cutting the 

substrate to 1 mm size with a value of 140 kWh∙ t-1 and E(steam) is the energy consumed in 

the thermal pretreatment. 

𝐸𝐸𝑆𝑆𝑡𝑡𝑒𝑒𝐵𝐵𝐶𝐶 �𝑘𝑘𝑘𝑘∙ℎ
𝑡𝑡
� =  𝑉𝑉𝑡𝑡𝑒𝑒𝑆𝑆𝑆𝑆 �𝐶𝐶

3

𝑡𝑡
� ∗ 𝜂𝜂𝑏𝑏𝑏𝑏 (%) ∗ 𝐶𝐶𝑉𝑉 �𝑘𝑘𝑘𝑘∙ℎ

𝐶𝐶3 �     (5) 

Where Steam is the steam needed in the pretreatment per ton, ηbo is the boiler efficiency 

(90 %) and CV the calorific value of the natural gas used. 

In addition to improve this balance, there are energy savings in heating consumption 

achieved by increasing the temperature of the substrate as it enters in the anaerobic 

digester. This avoids losses within the digester since, following pretreatment, the 

substrate is already at a high temperature (≈100 ˚C), eliminating the need for additional 

heat during AD. Energy savings are defined in Eq. 6: 

𝐸𝐸𝑆𝑆𝐵𝐵𝑆𝑆𝐺𝐺𝐵𝐵𝑆𝑆𝐶𝐶 �
𝑘𝑘𝑘𝑘∙ℎ
𝑡𝑡
� =  𝑊𝑊𝑉𝑉 𝑠𝑠𝑠𝑠𝑏𝑏𝑠𝑠𝑡𝑡𝑠𝑠𝑆𝑆𝑡𝑡𝑒𝑒 (𝑡𝑡𝑡𝑡) ∗ 𝑉𝑉ℎ (𝑘𝑘𝑘𝑘∙ℎ

°𝐶𝐶∙𝑡𝑡
) ∗ 𝛥𝛥𝛥𝛥(°𝐶𝐶)    (6) 

Where WS substrate is the biomass entering in the anaerobic digester, Sh is the specific 

heat of the substrate and ΔT is the temperature difference between the outdoor conditions 

and the inside reactor conditions (15 ˚C) 
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Fig. 2. Energy flow diagram configuration. Mechanical and thermal hydrolysis pretreatments. 

3. Results and discussion 

3.1 Effect of substrate particle size on biogas production. 

Fig. 3 shows the daily and cumulative biomethane generation outcomes from a 25-day 

experimental regimen. Over this period, notable fluctuations in biomethane production 

were observed, corresponding with distinct growth phases. 

It can be observed that biogas production trends exhibit similarity in the three tests where 

prior thermal pretreatment was applied. The most prolific production levels occurred 

during the initial five days, where the experiments surpassed the threshold of 50 mL 

biomethane per gram of volatile solids per day (g VS-1∙ d-1). Subsequently, from the fifth 

day onwards, daily production displayed fluctuations, alternating between decline and 

ascent, within the range of 10 to 25 mL biomethane g VS-1∙ d-1. However, an average 

biogas production level was sustained between days 10 and 25, marking the stationary 

phase of the process. Beyond the 13th day, data gradually diminished due to reduced 
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availability of convertible organic substrates. Ultimately, the cumulative production 

reached 277, 316, and 340 ml biomethane g VS-1 for pretreatment trials WS T1, WS T2, 

and WS T3, respectively. In contrast, the control trial, WS Control, exhibited a more 

gradual biogas production pattern, maintaining values within the range of 10-15 ml 

biomethane g VS-1∙ d-1 for the first 10 days. Subsequently, it entered a stationary 

production phase, yielding between 5 and 10 mL biomethane mL∙ g VS-1∙ d-1 until the 

conclusion of the trial with a cumulative production of 212 mL biomethane g VS-1. 

Different authors have reported values between 204 and 285 mL∙ g VS-1 using raw wheat 

straw as substrate in the AD process [52–54].  

 

Fig. 3. Daily and cumulative biomethane production from the anaerobic digestion of wheat straw 

with steam explosion pretreatment at different conditions along the experiment. WS Control 

stands for Wheat straw standalone, WS T1, WS T2 and WS T3 for wheat straw with a 5-minutes, 

10-minutes and 15-minutes period of steam explosion pretreatment respectively. 
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Table 3 provides an overview of the increment in biomethane production observed 

throughout the trials involving the three pretreatments when compared to the control. 

Remarkably, the most substantial disparity was discerned after the initial five days, owing 

to the effect of thermal pretreatment, which expedited the hydrolysis phase of the 

anaerobic digestion process. Over an extended period, the pretreatment effect remained 

prominent, ultimately finishing in a 35 %, 53 %, and 65 % augmentation in biomethane 

production in comparison to the control test for pretreatments WS T1, WS T2, and WS 

T3. This rise also described by other authors as described in Table 1, using wheat straw 

as substrate under various steam water pretreatment conditions in AD process [23,29–

31,34,35]. 

Table 3. Increase in cumulative methane production in comparison with control experiment (%) 

from the anaerobic digestion of wheat straw with steam explosion pretreatment at different 

conditions. 

Essay 
Increase in cumulative methane production  
in comparison with control experiment (%) 

Day 5 Day 10 Day 15 Day 20 

WS T1 114.9 % 73.9 % 47.5 % 34.7 % 

WS T2 122.2 % 81.9 % 63.5 % 53.5 % 

WS T3 155.8 % 102.1 % 78.3 % 65.4 % 
 

Regarding the biogas composition in each trial, it can be observed that it is quite similar 

across all four trials, with slightly over 50 % methane content in Fig. 4. This methane 

content is within the typical range for such substrates [31,55]. There is a slight trend of 

decreasing methane concentration, observed from the control trial with a recorded 52 % 

to the trial with more pretreatment time, which shows a biogas content of 50 %. This trend 

aligns with findings reported by [29]. 
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Fig. 4. Biogas composition and biogas total production from the anaerobic digestion of wheat 

straw with steam explosion pretreatment at different conditions. 

3.2 Modelling 

The thermal pretreatment positive impacted biomethane yields and anaerobic digestion 

rates, a pattern evidenced across all three experimental conditions. Employing the 

Gompertz model to analyse biomethane production across the four trials yielded the 

fitting results illustrated in Fig. 5 and the corresponding parameter values detailed in 

Table 4. Higher rates of biogas production, denoted as R in the model, signify a mitigation 

of the rate-limiting step within the hydrolysis phase. Specifically, WS T1 achieved a value 

of 38.89 ml biomethane g VS-1∙ d-1, while WS T2 achieved 40.19, and WS T3 reached 

43.68.  
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Table 4. Kinetic parameters of methane production for the Gompertz modelling from the AD of 

wheat straw with steam explosion pretreatment at different conditions. 

 Gompertz 

  
P∞  

(mL CH4∙ g VS-1) 
Rm  

(mL CH4∙ g VS-1∙ d-1) λ (d) R2 

Control 212 16.73 0.09 0.996 

WS T1 277 38.89 0.06 0.992 

WS T2 316 40.19 0.00 0.985 

WS T3 340 43.68 0.00 0.993 
 

Likewise, the reduction in the lag phase was evident, as indicated by values approaching 

zero in all trials. This outcome is attributed to the adaptation of anaerobic sludge to the 

WS substrate, as expounded in section 2.1. 

This substantial variation found in the biomethane production rates, ranging from 130 % 

to 160 % according to the Gompertz modelling for the three distinct pretreatment 

conditions respect the control experiment, suggests the potential operational benefits of 

integrating it into the AD process of wheat straw in an anaerobic reactor. This integration 

could optimize, on the one hand, the biomethane production and on the other hand, the 

potential reduction of the hydraulic residence time (HRT) by accelerating the organic 

decomposition of the substrate. Consequently, this acceleration could lead to a smaller 

digester size, lower HRT, decreased investment costs for the operator, and ultimately, a 

more sustainable process. 
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Fig. 5. Biomethane production per amount of volatile solid for wheat straw under three different 

pretreatment conditions. Gompertz modelling. 

3.4 Lignocellulose components decomposition 

Table 5 shows the alterations in the chemical composition of the samples, comparing 

those with and without thermal pretreatment. In the control test, the dry matter content of 

the ground sample, without thermal pretreatment, stands at 92.3 %. However, this 

percentage decreases to 58.5 % as the intensity of pretreatment increases due to the use 

of steam to maintain the pretreatment temperature, which partly condenses in the flash 

tank. The proportion of volatile solids within the dry matter remains consistent, ranging 

from 91.7 % to 95.5 %. To ensure comparability between the biomass before anaerobic 

digestion, it was necessary to calculate the relative proportion of the analysed 

components, excluding the water-soluble fractions. It can be observed that as 
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pretreatment severity increases, there is a reduction in hemicellulose content. This 

outcome is anticipated since hemicellulose becomes soluble at 150 ˚C, and, therefore, its 

decrease can be attributed to both temperature and pretreatment duration [56]. 

The degradation of hemicellulose in pretreated wheat straw showed an increase of 4.5 % 

to 9.2 % as the retention time increased, aligning with findings from previous studies 

[23,29]. Prolonged exposure time accelerated the rate of hemicellulose hydrolysis, which 

ultimately had a positive impact on AD. Conversely, the degradation rate of lignin and 

cellulose exhibited the opposite effect. In the case of lignin, as previously reported by 

Brownell and Saddler in 1987, this may be attributed to the formation of pseudolignin 

under severe conditions or the creation of cross-linked compounds resulting from 

reactions of sugars released during the hydrolysis of the hemicellulose fraction [57,58]. 

More severe treatment, involving higher temperatures or longer exposure times, of 

lignocellulosic biomass can lead to lower methane yield due to the breakdown of lignin 

can release phenolic and heterocyclic compounds from the degradation of hemicellulose 

and cellulose, such as furfural and hydroxymethylfurfural [59,60]. These compounds can 

inhibit the activity of fermenting microorganisms in the process, as noted by Hendriks 

and Zeeman in 2009 [61]. 

Table 5. Chemical composition of untreated and steam-exploded wheat straw 

Sample 
  

    Components mass fraction 

Dry matter 
(%) 

Volatile solids 
(% DM) 

Cellulose 
(% VS) 

Hemicellulose 
(% VS) 

Lignin 
(%VS) 

WS Untreated 92.8 ± 0.1 91.7 ± 1.8 31.2 ± 0.4 21.8 ± 0.2 20.5 ± 0.1 
WS T1;  
170 ˚C, 5 min 61.78 ± 0.2 94.5 ± 0.1 36.0 ± 1.1 17.3 ± 0.4 23.3 ± 1.0 
WS T2;  
170 ˚C, 10 min 60.12 ± 0.4 95.8 ± 0.1 36.6 ± 0.5 14.0 ± 0.2 24.3 ± 0.2 
WS T3;  
170 ˚C, 15 min 58.46 ± 0.3 95.5 ± 0.1 38.2 ± 0.4 12.6 ± 0. 23.5 ± 1.4 
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3.4 Energy integration 

The viability of employing mechanical-thermal hydrolysis pretreatment in a continuous 

processing facility has been assessed using the configuration outlined in Section 2.5. To 

extend the findings from BMP tests to continuous operations, the biogas yields have been 

maintained as constants. Meanwhile, the energy consumption associated with both 

mechanical and thermal pretreatment has been quantified using empirical data resulting 

from actual operational processes. These calculations are based on the processing of one 

metric ton of raw wheat straw within the facility. 

Table 6 represents the primary outcomes of the study. The predominant energy 

consumption arises from the grinding process in the knife mill to achieve the desired 1-4 

mm-size for wheat straw digestion [62,63], and this remains reliable across all four trials 

at 140 kWh∙ t-1, while the natural gas requirements for steam generation increase with 

prolonged thermal pretreatment times. Energy production is related to biomethane 

generation under each operational condition. It is important to note that all trials involving 

thermal pretreatment exhibit a positive energy balance, resulting in a net benefit. 

However, after a 10-minutes period of thermal pretreatment, the enhancement of the 

energy balance starts to decline because of the increased consumption associated with 

extended exposure times and the heightened biomethane production. The highest 

percentage improvement (15.1 %) in energy balance was achieved for the 10-minute 

pretreatment. Furthermore, it is known that prolonged exposure times can lead to process 

inhibition, potentially resulting in a detrimental impact on biomethane production. 
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Table 6. Energy integration results expressed per ton of wheat straw fed. 

Hydrolysys conditions   Energy generation   Energy consumption   
Energy 
savings   Energy balance 

Temperature 
(˚C) 

Time 
(min)   

Methane  
(m3 ∙t VS-1) 

Energy 
(kWh)   

Miller 
(kWh∙t-1) 

Steam 
(kg ∙t-1) 

Energy 
(kWh) 

Energy 
(kWh)   

Energy 
(kWh)   

Energy 
(kWh∙t-1) % 

Raw -  212 1876.4  140.0 0 0 140  0  1736.4 - 

170 5  277 2361.2  140.0 31.5 283.8 423.8  16.9  1954.4 12.5 

170 10  316 2689.5  140.0 63.1 567.6 707.6  16.9  1998.8 15.1 

170 15   340 2897.9   140.0 94.6 851.4 991.4   16.9   1923.4 10.8 

 

Substrates with high VS content like wheat straw, ideally above 110 g∙ kg-1, have 

demonstrated positive outcomes applying a steam water pretreatment [33]. Conversely, it 

is important to highlight that other waste materials, such as fatty wastes, may require no 

pretreatment and can yield exceptionally high energy consumption levels exceeding 3000 

kWh∙ t-1. This underscores the substantial potential for anaerobic digestion in this 

substrate category [33]. On the other hand, waste materials with greater availability but 

lower volatile solids content, such as livestock waste or sewage sludge, do necessitate 

pretreatment to achieve positive net energy balances in the process [64,65]. 

4. Conclusions 

The high availability of lignocellulosic organic residues from the agricultural sector 

presents a novel opportunity in its management for energy valorization through anaerobic 

digestion. This potential that can be maximized by applying pretreatments such as the 

combination of mechanical grinding and physic-chemical steam explosion. Under 

controlled conditions, this approach has the capability to double the biomethane 

production rate and optimize the energy balance by over 15% in a real-scale process 

integration. The preliminary steam explosion stage has demonstrated significant efficacy 

in the hydrolytic stage of the process primarily breaking down hemicellulose in wheat 

straw and increasing the substrate's biodegradability. 
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Chapter 8 

Conclusions and future work 

 

The optimisation of the anaerobic digestion process was successfully carried out based 

on independent works looking for new technology development insights to improve the 

yield of biogas production or other by-products of AD using agricultural waste as 

substrate. 

The hybrid solution of integrating anaerobic digesters with hybrid solar panels to enhance 

biogas and biomethane production could generate savings of up to 65% as studied in 

Chapter 3. This configuration will ensure a higher energy yield and access to bioenergy 

in isolated communities. The innovative system proposed in a pig farm was evaluated at 

different climate conditions. The high temperatures and particularly, the availability of 

sunlight, will favour this hybrid system in terms of energy efficiency and conversion to 

biomethane being particularly favourable in tropical climates, achieving up to 83.3% of 

its potential and minimum in cold temperate climates, less than 40 % in annual average. 

In temperate regions, biomethane production is limited to warm periods. The economic 

study revealed a Levelized Cost of Electricity (LCOE) for the AD/S system between 

0.042- 0.055 USD/kWh, making it economically competitive compared to other energy 

technologies. 

In Chapter 4, the AD process was evaluated using crop straw from cereal cultivation for 

the simultaneous production of biogas and volatile fatty acids (VFAs) through the 

modelling of the process stage kinetics. The organic conversion rates for all substrates 

were highly significant, ranging from 45% to 70%, with the highest value corresponding 

to barley straw due to its lower lignocellulosic content which facilitates its 

biodegradability. The obtained VFAs concentration varied between 3.0 and 4.6 g∙ L-1, 

resulting in biomethane production ranging from 288 to 317 ml CH4∙ g VS-1. Finally, the 

process integration study in a 3000 m3 anaerobic digester demonstrated that the proposed 

system's energy demand is covered with a daily potential production over 3 tons of VFAs. 

Chapter 5 confirmed that the use of microparticles in the anaerobic digestion process can 

have a positive impact on biomethane production rates. Specifically, the addition of Fe3O4 

and graphite particles resulted in an improvement in biomethane quality and production 

by up to 40% compared to control experiments using wine lees from the wine industry as 

a biodegradable substrate. The particularity of this high-organic-load and phenolic-
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content residue also represented an operational challenge. As a result, after 10 days of the 

experiment, the process was inhibited, showing a significant accumulation of volatile 

fatty acids (VFAs) and biogas with a high H2S content. 

The microbiological study carried out in Chapter 6, focusing on semi-continuous 

anaerobic reactors fed with swine wastewater, contributed to understand their connection 

and dependence on the abiotic parameters of the AD process. After a strong inhibition 

period in the biogas production, the system was recovered, demonstrating the high 

adaptability of microorganisms. This inhibition was attributed to high concentrations of 

VFAs and ammonia when operating with an Organic Loading Rate (OLR) above 5 Kg 

COD∙ m-3 d-1. Microorganism analysis using 16S rRNA analysis at different stages of the 

process revealed the prevalence of bacterial and archaeal species from swine wastewater, 

suggesting that external inoculation, such as anaerobic sludge, may not be necessary. This 

was confirmed through BMP-type experiments. After 140 days of reactor operation and 

under seasonal conditions, biomethane production reached approximately 400 ml CH4∙ g 

VS-1, aligning with the studied potential production. 

In Chapter 7, wheat straw again used as substrate, aiming to enhance substrate 

biodegradability through a combination of mechanical and thermal pretreatment to break 

down the structure of lignocellulosic compounds in the substrate and improve biogas 

production. Milling the sample to a size of 1 mm, coupled with steam explosion at 170 

˚C for 5-15 minutes, resulted in biogas production improvements ranging from 35% to 

65%, with higher efficiency observed at longer exposure times. A second phase of process 

integration at an industrial scale demonstrated that these pretreatments could enhance the 

process's energy balance by up to 15%. The optimal steam exposure time was found to 

be 10 minutes, as beyond this point, the energy consumption was higher than the 

improvement in biomethane production efficiency. 

The representative results of these studies demonstrate that technological advancements 

in the process can enhance biogas production performance, particularly when using 

agricultural residues as a feedstock, which, as shown, is a very abundant and widespread 

resource throughout the world. This technology holds a triple advantage over others: (i) 

it addresses the global issue of waste management, (ii) generates renewable energy by 

capturing potentially harmful CH4 and CO2 as greenhouse gases, and (iii) exhibits 
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competitive implementation and operational costs per kWh. With these considerations, 

future work should be directed toward defining strategic priorities, focusing on: 

 

1. Explore novel strategies to accelerate and enhance the performance of the 

anaerobic digestion process, making its implementation more cost-effective. 

2. Conduct in-depth studies on bacterial and archaeal species with optimal 

productivity for each substrate independently, analyzing their interactions with 

abiotic factors (primarily temperature, Hydraulic Retention Time, and pH). 

3. Develop innovative approaches to increase the degradability of more complex 

substrates, such as combining pretreatments or codigestion strategies. 

4. Create simple models for each stage of operational strategies to each substrate or 

substrate mixture. Make use of neural networks or data analysis for improved 

interpretation. 

5. Investigate new substrates of diverse origins and composition that could add value 

to various processes or activities (e.g., lavender distillation residues, effluents 

from palm oil industry activities). 

6. Full-scale implementation of the models and experimental laboratory studies. 
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