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ABSTRACT 

Anaerobic digestion of biomass produces biogas with 70-60% CH4 and 30-40% CO2. 

However, biogas with more than 90% CH4 has higher heating value, can be injected 

into the natural gas grid or can be used as alternative vehicle fuel. Biogas upgrading 

aims to increase the CH4 concentration in biogas.  

In this context, hydrogen assisted biological biogas upgrading has emerged as an 

attractive method for biogas upgrading. In this process, H2 produced by water 

electrolysis using off-peak electricity surplus from wind power is coupled with the CO2 

contained in the biogas to convert them to CH4 via hydrogenotrophic methanogenesis 

(Power-to-Gas). Currently, it can be defined in two concepts namely ex-situ and in-situ 

depending on where the H2 is provided with respect to the anaerobic digestion. In 

both cases, the H2 gas-liquid mass transfer and the H2 intermittency are the challenges 

of the process.  

The aim of the present thesis is to study, develop and optimize the biological biogas 

upgrading process.  

To reach the objective, five series of experiments were performed for ex-situ and in-

situ processes at thermophilic and mesophilic conditions, employing different reactor 

configurations (MBRs, TBFs and up-flow reactors) and feedings (H2 + CO2, H2 + biogas 

and H2 + sewage sludge) at lab and pilot scale. In order to improve the H2 gas-liquid 

mass transfer, different H2 diffusion systems (hollow-fiber and ceramic membranes, 3-

phase system of TBFs and 2 stainless steel diffusers combined with 2 inert alumina 

ceramic sponges) were evaluated. The effects of gas recirculation (in MBRs) and 

directional and counter-directional H2 injection to the trickling media (in TBFs) on 

biomethanation efficiency were studied. Different H2 stop-feeding periods of 1, 2 and 3 

weeks and the subsequent H2 reinjection were experienced in order to evaluate the 

dynamicity of the ex-situ process under H2 intermittent provision. Concerning about 

the effect of H2 on biogas microbiome, microbial community analysis were carried out.  

The results obtained in the present thesis demonstrated the feasibility of H2-mediated 

biological biogas upgrading in both ex-situ and in-situ processes.  
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The results verified that membrane modules can be employed to transfer H2 

efficiently, allowing the biological conversion to take place satisfactorily. The ex-situ 

systems transformed 95% of H2 fed at the maximum loading rates of 40.2 LH2/LR·d 

(hollow-fiber MBR) and 30.0 LH2/LR·d (ceramic MBR) reaching CH4 production rates of 

8.84 LCH4/LR·d and 6.60 LCH4/LR·d, CH4 contents of 76% and 81% and 𝑘𝐿𝑎𝐻2  values of 430 

h-1 and 268 h-1, respectively. Ceramic membranes were proposed to address and solve 

the long-term bioconversion stability challenge of hollow-fiber membranes at 55 º C. 

TBF reactors resulted in attractive configurations with promising results for the 

biomethanation process. The investigated systems, by means of a single-pass gas flow, 

upgraded biogas with 97% H2 utilization efficiency at H2 loading rate of 7.2 LH2/LR·d, 

reaching a CH4 production rate of 1.74 LCH4/LR·d and CH4 content of 95%, fulfilling the 

specifications to be used as substitute to natural gas. The results demonstrated that 

the injection of the influent gas mixture in counter-flow to the trickling media greatly 

reduced acetate production compared to the injection with the directional flow of the 

liquid media. 

In the in-situ experiment, H2 injection resulted in a 42% increase in CH4 production in 

comparison with the conventional anaerobic digestion of sewage sludge and 73% CH4 

content was achieved while the biodegradation potential was not compromised. 

Gas recirculation was shown to improve the H2 gas-liquid mass transfer significantly 

improving the performance of the reactors. Moreover, gas recirculation seemed to 

have a positive effect on the in-situ biomethanation when the OLR increased. 

The feasibility of the system recovery to reach the initial conditions of CH4 (production, 

content and yield) during the intermittent provision of H2 was demonstrated, 

regardless of the length of the H2 lack. The repetition of the H2 intermittent provision 

was shown to have a positive effect on the system recovery time, since the reactors 

recovered faster as more H2 stop/start periods were applied. 

The selection-effect of H2 on community composition was revealed by microbial 

analysis. Methanothermobacter, Methanoculleus, Methanospirillum, Methanolinea 

and Methanobacterium were the hydrogenotrophic archaea genus present.  
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RESUMEN 

La digestión anaerobia de biomasa produce biogás con un 70-60% de CH4 y un 30-40% 

de CO2. Sin embargo, un biogás con más del 90% de CH4 tiene mayor valor calorífico, 

se puede inyectar en la red de gas natural o se puede usar como combustible 

alternativo de vehículos. El enriquecimiento de biogás tiene como objetivo aumentar 

la concentración de CH4 en el biogás. 

En este contexto, el enriquecimiento biológico de biogás asistido por hidrógeno ha 

surgido como un método atractivo para el enriquecimiento de biogás. En este proceso, 

el H2 generado a través de la electrólisis del agua utilizando el excedente de 

electricidad producida a partir de la energía eólica, reacciona con el CO2 contenido en 

el biogás para ser ambos convertidos a CH4 a través de la metanogénesis 

hidrogenotrófica (Energía-a-Gas). El enriquecimiento biológico de biogás se puede 

realizar en un proceso ex-situ o in-situ dependiendo de donde se proporcione el H2 

respecto a la digestión anaerobia. En ambos casos, la transferencia de materia gas-

líquido del H2 y la intermitencia de dicho gas son los retos del proceso.  

El objetivo de la presente tesis es estudiar, desarrollar y optimizar el proceso de 

enriquecimiento biológico de biogás.  

Para alcanzar dicho objetivo, se realizaron cinco experimentos de procesos ex-situ e in-

situ en condiciones termófilas y mesófilas, empleando diferentes configuraciones de 

reactores (biorreactores de membrana, biofiltros percoladores y reactores de flujo 

ascendente) y diferentes alimentaciones (H2 + CO2, H2 + biogás y H2 + fango de 

depuradora) a escala de laboratorio y piloto. Se evaluaron diferentes sistemas de 

difusión de H2 (membranas de fibra hueca y cerámica, sistema de 3 fases de biofiltros 

percoladores y 2 difusores de acero inoxidable combinados con 2 esponjas cerámicas 

de alúmina interte) con el objetivo de mejorar la transferencia de materia gas-líquido 

del H2. Además, se estudió el efecto de la recirculación de gas (en los biorreactores de 

membrana) y el efecto de la inyección direccional y contradireccional del H2 respecto 

del flujo del medio de goteo (en biofiltros percoladores) en la eficiencia de 

biometanización. Se experimentaron distintos periodos de parada de H2 de 1, 2 y 3 

semanas y posterior reinyección del mismo con el objetivo de evaluar la dinamicidad 
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del proceso ex-situ durante el suministro intermitente de H2. Se llevaron a cabo 

análisis de la comunidad microbiana para estudiar el efecto del H2 en la población.  

Los resultados obtenidos en la presente tesis demostraron la viabilidad del 

enriquecimiento biológico de biogás asistido por H2 tanto para los procesos ex-situ 

como para los in-situ. 

Los resultados verificaron que los módulos de membrana pueden ser empleados para 

transferir H2 de forma eficiente, permitiendo que la conversión biológica tenga lugar 

satisfactoriamente.  

Los sistemas ex-situ transformaron el 95% del H2 alimentado a las cargas máximas de 

40.2 LH2/LR·d (biorreactor de membrana de fibra hueca) y 30.0 LH2/LR·d (biorreactor de 

membrana cerámica) alcanzando producciones de CH4 de 8.84 LCH4/LR·d y 6.60 

LCH4/LR·d, contenidos de CH4 de 76% y 81% y valores de 𝑘𝐿𝑎𝐻2  de 430 h-1 y 268 h-1, 

respectivamente. Se propusieron las membranas cerámicas para abordar y resolver el 

reto de la estabilidad de la bioconversión a largo plazo de las membranas de fibra 

hueca a 55 º C.  

Los biofiltros percoladores resultaron ser configuraciones atractivas con resultados 

prometedores para el proceso de biometanización. Los sistemas investigados, a través 

de un solo paso del flujo de gas, enriquecieron el biogás con una eficiencia de 

utilización del H2 del 97% a una carga de H2 de 7.2 LH2/LR·d, alcanzando una producción 

de CH4 de 1.74 LCH4/LR·d y un contenido de CH4 del 95%, cumpliendo con las 

especificaciones para que pueda ser utilizado como sustituto del gas natural. Los 

resultados demostraron que la inyección de la mezcla de gas de entrada a 

contracorriente con el flujo del líquido de goteo redujo en gran medida la producción 

de acetato en comparación con la inyección en corriente. 

En el experimento in-situ, la inyección de H2 dio como resultado un aumento del 42% 

en la producción de CH4 en comparación con la digestión anaerobia convencional de 

fango de depuradora, logrando un contenido de CH4 del 73%, mientras que el 

potencial de biodegradación no se vio comprometido. 
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La recirculación de gas mejoró significativamente la transferencia de materia gas-

líquido del H2 mejorando así el rendimiento de los reactores. Además, la recirculación 

de gas pareció tener un efecto positivo en la biometanización in-situ cuando la carga 

orgánica aumentó.  

Se demostró la viabilidad de la recuperación del sistema para alcanzar las condiciones 

iniciales de CH4 (producción, contenido y rendimiento) durante el suministro 

intermitente de H2, independientemente de la duración de la parada de H2. La 

repetición del suministro intermitente de H2 mostró un efecto positivo en el tiempo de 

recuperación del sistema, ya que los reactores se recuperaron cada vez más rápido a 

medida que se aplicaron más periodos de parada/inicio de H2.  

Los análisis microbianos desvelaron el efecto de la selección del H2 sobre la 

composición de la comunidad. Los géneros de archaea hidrogenotróficas presentes 

fueron Methanothermobacter, Methanoculleus, Methanospirillum, Methanolinea y 

Methanobacterium.  
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1.1 ANAEROBIC DIGESTION AND BIOGAS 

Anaerobic digestion (AD) of biomass, organic wastes and by-products is an effective 

and well-establish renewable energy technology for bioenergy production in the EU 

(EuroObservER, 2013) and a promising way for world sustainable energy production 

(Weiland, 2010).  

AD is a microbial-mediated process in which organic carbon is converted, by 

subsequent oxidations and reductions, to its most oxidized state (CO2) and to its most 

reduced form (CH4) (Kougias and Angelidaki, 2018).  

It is well known that AD is responsible for carbon recycling in different environments, 

including wetlands, rice fields, intestine of animals, aquatic sediments and manures. 

This process is also extensively applied in industrial scale for valorization of organic 

wastes as sludge, manure, agricultural wastes, industrial organic wastes, etc. 

In many cases, the treatment of biowastes by AD processes is the optimal way to 

convert organic waste into useful products such as energy and soil conditioner 

(fertilizer).  

The main advantages of the industrial AD process rely on the production of a versatile 

energy carrier and the high degree of organic matter reduction with small increase - in 

comparison to the aerobic process - of the bacterial biomass.  

AD produces biogas via biological processes by means of different groups of 

microorganisms acting synergistically, which use several pathways to digest at 

anaerobic conditions the organic substrates (Kougias et al., 2017) (Figure 1).  

Although biogas is composed by some minor components as N2 (0-3%), vapour water 

(5-10%), O2 (0-1%), H2S (0-10,000 ppmv), NH3, hydrocarbons (0-200 mg/m3) and 

siloxanes (0-41 mg/m3) (Muñoz et al., 2015; Petersson and Wellinger, 2009), its main 

composition is typically 70-60% methane (CH4) and 30-40% carbon dioxide (CO2). The 

relative content of CH4 and CO2 in biogas is mainly dependent on the nature of the 

substrate and pH of the reactor where biogas is produced (Angelidaki et al., 2018).  
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Figure 1. Schematic description of the AD process. 

As biogas is commonly burned to produce electricity and heat, apart from CH4, all the 

other gasses contained in biogas are unwanted and are considered as biogas 

pollutants. On the one hand, H2S, NH3 and siloxanes are toxic and extremely corrosive, 

damaging the combined heat and power unit and metal parts via emission of SO2 from 

combustion. On the other hand, the higher the CO2 or N2 content is, the lower the 

calorific value in biogas. The energy content of CH4 described by the Lower Calorific 

Value (LCV) is 50.4 MJ/kg CH4 or 36 MJ/m3 CH4 at STP conditions and for biogas with 

CH4 content in the range of 60–65%, the LCV is approximately 20–25 MJ/m3 biogas 

(Angelidaki et al., 2018). Therefore, it is well understood the target of the highest CH4 

as possible in the biogas regarding the energetic interest. 

Nowadays, there are different treatments targeting at removing the undesired 

compounds from the biogas expanding its range of applications. The first treatment is 

related to biogas cleaning and includes removal of harmful and/or toxic compounds 

such as H2S, volatile organic compounds, siloxanes, CO and NH3. The second treatment 

is called biogas upgrading and aims to increase the low calorific value of the biogas, 

and thus, to convert it to higher fuel standard (Sun et al., 2015).   
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1.2 BIOGAS UPGRADING 

Currently, there is an increasing interest in exploiting biogas as a substitute of natural 

gas (Kougias et al., 2017). The aim of biogas upgrading is to increase CH4 content in 

biogas raising its calorific value and thus its potential applications as alternative to 

natural gas (Deng and Hägg, 2010). Through this process, the CH4 content in the biogas 

is increased by removing or transforming the contained CO2. Thereafter, the upgraded 

biogas can be injected and distributed through the existing natural gas grids or it can 

be used as vehicle fuel (Deublein and Steinhauser, 2011; Deng and Hägg, 2010). In case 

the upgraded biogas is purified to specifications similar to natural gas, the final product 

is called biomethane (Kougias et al., 2017).  

Nowadays, the specifications of the natural gas composition are depending on national 

regulations and in some countries more than 95% CH4 content is required; however, 

European Commission has recently issued a mandate for determining harmonized 

standards for gas quality (Angelidaki et al., 2018).  

Biomethane can show a substantial impact in future energy systems in Europe because 

of EU policies to increase the share of renewable and low carbon fuels and contribute 

to the decarbonization of heat and transport (Wall et al., 2018; European Commission 

0382, 2017). In addition, biomethane production allows to reduce reliance on natural 

gas imports (EurObserver, 2014) and permits its transport and utilization far from the 

place where is obtained.  

Upgrading biogas to biomethane is one of the technologies that attract great interest 

in the bioenergy industry. An increasing number of biogas plants with biogas upgrading 

units are emerging in Europe in the recent years (Figure 2a). As shown in Figure 2a, 

most of the biomethanation plants are in Germany, while other European countries 

such Sweden, UK and Switzerland have also constructed biomethanation facilities 

(Figure 2b). 

The technical features of upgrading technologies, i.e. physical/chemical and biological 

methods are below discussed.   
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Figure 2. Development of biogas upgrading technologies distributed according to 

countries and years; a) number of operating biomethane plants, b) location of existing 

biomethane plants (Angelidaki et al., 2018). 

 

 

1.2.1 Physical and chemical technologies 

Currently, commercial technologies for biogas upgrading are mainly based on physical 

or chemical methods involving processes of physical absorption (using water 

scrubbing, organic solvents or amine solutions), pressure swing adsorption (PSA) and 

membrane separation (Muñoz et al., 2015; Wu et al., 2015). In addition, cryogenic 
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separation and chemical hydrogenation processes are other technologies which are 

still under development (Angelidaki et al., 2018).  

The distribution of applied commercial technologies is represented in Figure 3 and 

Table 1 shows the comparison of the biomethanation efficiencies in different pilot and 

commercial biogas upgrading technologies. 

 

Figure 3. Distribution of applied commercial biogas upgrading technologies (Angelidaki 

et al., 2018). 

 

Although the methane recovery from physicochemical processes can reach more than 

96% (Table 1), these technologies only separate CH4 from CO2 thus requiring further 

steps to avoid CO2 emissions (Bauer et al., 2013; Muñoz et al., 2015). In general, the 

use of chemical substances, high pressures and high temperatures are required to 

ensure an efficient biomethanation facing significant challenges in terms of energy 

consumption thus increasing process costs (Angelidaki et al., 2018; Sun et al., 2015). 

Therefore, apart from the addition of substantial cost to the upgraded biogas, possible 

environmental disadvantages take place. Moreover, these technologies involve high 

investment costs due to their technical complexity and methane losses to the 

atmosphere are produced. For all these reasons, other biogas upgrading technologies 

are desirable as an alternative to physical and chemical methods.  
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Table 1. Comparison of different pilot and commercial biogas upgrading technologies (Angelidaki et al., 2018; Andriani et al., 2014; Bauer et al., 2013; 

Bekkering et al., 2010; Jürgensen et al., 2014; MeGa-stoRE, 2016; Muñoz et al., 2015; Ryckebosch et al., 2011; Serejo et al., 2015; Toledo-Cervantes et al., 

2017). nf: not found. 

 
Water 

scrubbing 
Physical 

scrubbing 
Sabatier 
process 

PSA 
Membrane 
separation 

Cryogenic 
Chemical 

absorption 
Consumption for 

raw biogas 
(kWh/Nm3) 

0.25-0.30 0.2-0.3 nf 0.23-0.30 0.18-0.20 0.76 0.05-0.15 

Consumption for 
clean biogas 
(kWh/Nm3) 

0.3-0.9 0.4 nf 0.29-1.00 0.14-0.26 nf 0.05-0.25 

Heat consumption 
(kWh/Nm3) 

None <0.2 nf None None nf 
 

0.5-0.75 
Heat 

demand (ºC) 
 55-80 270   -196 100-180 

Operation 
pressure (bar) 

4-10 4-8 8-10 3-10 5-8 80 Atmospheric 

Pressure 
at outlet (bar) 

7-10 1.3-7.5  4-5 4-6 8-10 4-5 

Cost 
 

Medium Medium Medium Medium High High High 

CH4 losses  
(%) 

<2 2-4 nf <4 <0.6 2 <0.1 

CH4 recovery 
(%) 

96-98 96-98 97-99 96-98 96-98 97-98 96-99 

Pre-purification Recommended Recommended Recommended Yes Recommended Yes Yes 
H2S co-removal Yes Possible No Possible Possible Yes Contaminant 

N2 and O2 co-removal No No No Possible Partial Yes No 
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1.2.2 Biological technologies 

An alternative to the commercial methods for biogas upgrading are the biological 

biogas upgrading technologies, constituting a cheaper and environmentally friendly 

alternative moving towards sustainable energy production.  

The main advantage of  biological biogas upgrading technologies compared to 

physicochemical methods is related to the fact that the CO2 is converted into other 

energy containing or high value added products at mild operational conditions 

(atmospheric pressure and moderate temperature levels) contributing significantly to 

a sustainable bio-based and circular economy (Angelidaki et al., 2018). Moreover, 

biological methanation has shown higher tolerance to the impurities usually present in 

biogas in comparison to the catalytic pathway.  

In general, the biological biogas upgrading technologies can be classified into 

chemoautotrophic and photosynthetic. Most of these configurations have been 

experimentally proven and are at an early stage of pilot or full scale implementation. In 

addition, biological biogas upgrading can be performed through other fermentation 

processes or through microbial electrochemical methods.  

The chemoautotrophic biogas upgrading methods are based on the action of 

hydrogenotrophic methanogens that can utilize H2 to convert CO2 to CH4, namely 

hydrogen assisted biological biogas upgrading.  

Similarly to these chemoautotrophic methods, photosynthetic biogas upgrading is an 

alternative method to sequester CO2 in order to obtain an enriched CH4 gas by means 

of phototrophic organisms like microalgae in enclosed or open bioreactors (Muñoz et 

al., 2015). 

Although CO2 in biogas can be biologically converted to CH4 by these two methods, the 

production of valuable liquid products (acetate, butyrate, caproate, caprylate, ethanol, 

butanol, etc.) from CO2 in biogas through fermentation processes is attractive as well 

because of their fuel value (Agler et al., 2011). However, not only the effects of biogas 

impurities on fermentation but also the methods to enhance the selectivity of the 

liquid products need to be investigated.  
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CO2 removal in biogas to produce CH4 by electrochemical systems has been presented 

as a potential sustainable and cost-effective way to upgrade biogas (Lovley and Nevin, 

2013; Van Eerten-Jansen et al., 2012). In a microbial electrolysis cell, electrons released 

by bacteria from the oxidation of organics in anode can combine with protons to 

generate hydrogen in the cathode chamber which be used for biogas upgrading (Zhang 

and Angelidaki, 2014). However, most of the current investigations are based on lab-

scale experiments thus the technical and economic limitations for scaling up remain 

unexplored.  

1.3 HYDROGEN ASSISTED BIOLOGICAL BIOGAS UPGRADING 

An attractive chemoautotrophic method for biogas upgrading is the biological 

conversion of H2 and CO2 to CH4 via hydrogenotrophic methanogenesis (which is in the 

last stage of the AD process as it is shown in Figure 1) based on the reaction (Eq. 1): 

4 𝐻2 + 𝐶𝑂2 →  𝐶𝐻4 + 2 𝐻2𝑂   ∆G0= -130.7 KJ/mol                            (Eq. 1) 

The bioconversion is performed by hydrogenotrophic archaea, a group of 

microorganisms that utilize CO2 as carbon source and H2 as an electron donor in order 

to produce biomethane (Muñoz et al., 2015). Additionally, some of the H2 and CO2 are 

used as elemental sources for cell growth (Bryant, 1979). Following the stoichiometric 

equation, the addition of H2 to the system should be four times the CO2 volume.  

This technology fixs CO2 by means of its conversion with H2 to biomethane, decreasing 

the CO2 emissions to the atmosphere and then the greenhouse gases, reducing by this 

way its impact in the global warming which can be translated into an effective CO2 

mitigation technology and providing enhanced environmental benefits of biogas 

technologies. 

Moreover, hydrogenotrophic methanogenesis can operate exploiting mixed culture 

and can be applied in mild operating conditions, without using chemical substances, 

markedly reducing operation costs (Götz et al., 2015). 
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1.3.1 Power-to-Gas (P2G) technology 

In order to make the biological upgrading method renewable maintaining a sustainable 

energy process, the H2 required in the reaction (Eq. 1) should derive from renewable 

source and needs to be generated by an external source. H2 gas can be produced from 

biomass gasification, reforming of biomethane, biological H2 production, or through 

electrolysis of water (Turner et al., 2008). 

Nowadays, water electrolysis using renewable energy sources such as wind and solar 

power is considered the only environmentally friendly technology in large scale 

application to obtain H2 for bioconversion of CO2 to CH4 (Muñoz et al., 2015). Water 

electrolysis is a clean power source free of CO2 emissions, splitting the water to O2 and 

H2 with direct electric current passing through two electrodes and a membrane, 

according to Eq. 2: 

2 𝐻2𝑂 (𝑙) →  2 𝐻2(𝑔) +  2 𝑂2(𝑔)                    (Eq. 2) 

EU countries with high implementation of renewable energies, suffer of seasonal 

surpluses where production exceeds demand and an appreciable portion of electricity 

production is lost in most cases. H2 generation from water electrolysis using off-peak 

electricity surplus from wind and solar power can solve the limitations of variable wind 

and solar power production, site-specificity of these sources and electricity storage 

(Levene et al., 2007; Ni et al., 2006) thus allowing long-term energy storage avoiding 

energy squandering (Cruz, 2008), which is an important and remarkable point 

nowadays in the idea of environmental conservation and responsible use of energy. 

However, H2 limitations and drawbacks are linked to its transportation and 

management (Granovskii et al., 2006) because of its low density which requires high 

storage volumes and the technology for direct utilization is not developed yet.  

Then, the direct transformation of H2 into biomethane by coupling it with CO2 permits 

renewable energy in the form of biomethane to be stored, injected and distributed 

through the natural gas grid or employed as fuel for vehicles (Deublein and 

Steinhauser, 2011; Deng and Hägg, 2010). 
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Therefore, the coupling of biogas/CO2 production from the anaerobic digestion of 

organic matter with the exploitation of H2 that is generated due to excess renewable 

energies is an effective and attractive method for bioenergy production creating a 

unique synergy of renewable energy sources called Power-to-Gas (P2G) (Power to Gas 

Strategy, 2011; Kougias et al., 2017; Götz et al., 2015) (Figure 4). 

 

Figure 4. Power-to-Gas concept. 

 

Consequently, integration of P2G technology for conversion of H2 to CH4 is a promising 

means to convert electricity to a chemical energy carrier, which can easily be stored in 

the existing natural gas infrastructure (Angelidaki et al., 2018). Apart from CH4 energy 

content (36 MJ/m3) is remarkably higher compared to H2 one (10.88 MJ/m3) (Luo et al., 

2012), the upgrading process exploits the existing facilities of the biogas plants and 

therefore reduces the initial investment cost. Moreover, several opportunities have 

been identified for the integration of P2G in wastewater treatment plants (WWTP) 

(Patterson et al., 2017). 

Nowadays, commercial water electrolysers are able to cold start within a few minutes 

(Bhandari et al., 2014; Persson et al., 2015), enabling the system to offer grid-balancing 

services, assisting the power grid to meet the supply of electricity to the demand 

(Guinot et al., 2015). Therefore, this P2G technology provides large-scale energy 

storage, as the end-use of biomethane is not limited in the gas grid and also avoids 

safety management issues associated with H2 production and handling (Collet et al., 

2017). 
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Furthermore, as stated above for chemoautotrophic biogas upgrading methods, the 

CO2 is not separated or absorbed but converted to CH4 leading to a significant 

increment of the final energy value of the output “windgas” (i.e. CH4 produced using 

the surplus energy from wind turbines) or “solargas” (i.e. CH4 produced using the 

surplus energy from photovoltaic panels) (Kougias et al., 2017).  

Finally, P2G technology serves as a precondition for the sustainability of the ambitious 

biogas implementation plan of decoupling the biogas production from the biomass 

availability (Angelidaki et al., 2018).  

Figure 5 shows a timeline which clearly represent the evolution and concatenation of 

worldwide P2G projects with years (Bailera et al., 2017). As shown in Figure 5, Tohoku 

University and Hitachi Zosen initiated their research in P2G systems in 1996 appearing 

as pioneers in this field.  

As shown in Figure 5, most of the projects were launched from 2009 onwards when 

the international community massively discovered the great potential of P2G in excess 

electricity storage. General information of P2G projects is summarized in Table 2. 
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Figure 5. Timeline of worldwide existing P2G projects with pilot and demo plants 

(Bailera et al., 2017). 
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Table 2. Worldwide P2G projects with pilot and demo plants (Bailera et al., 2017). 
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1.3.2 Chemoautotrophic biogas upgrading configurations 

The chemoautotrophic biological biogas upgrading process can be defined in three 

concepts namely ex-situ, in-situ and hybrid designs (Kougias et al., 2017) depending on 

where the H2 is provided with respect to the anaerobic digestion process. Till now, the 

ex-situ and in-situ processes are experimentally studied and proven and several 

research works are available in literature. However, the hybrid design is currently 

under development and the first results related to that technology have been 

published recently.  

 

1.3.2.1 Ex-situ biogas upgrading 

The ex-situ biogas upgrading concept relies to the supply of H2 and CO2 (or biogas) to 

an exclusively methanogenic bioreactor that contains (pure or enriched) 

hydrogenotrophic archaea, resulting in their subsequent conversion to CH4 (Figure 6).  

 

Figure 6. Ex-situ biogas upgrading concept. 

 

Till now, several studies investigated the ex-situ biogas upgrading process in different 

temperature conditions and it was demonstrated that the operating temperature was 

important for the biomethanation efficiency. It was found that the performance of the 

reactors and efficiency of the system is improved at thermophilic conditions (Bassani 
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et al., 2015; Yun et al., 2017; Luo and Angelidaki, 2012). Another study concluded that 

an increment of the operating temperature from 55 ºC to 65 ºC leads to more efficient 

biomethanation operation (Guneratnam et al., 2017). 

The limiting factor in ex-situ systems is the efficient diffusion of H2 in the liquid phase, 

which will make it available for the microorganisms (Bassani et al., 2016; Martin et al., 

2013). Dimensionless Henry´s constant of H2 is 50 and 55 g/LG/g/LH2O at 35 and 55 ºC 

respectively (Ju et al., 2008) so the H2 gas-liquid mass transfer was found to be the 

main constraint to the successful development of the technology. H2 gas-liquid mass 

transfer rate is described by the following equation (Bassani et al., 2016) (Eq. 3): 

𝑟𝑡 = 22.4 ∙ 𝐾𝐿𝑎𝐻2 · (𝐻2𝑔 − 𝐻2𝑙)                                                                                       (Eq. 3) 

where rt (L/LR·d) is the H2 gas-liquid mass transfer rate, 22.4 (L/mol) is the gas volume 

to mol ratio (1 mol of gas corresponds to 22.4 L at 273.15 K and 1 atm), 𝑘𝐿𝑎𝐻2
 is the 

specific gas transfer coefficient (h-1), H2g (mol/L) represents the H2 concentration in the 

gas phase while H2l (mol/L) is the H2 dissolved in the liquid phase. Therefore, it is 

obvious that the H2 gas-liquid mass transfer rate is proportionally correlated with the 

𝑘𝐿𝑎𝐻2
 value. 

To address this technical challenge, different reactor configurations have been 

investigated at lab or pilot scale aiming at maximizing the H2 gas-liquid mass transfer. 

Reactors based on different diffusion devices, high-speed stirring or gas recirculation 

flow have been tested to enhance the H2 mass transfer into the liquid phase. 

  

Continuous Stirred Tank Reactors 

Regarding Continuous Stirred Tank Reactors (CSTR), a stirring speed range between 70 

and 800 rpm was investigated in several studies (Table 3) at thermophilic and 

mesophilic conditions. Excepting the 100 L CSTR used in Kim et al. (2013), the rest of 

experiments were performed at lab-scale with small reactor working volumes (0.6 - 3.5 

L) and small H2 loading rates (Table 3).  
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Table 3. Comparison of ex-situ biological upgrading processes in CSTR configurations (na= not available). 
 

Reactor 
Working 
Volume 

(L) 

Stirring 
speed 
(rmp) 

Gas Diffusion 
system 

Liquid  
media 

Temperature 
(ºC) 

Gas 
recirculation 

(L/LR·d) 

H2 loading 
rate 

(L/LR·d) 

H2 
efficiency 

(%) 

CH4 
content 

(%) 

CH4 
production 

rate 
(L/LR·d) 

pH 
VFA 

accumulation 
Reference 

1.2 300 
Two stainless 
steel diffusers 

(2 µm) 
Anaerobic digestate 55 

80 1.9 60 54 na 8.2 Yes 
Kougias et 
al., 2017 240 1.9 60 79 na 8.4 Yes 

2.0 na Diffuser Anaerobic digestate 55 No 0.51 92 85 0.36 8.5 Stable 
Bassani et 
al., 2015 

2.0 na Diffuser Anaerobic digestate 37 No 0.19 93 89 0.10 8.2 Stable 
Bassani et 
al., 2015 

100.0 70 
Gas 

dissolution 
device 

Anaerobic sludge from 
municipal WWTP 

35 No 18.0 na 92 4.1 7.2 na 
Kim et al., 

2013 

3.5 700 na 
Pure Culture 

Methanothermobacter 
thermautotrophicus 

60 No 82.0 89 na 21 7.4 na 
Martin et 
al., 2013 

0.6 

500 

Ceramic 
diffusers 

Enriched 
hydrogenotrophic 

culture 
55 

No 1.8 98 94 0.9 

7.8 

Yes 

Luo and 
Angelidaki, 

2012 

500 No 3.6 97 95 1.5 Yes 

500 No 7.2 95 90 2.6 Yes 

800 No 7.2 97 94 2.7 Yes 

800 No 14.4 95 91 5.3 Yes 
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Although most of the experiments were performed using anaerobic digestate as 

inoculum (Kougias et al., 2017; Bassani et al., 2015; Kim et al., 2013), an enriched 

hydrogenotrophic culture (Luo and Angelidaki, 2012) and a pure culture of 

Methanothermobacter thermautotrophicus (Martin et al., 2013) have been 

investigated as well. Stainless steel diffusers were the most common gas diffusion 

systems in the ex-situ experiments (Table 3).  

The biogas upgrading efficiency in CSTRs resulted in final CH4 content between 54 and 

95% with H2 efficiencies ranging from 60 to 98% (Table 3).  

However, considering the implementation of these CSRT systems at industrial scale, 

high energy needs and operational costs would be required for the biological 

methanation. 

 

Bubble column reactors 

Bubble column configurations showed the big positive influence of the gas diffusion 

device and pore size on upgrading performance regarding H2 gas-liquid mass transfer 

(Table 4). Moreover, some of these studies confirmed the positive effect of gas 

recirculation on upgrading performance previously described (Guiot et al., 2011) 

improving the contact between gases and the liquid media of the reactor thus 

increasing 𝑘𝐿𝑎𝐻2
 value markedly.  

Bubble column configurations have been studied at thermophilic conditions in small 

reactor working volumes (0.85 - 2.8 L) at lab-scale (Bassani et al., 2017; Kougias et al., 

2017). Stainless steel diffusers (2 µm pore size), stainless steel diffusers (0.5 µm and 2 

µm pore size) combined with alumina ceramic sponge and Al2O3 ceramic membrane 

(0.4 µm and 1.2 µm) were employed as gas diffusion systems. 

The biogas upgrading efficiency in bubble columns resulted in final CH4 content 

between 66 and 98% with H2 efficiencies ranging from 78 to 100% (Table 4). 
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Table 4. Comparison of ex-situ biological upgrading processes in bubble column reactor configurations (na= not available). 
 

Reactor 
Type 

Reactor 
Working 
Volume 

(L) 

Gas Diffusion 
system 

Liquid 
media 

Temperature 
(ºC) 

Gas 
recirculation 

(L/LR·d) 

H2 
loading 

rate 
(L/LR·d) 

H2 
efficiency 

(%) 

CH4 
content 

(%) 

CH4 
production 

rate 
(L/LR·d) 

pH 
VFA 

accumulation 
Reference 

Up-flow 

0.85 

3 stainless steel 
diffusers (0.5 

µm) combined 
with alumina 

ceramic sponge 

Enriched 
hydrogenotrophic 

inoculum 

55 

3, 6, 10 and 
20 

1, 2 and 
4 

100 90 - 95 
0.08, 0.11, 
0.33, 0.35, 

0.72 and 0.79 

8.1-
8.8 

Decreasing 

Bassani et 
al., 2017 

0.85 

3 stainless steel 
diffusers (2 µm) 
combined with 

alumina ceramic 
sponge 

Enriched 
hydrogenotrophic 

inoculum 

3, 6, 10 and 
20 

1, 2 and 
4 

99-100 92 - 96 
0.09, 0.10, 
0.38, 0.39, 

0.69 and 0.82 

8.0-
8.8 

Decreasing 

0.85 
Al2O3 ceramic 

membrane 
(0.4 µm) 

Enriched 
hydrogenotrophic 

inoculum 

3, 6, 10 and 
20 

1, 2 and 
4 

99 – 100 88 – 95 
0.09, 0.12, 
0.35, 0.40, 

0.70 and 0.70 

8.1-
8.8 

Decreasing 

0.85 
Al2O3 ceramic 

membrane 
(1.2 µm) 

Enriched 
hydrogenotrophic 

inoculum 

3, 6, 10 and 
20 

1, 2 and 
4 

99 - 100 92 - 96 
0.17, 0.21, 
0.37, 0.37, 

0.73 and 0.71 

8.1-
8.9 

Decreasing 

Bubble 
column 

1.20 
Two stainless 
steel diffusers 

(2 µm) 

Anaerobic 
digestate 

55 

80 

1.9 

84 73 na 
8.2 

 
Yes 

Kougias et 
al., 2017 

240 >95 98 na 8.5 Yes 

Up-flow 
in series 

1.40+1.40 Two stainless 
steel diffusers 

(2 µm) 

Anaerobic 
digestate 

55 

34 0.8 78 
66 

 
na 8.3 Yes 

Kougias et 
al., 2017 

1.40+1.40 103 0.8 99 98 na 8.5 Yes 
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Membrane bioreactors (MBR) were also evaluated at lab-scale for the transfer of H2 by 

gas diffusion through the hollow-fiber membrane material, reaching a final 

concentration of biomethane in upgraded biogas of more than 95% (Strevett et al., 

1995), as well as high methanogenic activity even at low pH values or high 

concentrations of reaction intermediates (Ju et al., 2008) at mesophilic conditions.  

Therefore, considering the implementation of bubble column systems at industrial 

scale for the biological biomethanation, further studies are needed to assess the 

feasibility of the bioconversion at higher scales (pilot-scale), operating with higher H2 

loading rates and higher reactor volumes. 

 

Trickling biofilter (TBF) reactors 

More recently, a different approach has been proposed for supporting the 

biomethanation using trickling biofilter (TBF) reactors. TBF reactors consist of a column 

that is packed with material of high specific surface area, on which biofilm is 

developed. The formation of biofilm of mixed anaerobic consortia serves as a good 

biocatalyst for the completion of the process. 

Compared to systems where the microorganisms are suspended in liquid media, 

biofilms present certain advantages, such as immobilization of the microbial 

community (avoiding discharge from the system) and increased resistance to inhibitory 

or toxic compounds (Hori and Matsumoto, 2010). This technology not only avoids the 

need for traditional biogas upgrading, but also paves the way for the development of 

advance renewable energy systems. 

Although most of the TBF reactors have been studied at mesophilic conditions 

(Dupnock and Deshusses, 2017; Rachbauer et al., 2016; Burkhardt et al., 2015; 

Burkhardt and Busch, 2013; Lee et al., 2010), literature shows two studies at 

thermophilic conditions (Strübing et al., 2017; Alitalo et al., 2015). Only in the study 

performed by Burkhardt and Busch (2013) gas recirculation rate was applied. 

Lab and pilot-scale reactors have been investigated with different packing materials 

and final CH4 content ranged from 71 to 98% (Table 5).  
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Table 5. Comparison of ex-situ biological upgrading processes in TBF reactor configurations (na= not available). 
 

Reactor 
Type 

Reactor 
Working 
Volume 

(L) 

Support/Packed 
Material 

Trickling 
liquid 

Inoculum 
Temperature 

(ºC) 

H2 loading 
rate 

(L/LR·d) 

H2 
efficiency 

(%) 

CH4 
content 

(%) 

CH4 
production 

rate 
(L/LR·d) 

pH 
VFA 

accumulation 
Reference 

Trickle-
bed 

reactor 
58.1 

RFK and Hel-X 
bio carrier 
HXF12KLL 

10 L/h 
Counter-

flow 

Anaerobic sludge 
from WWTP 

55 1.7 – 62.1 na 71 - 98 1.7 – 15.4 Controlled na 
Strübing 

et al., 
2017 

Trickle-
bed 

reactor 
na 

Polyuretane 
foam 

na 
With the 

flow 

Enriched 
hydrogenotrophic 

culture 
35 na na 20 - 30 11.0 – 30.0 6.7 – 8.0 na 

Dupnock 
and 

Deshusses, 
2017 

Trickle-
bed 

reactor 
5.8 

Polypropylene 
packing rings 

15 L/h 
Counter-

flow 

Enriched 
hydrogenotrophic 

culture 
37 5.0 - 11.0 na 95 - 98 1.2 - 2.5 7.4 – 7.7 No 

Rachbauer 
et al., 
2016 

Fixed 
bed 

reactor 
in 

series 

4.0 
Vermiculite 
shales and 

granular perlite 

1L/72h 
With the 

flow 

Methanogenic 
culture 

55 25.2 100 >90 6.4 6.9 na 
Alitalo et 
al., 2015 

Trickle-
bed 

reactor 
61.0 Bioflow 40 

6 L/h 
Counter-

flow 

Anaerobic sludge 
from WWTP 

37 0.4 – 6.0 100 95 - 98 0.2 – 1.5 7.2 – 7.4 na 
Burkhardt 

et al., 
2015 

Trickle-
bed 

reactor 
26.8 Bioflow 40 

0.5 L/h 
Counter-

flow 

Digested sludge 
from sewage 

treatment plant 
35 2.5 – 4.5 94 - 100 93 - 98 0.7 – 1.2 na na 

Burkhardt 
and Busch, 

2013 

Fixed 
bed 

reactor 
7.8 

Reticulated 
polyester 
urethane 
sponge 

na 
Anaerobic culture 

from sewage 
treatment plant 

35 0.9 – 6.3 na na 1.0 – 3.2 na No 
Lee et al., 

2012 
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Although the feeding gas mixture was injected in the reactors either with the flow or 

counter-flow to the liquid media (Table 5), the possible influence of the injection 

direction on the biogas upgrading process is still unexplored.  

Moreover, the study of the microbial community involved in ex-situ biogas upgrading 

process in TBF reactors has been scarcely studied only at mesophilic conditions in one 

work (Dupnock and Deshusses, 2017), remaining uncharacterized at thermophilic 

conditions.   

 

Biofilm plug-flow reactor 

The performance of a novel biofilm plug flow reactor containing a mixed anaerobic 

microbial culture was investigated by Savvas et al. (2017) for the conversion of H2 and 

CO2 to CH4. The reactor comprised a 7 m length of a single walled flexible PVC tube 

with a 13 mm internal diameter which was filled with polyethylene wheels (Kaldnes k1) 

that served as the biofilm attachment media. The total working volume was 

approximately 0.75 L and the reactor worked at mesophilic conditions (37 ºC).  

Unlike conventional gas-liquid contactors that depend on agitation, gas diffusion was 

decoupled from power consumption for mixing by increasing the gas phase inside the 

reaction space whilst increasing the gas residence time.  

The study showed that it is possible to obtain high biomethanation conversion rates 

and efficiencies by changing the way a mixed microbial culture is utilized, with the 

specific aim of reducing the liquid volume in the reactor while increasing the gas 

residence time. 

The novelty of the present design (in horizontal mode, Figure 7) relied on the adhesive 

properties of water which allowed the minimization of the liquid media volume used 

for nutrient replenishment of the biofilm as opposed to trickling bed reactor designs. 
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Figure 7. Novel biofilm plug-flow reactor studied by Savvas et al. (2017). 

 

The mixed mesophilic culture exhibited good biofilm formation and metabolic activity. 

With minimal energy input for liquid media transfer, 99% and 90% CH4 conversion 

efficiencies were achieved at total gas throughputs of 100 and 150 L/LR·d, respectively. 

At a gas input rate of 230 L/LR·d, methane rates reached 40 L/LR·d, which are the 

highest to date achieved by fixed film biomethanation systems. Additionally, significant 

gas transfer related parasitic energy savings could be achieved and demonstrated 

when using the novel plug flow design as compared to a CSTR.  

 

1.3.2.2 In-situ biogas upgrading 

The addition of H2 to conventional anaerobic digesters of organic matter with the aim 

of removing CO2 from biogas while increasing the production of biomethane is called 

in-situ biogas upgrading technology (Figure 8). As H2 is supplied directly to the 

anaerobic digester so that hydrogenotrophic archaea can consume H2 and CO2, 

additional units for upgrading may be avoided (Zabranska and Pokorna, 2018; 

Rittmann, 2015). 

In-situ upgrading has been only studied (Table 6) in a few lab-scale bioreactors (0.3 – 

3.5 L): completely mixed anaerobic digesters of manure (Luo and Angelidaki, 2013a, 

Luo and Angelidaki, 2013b; Luo et al., 2012) or of sewage sludge (Agneessens et al., 

2018; Agneessens et al., 2017; Wang et al., 2013) and in UASB reactors treating potato-

starch wastewater (Bassani et al., 2016). In these studies, H2 gas was bubbled through 

gas diffusers or diffused within across the biofilm found on hollow-fiber membrane 

modules (Table 6).  
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Figure 8. In-situ biogas upgrading concept. 

 

Therefore, there is a need to advance on in-situ upgrading with external H2 supply, 

where only a few small lab-scale bioreactors and configurations have been tested. 

Mechanical stirring at rates between 65 and 1000 rpm has been applied in those 

completely mixed reactors to ease organic matter removal and H2 conversion. 

However, an increase in mixing may also significantly increase the operation cost, 

though it could increase the hydrogen consumption rate. Therefore, efficient H2 

distribution systems would be a better choice compared to increasing mixing intensity. 

The methane evolution rate (MER), which expresses the increase in the specific CH4 

production rate (L/LR·d) under H2 supply with respect to the lack thereof, reported in 

in-situ studies ranged from 0.08 to 0.39 (L/LR·d) (Table 6; Lecker et al., 2017), while the 

concentration of CH4 in upgraded biogas was between 40 and 99%.  

However, feasibility of in-situ upgrading not only requires efficient H2 and CO2 

conversion into CH4 but also preserved organic matter removal and convenient 

integration in the available facilities (Agneessens et al., 2017).  
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Table 6. Comparison of in-situ biological upgrading processes (na= not available). 

Reactor 
Type 

Reactor 
Working 
Volume 

(L) 

Gas Diffusion 
system 

Organic 
Substrate 

OLR 
(g 

VS/L·d) 

HRT 
(d) 

Temperature 
(ºC) 

Gas 
recirculation 

(L/LR·d) 

H2 
loading 

rate 
(L/LR·d) 

H2 
efficiency 

(%) 

CH4 
content 

(%) 

MER 
(L/LR·d) 

pH 
VFA 

accumulation 
Reference 

CSTR 0.3 
Stirring: 
450 rpm 

Sludge and 
straw 

0.5, 
1.5, 2 

21 38 - 1.3 na 83 - 94 
0.09 – 
0.20 

7.92 
– 

8.33 
Yes 

Agneessens 
et al., 2018 

CSTR 0.3 
Stirring: 

1000 rpm 
Sludge and 

straw 
0.77 20 38 - 0.3 – 1.7 58 - 99 77 - 100 

0.08 – 
0.21 

7.89 
– 

8.43 
Stable 

Agneessens 
et al., 2017 

UASB 1.4 

Metallic diffuser + 
Rashing rings 

Potato 
starch 

wastewater 
3.73 7 55 

- 2.6, 3.5 51 40 - 45 
0.18 – 
0.27 

7.6 - 
7.9 

Yes 

Bassani et 
al., 2016 

Alumina ceramic 
sponge 

0, 4.1, 6.2 
1.8, 2.1, 

2.6 
67, 87, 85 

52, 87, 
85 

0.35, 
0.20, 
0.00 

7.9, 
7.8, 
8.2 

Yes 

Two chambers in 
series 

6.2 1.8 87 68 0.28 8.2 Yes 

Single long 
chamber 

6.2 1.8 94 81 0.08 8.4 Yes 

CSTR 2.0 
Hollow-fiber 
membrane + 

stirring 200 rpm 

Sewage 
sludge 

1.08 10 37 - 
0.41, 
0.92 

96 90, 99 
0.32, 
0.75 

7.5, 
8 

No 
Wang et al., 

2013 

CSTR 0.6 
Hollow-fiber 
membrane 

Cattle 
manure and 

whey 
1.67 15 55 - 

0.93, 
1.44, 
1.76 

na 
78, 90, 

96 

0.22, 
0.35, 
0.38 

7.6, 
7.9, 
8.3 

Yes 
Luo and 

Angelidaki 
2013a 

CSTR 0.6 

Column diffuser 
(0.5-1 mm) + 150, 

300 rpm Cattle 
manure and 

whey 
1.7 15 55 

- 

1.7 

71, 83 53, 68 
0.28, 
0.34 

7.7, 
7.8 

No 

Luo and 
Angelidaki 

2013b 
Ceramic diffuser 
(14-40 µm) + 150 

rpm 
 

- 87 75 0.39 7.9 No 

CSTR 3.5 
Two ceramic 

diffusers + 65 rmp 
stirring 

Cattle 
manure 

1.9 14 55 - 0.69 80 65 0.08 8.3 Yes 
Luo et al., 

2012 
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One of the main technical challenges that this technology faces is related with the 

increment of pH level resulting from CO2 removal to values above 8.5, leading to 

inhibition of methanogenesis (Angelidaki et al., 2018; Weiland, 2010). The elevation of 

pH is attributed to the removal of bicarbonate which is the key buffer in the biogas 

process. As shown in Eq. 6 and Eq. 7, CO2 dissolved in the liquid phase of the reactor is 

dissociated to H+ and HCO3
-. The utilization of CO2 will lead to a decrease of H+ causing 

a concomitant increase in the pH.  

 𝐶𝑂2 (𝑔) + 𝐻2𝑂 ↔  𝐶𝑂2 (𝑎𝑐) + 𝐻2𝑂                     (Eq. 4) 

𝐶𝑂2 (𝑎𝑐) + 𝐻2𝑂 ↔  𝐻2𝐶𝑂3 (𝑎𝑐)                    (Eq. 5) 

𝐻2𝐶𝑂3 (𝑎𝑐) ↔  𝐻𝐶𝑂3
− +  𝐻+                                 (Eq. 6) 

𝐻𝐶𝑂3
− ↔  𝐶𝑂3

2− +  𝐻+                                 (Eq. 7) 

 

Previous experiments in in-situ biogas upgrading reactors showed a slight inhibition of 

methanogenesis due to bicarbonate consumption (Agneessens et al., 2018; 

Agneessens et al., 2017; Luo et al., 2012) verifying the argument that in conventional 

biogas production systems, a pH of 8.3 - 8.5 is the threshold for optimum 

biomethanation process both for mesophilic and thermophilic conditions (Bassani et 

al., 2015). pH values higher than 8 have been reported with uneven effects on organic 

matter removal efficiency (Luo et al., 2012; Bassani et al., 2016). 

In order to alleviate this technical challenge, co-digestion with acidic waste was 

proposed to arrest increase of pH (Luo and Angelidaki, 2013b). More specifically, it was 

demonstrated that the co-digestion of manure with cheese whey wastewater 

maintained the pH in an optimal range during the whole biogas upgrading process. An 

alternative approach to circumvent this challenge was the application of pH control 

permitting successful upgrading to almost pure biomethane (Luo et al., 2014). 

Another important issue that has to be considered during the in-situ biogas upgrading 

process is related with the oxidation of Volatile Fatty Acids (VFA) and alcohols which is 

only thermodynamically feasible in cases that H2 concentration is very low (Bastone et 
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al., 2002). On contrary, high H2 levels (> 10 Pa) inhibit the anaerobic digestion and 

promote the accumulation of electron sinks (Liu and Whitman, 2008).  

It has been consistently informed inhibition of butyrate and propionate degradation 

under high H2 partial pressure (Speece, 2008; Rittmann, 2001), as well as the 

accumulation lactate and ethanol (Liu and Whitman, 2008), breaking the balance of 

the system with the possibility of acidification caused by VFA accumulation. 

Similarly to the ex-situ biogas upgrading processes, an additional key parameter is the 

solubilization of H2 to the liquid phase as it must cross the interface between the gas 

and the liquid phase in order to be available for the microorganisms. Thus, the above 

mentioned poor mass transfer of H2 into the liquid phase could be a limiting factor that 

would hamper the performance of the reactor. Despite everything, in-situ upgrading 

digesters with high HRT do not require specific mass transfer coefficients as high as the 

ex-situ process because of the lower specific CO2 rates to convert.  

For all the above reasons, the reactor designs, the device that is used to inject H2 and 

the application of gas recirculation flows are considered as fundamental elements for 

the implementation of sufficient in-situ biogas upgrading (Bassani et al., 2016).  

 

1.3.2.3 Hybrid biogas upgrading 

Ex-situ and in-situ biogas upgrading can be implemented together forming an 

integrated system known as hybrid biogas upgrade (Kougias et al., 2017). In the hybrid 

technology, usually initially in-situ technology captures a part of the CO2, upgrading the 

biogas to higher grade (80–90% CH4), followed by ex-situ process, where the enriched 

biogas is polished to a CH4 content higher than 98% (Figure 9). 

 

Figure 9. Hybrid biogas upgrading concept (from Corbellini et al., 2018). 
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The advantage of the hybrid technology is that it addresses the problem of pH 

enhancement during the in-situ process, while a considerably smaller separate reactor 

is needed for the ex-situ. 

Currently, only one hybrid biogas upgrading study has been performed and published 

(Corbellini et al., 2018). In this work, a hybrid biogas upgrading configuration 

composed of two-stage thermophilic reactors was proposed. Hydrogen was directly 

injected in the first CSTR reactor for the in-situ stage and its output gas was 

subsequently transferred to a second up-flow reactor for the ex-situ stage, in which 

enriched hydrogenotrophic culture was responsible for the hydrogenation of CO2 to 

CH4.  

The CSTR, which had a working volume of 3 L and was operated at HRT of 15 days, was 

initially inoculated with thermophilic digestate from a biogas plant. During the whole 

experiment, this first reactor was co-digesting cattle manure and potato-starch. The 

up-flow reactor (0.85 L working volume) was inoculated with 0.6 L of undiluted 

degassed digestate and 0.25 L of active enriched hydrogenotrophic inoculum obtained 

from a biogas upgrading reactor. Degassed digestate (HRT of 28 days) was provided to 

this second reactor in order to supply the microbial community with all the necessary 

nutrients. H2 was injected into the first reactor (0.55 L/LR·d) using three stainless steel 

diffusers (2 µm pore size) while it was dispersed into the second reactor through a 

ceramic membrane. 

The overall objective of the work was to perform an initial CH4 enrichment in the in-

situ reactor, avoiding deterioration of the process due to elevate pH levels, and 

subsequently, to complete the biogas upgrading process in the ex-situ chamber. The 

CH4 content in the first stage reactor reached on average 87% and the corresponding 

value in the second stage was 91%, with a maximum of 95%. CH4 production rate was 

0.36 - 0.43 L/LR·d. The CO2 was decreased by 57% and 98% of the H2 injected was 

utilized.  

The effect of H2 injection on the microbial community in both reactors was analyzed by 

16s rRNA gene amplicon sequencing. The results demonstrated an increment in 

relative abundance of hydrogenotrophic methanogens and homoacetogens in the in-



Chapter 1: Introduction 
 

- 44 - 
 

situ reactor, while the microbial community in the ex-situ reactor was simpler and 

dominated by hydrogenotrophic methanogens. 

 

1.3.2.4 Comparison of ex-situ, in-situ and hybrid biomethanation systems 

Ex-situ method has several advantages compared to the in-situ process as (Angelidaki 

et al., 2018; Ahern et al., 2015): 

- It secures the stability of the conventional biogas process because the 

upgrading is occurring in a separate unit. 

- It can handle high volumes of influent gases decreasing the gas retention time 

even to 1 h, which minimize the dimensions of the biogas upgrading chamber.  

- The biochemical process is simpler since there is no degradation of organic 

substrate, and initial steps of anaerobic digestion such as hydrolysis and 

acidogenesis are not performed, avoiding many biological and mechanical 

challenges present in the anaerobic digestion.  

- It is a biomass independent process. 

- Other external source of waste CO2 (biogas, syngas) can be used making the 

process more flexible. 

- By this process it is feasible to supply power to remote from the centralized 

grid rural areas. 

- The possible MER of ex-situ systems is very high compared to the CH4 streams 

in in-situ systems. 

However, the extension of a biogas reactor to perform methanation of CO2 in-situ 

relies to its simplicity and requires less additional investment costs in existing biogas 

plants (as it mainly utilizes the existing infrastructure of them) than ex-situ upgrading 

(Ahern et al., 2015). 

Real biogas represents a new challenge for the methanation due to the additional CH4, 

which is inert for the reaction and just increases the velocity of the gas flow through 
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the reactor (Rachbauer et al., 2016). The reduction of the partial pressure of H2 and 

CO2 due to the presence of non-reactive gases also has an adverse influence on the 

gas–liquid mass transfer (Seifert et al., 2013). 

Although the feasibility of the hybrid biogas upgrading concept was demonstrated by 

one study (Corbellini et al. 2018), further studies should be conducted to address the 

specific issues identified for further process performance in order to develop strategies 

targeting the optimization of the technology.  

 

 

1.3.3 H2 intermittency  

Electricity from renewable sources like photovoltaic and wind energy plants could play 

an important role in a future European electricity system (Sensfuss and Pfluger, 2014). 

Due to their fluctuating electricity generation profile, a high share of these renewable 

energies lead to a strong demand for new electricity storage solutions (Heide et al., 

2010).  

As discussed previously, biological hydrogen methanation is a highly promising 

approach to move the type of energy from electricity to natural gas via water 

electrolysis and the subsequent step of bioconversion of H2 and CO2 into CH4.  

However, a question that needs to be addressed is related with the robustness of the 

process. Due to the fact that H2 assisted biogas upgrading technology is based on the 

surplus of renewable electricity generated by wind or solar power, the system should 

be resilient to variable weather conditions and thus to different input H2 flow rates.  

Some studies affirm that dormant cultures can be quickly reactivated in large-scale AD 

systems and that methanogens can be fed intermittently (Lettinga, 1995; Martin et al., 

2013). However, it is mandatory to elucidate the biomethanation efficiency during 

intermittent provision of H2. 

Some preliminary tests have been conducted in which the gas feed was interrupted in 

ex-situ biogas upgrading systems with TBF reactor configurations. The achievement 

potential recovery was obtained after three days of H2 suspension at mesophilic 
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conditions (Burkhardt et al., 2015) and after one day (Strübing et al., 2017) of H2 lack at 

thermophilic conditions.  

Nevertheless, further research related to longer and repeated H2 intermittent periods 

and the microbial tolerance towards periodical H2 provision should be undertaken in 

order to draw conclusions on the dynamic operation of the biogas upgrading systems, 

as the feasibility of the H2 intermittency is a challenge of the biogas upgrading 

technology not studied yet. 

  

 

1.3.4 Microbial communities in biological biogas upgrading systems 

In the context of anaerobic digestion process, biological biogas upgrading can be 

obtained via two different processes (Figure 10). The first one, hydrogenotrophic 

methanogenesis pathway, is mediated by hydrogenotrophic methanogenic archaea 

performing the direct conversion of CO2 to CH4 with the use of external H2 according to 

Eq. 1, highly energetically favorable at pH 7. The second metabolism is indirect and is 

based on the conversion of CO2 to acetate by homoacetogenic bacteria via the Wood-

Ljungdahl pathway, which is also an exergonic process (Eq. 8). Then, acetoclastic 

methanogenic archaea convert the acetate into CH4 (Eq. 9). 

4 𝐻2 + 2 𝐶𝑂2 →  𝐶𝐻3𝐶𝑂𝑂𝐻 + 2 𝐻2𝑂       ∆G0= -104.5 KJ/mol               (Eq. 8) 

𝐶𝐻3𝐶𝑂𝑂𝐻 → 𝐶𝐻4 +  𝐶𝑂2                     ∆G0= -31.0 KJ/mol                            (Eq. 9) 

 

Figure 10. Metabolic pathways for hydrogen assisted biological biogas upgrading. 
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Under standard methanogenic conditions, H2 derives from acetate oxidation or 

syntrophic acetate oxidation via an endergonic reaction and the energy loss is 

compensated when H2 partial pressure is keep low by hydrogenotrophic methanogens. 

In this case, the low H2 partial pressure is fundamental to enable proton reduction and 

energy conservation (Stams and Plugge, 2009).  

Due to the crucial role of H2 concentration on equilibrium of biochemical reactions, the 

addition of external H2 has a strong selective pressure on the microbial community, 

shaping its composition with a massive increase of both hydrogenotrophic 

methanogens and homoacetogenic species (Schuchmann and Müller, 2014). In 

contrast, exogenous addition of H2 is responsible for inhibiting syntrophic acetogens 

involved in propionate and butyrate degradation and syntrophic acetate oxidizers 

(SAO) (Demirel and Scherer, 2008). 

Hydrogenotrophic methanogens are the key players for efficient biogas upgrading 

process. Pure cultures, such as Methanobacterium thermoautotrophicum and 

Methanococcus thermolitotrophicus, have been studied showing high H2 and CO2 

conversion rates (Peillex et al., 1990, Peillex et al., 1988; Jee et al., 1988). However, 

cost acquisition of such cultures for large scale biomethane production may avoid the 

process profitability.  

Therefore, the adaptation of biomass from a conventional (mesophilic or thermophilic) 

anaerobic digester to high rates of H2 and CO2 presents an interesting and economic 

advantage from the industrial point of view as an unspecific anaerobic sludge could be 

employed as inoculum with an acclimated population for the biomethane production. 

Moreover, adapted microbial communities are more robust and do not require sterile 

conditions, which would add extra costs to the process. 

Microbial analysis performed during biogas upgrading experiments revealed that the 

most frequently found hydrogenotrophic methanogenic genera were 

Methanobacterium, Methanoculleus, Methanomicrobium and Methanothermobacter 

(Agneessens et al., 2017; Bassani et al., 2017; Luo and Angelidaki, 2013b; Mulat et al., 

2017; Kougias et al., 2017), whereas Methanosarcina and, more generally, acetoclastic 

methanogens are usually present at lower abundance (Agneessens et al., 2017; Bassani 
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et al., 2015; Mulat et al., 2017). Parameters affecting the stimulation and dominant 

presence of homoacetogens have been studied (Agneessens et al., 2017; Agneessens 

et al., 2018). 
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2.1 RESEARCH MOTIVATION 

The worldwide increasing demand for energy and the new directives set by the “Green 

Energy Agreement” create an intensive interest towards exploitation of renewable 

energy sources. Wind and biomass are promoted worldwide as sustainable forms of 

energy and, currently, there is an increasing interest in exploiting biogas as a substitute 

of natural gas via biogas upgrading process.  

In this context, hydrogen assisted biological biogas upgrading has emerged as an 

attractive method for biogas upgrading. However, the H2 gas-liquid mass transfer and 

the H2 intermittency are the challenges of the process.  

Different reactor configurations and diffusion devices have been previously 

investigated mainly at lab-scale for ex-situ upgrading aiming at maximizing the H2 gas-

liquid mass transfer. Despite the fact that membrane bioreactors at lab-scale resulted 

in an attractive alternative in order to H2 transfer by gas diffusion through the 

membrane material, further studies are needed to assess the feasibility of the H2 and 

CO2 bioconversion at higher scales operating with higher H2 loading rates regarding the 

implementation of these systems at industrial scale. 

Most of the trickling biofilter reactors have been studied at mesophilic conditions 

although it was found that the efficiency of biogas upgrading reactors is improved at 

thermophilic conditions. Therefore, trickling biofilters performance at thermophilic 

conditions should be further evaluated. Likewise, the possible influence of H2 down-

flow or up-flow operation to the liquid media on biomethanation efficiency is still 

unexplored. Moreover, microbial community involved in ex-situ processes in trickling 

biofilters at thermophilic conditions remains uncharacterized.  

Although some preliminary tests have been conducted in which the H2 gas feed was 

interrupted for 1 and 3 days in ex-situ systems, further research related to longer and 

repeated H2 intermittent periods and the microbial tolerance towards periodical H2 

provision should be undertaken in order to draw conclusions on the dynamic operation 

of the biogas upgrading systems and to evaluate the feasibility of this process for an 

industrial application. 
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Finally, there is a need to advance on in-situ upgrading, where only a few small lab-

scale configurations have been tested. Moreover, several opportunities have been 

identified for the integration of Power-to-Gas in wastewater treatment plants. 

Therefore, more research focus on the study and optimization of the biogas upgrading 

biotechnology should be carried out in order to overcome the above mentioned 

challenges or research gaps and move hydrogen assisted biological biogas upgrading 

process from a promising lab-scale process to a sustainable full scale technology.  

 

2.2 OBJECTIVES OF THE THESIS 

This thesis proposes an innovative process in which H2 generated by water electrolysis 

using off-peak electricity surplus from wind power is biologically converted by binding 

CO2 to CH4. The overall objective of the present thesis was to study, develop and 

optimize the biological biogas upgrading process.  

More specifically, the individual goals to achieve the overall objective of the thesis 

were: 

1. Assessment of the feasibility of the bioconversion of H2 and CO2/biogas to CH4 

for ex-situ and in-situ biogas upgrading processes. 

2. Improvement of H2 gas-liquid mass transfer. 

3. Study of the effect of gas recirculation. 

4. Application of membrane technology for ex-situ biogas upgrading at pilot-scale. 

5. Effect of the H2 down-flow and up-flow operation in trickling biofilter reactors. 

6. Evaluation of the intermittent provision of H2. 

7. Analysis of microbial community. 

 

2.3 THESIS OUTLINE 

In the present thesis, all experimental and literature review work was focused on the 

achievement of the main objective and the individual goals above described, as shown 

in Figure 11. 
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Figure 11. Thesis outline. 
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3.1 EXPERIMENTAL SETUPS 

3.1.1 Pilot Plants 

3.1.1.1 Hollow-fiber membrane bioreactors 

a) Ex-situ biogas upgrading experiment (Chapter 4) 

One 40 L cylindrical reactor (0.18 m x 1.20 m) with a working volume of 31 L was taken. 

The reactor was insulated and the walls were heated with electric resistance.  

Feed gas (H2 and CO2) was obtained from two gas cylinders, and the rate was regulated 

with rotameters (Aalborg, USA). Feed line was preheated in a thermostatic bath (55 ± 1 

ºC), mixed with the recirculation, filtered by 0.45 µm (Millex, Millipore) and connected 

to the upper part of the membrane module as shown in Figure 12 a.  

The hollow-fiber membrane module (Porous fibers, Spain) (Figure 12 b) was placed in 

the bioreactor to generate gas bubbles. The module consisted of 232 polymeric fibers 

(PVDF) with a pore size of 0.4 µm and fiber length of 0.55 m. The total membrane 

surface was 0.93 m2 and the module occupied 2.6 L.  

 

Figure 12. a) Pilot plant diagram; b) Hollow-fiber membrane module 
 

The bioreactor was equipped with a gas pump to recirculate biogas from the 

headspace through the membrane module, and one peristaltic pump (Watson-

Marlow) to mix the liquid at a constant rate of 32 L/LR·d. 
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b) In-situ biogas upgrading experiment (Chapter 7) 

The experiment was performed using two insulated cylindrical bioreactors with total 

and working volumes of 28 L and 20 L, respectively. An electric resistance was used to 

maintain the temperature of the reactor to a desired value (35 ± 1 ºC).  

One reactor (R1) was used as upgrading reactor, while the other (R2) was utilized as 

control reactor (Figure 13).  

 

 

Figure 13. Diagram of the pilot plants.  

a) Upgrading reactor (R1); b) Control reactor (R2). 
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R1 was equipped with a hollow-fiber membrane module (ZeeWeed®-1, General 

Electric, Spain) (Figure 14a), consisted of polymeric fibers (PVDF) with 0.4 µm pore size 

and an area of 0.093 m2, which was used in order to generate small bubbles. Figure 14 

b) shows the dimensions of the polymeric module employed in the experiment while 

length of the fibers is shown in Figure 14 c). 

 

Figure 14. Hollow-fiber membrane module ZeeWeed®-1 employed in the experiment 

in R1.  a) Module; b) Dimensions; c) Fiber length. 
 

Peristaltic pumps (Watson-Marlow) were used for feeding and mixing of R1 and R2. 

Peristaltic pumps for feeding and sludge recirculation were operated at a rate of 0.05 

and 72 L/LR·d, respectively. A feeding tank, equipped with a magnetic stirrer, with 

thickened mixed sludge, was installed for both reactors.  

H2 was fed from a gas cylinder using a mass-flow controller (Aalborg, USA). The gas 

mixture composed by H2 feeding and biogas recirculation lines was injected in R1 with 

a peristaltic pump (Watson-Marlow) through the upper part of the membrane module 

as shown in Figure 13 a). A pH probe (Crison Instruments, pH probe 53 35, Spain), was 

installed in R1 for continuously monitoring of pH.  

R2 was fed only with thickened mixed sludge without biogas recirculation and H2 

supply (Figure 13 b). 
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Pilot plants employed in the in-situ biogas upgrading experiment are shown in Figure 

15.  

 

 

Figure 15. Pilot plants employed in the in-situ biogas upgrading experiment. 

Left: Control reactor (R2); Right: Upgrading reactor (R1). 
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3.1.1.2 Ceramic membrane bioreactor 

Ex-situ biogas upgrading experiment (Chapter 5) 

The experiment was performed using one insulated cylindrical membrane bioreactor 

with a working volume of 60 L in which an electric resistance was used to heat reactor 

walls (55 ± 1 ºC).  

Reactor was equipped with a ceramic tubular membrane module (ATECH, Germany) 

consisted of 28 tubes of Al2O3 with 0.8 µm pore size, fiber length of 1.19 m (total 

length of 1.33 m), 5.1 L volume and an area of approximately 1 m2 which was used as 

gas sparging surface in order to generate fine small bubbles (Figure 16).  

 

 

Figure 16. Ceramic membrane module employed in the experiment. 

a) Dimensions; b) Ceramic Tubes. 

 

Hydrogenotrophic reactor was fed continuously with H2 and CO2 from gas cylinders 

and two mass-flow controllers (Aalborg, USA) were used to regulate the rate of both 

gases. Feed and recirculation lines were mixed and then preheated in a thermostatic 

bath at 55 ± 1 ºC. The gas mixture was injected in the reactor through upper part of 

ceramic membrane as given in schematic representation of the reactor in Figure 17.  
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Figure 17. Diagram of the ceramic MBR. 
 

The reactor counted with a compressor to recirculate biogas from the headspace of 

the reactor through the membrane module. A peristaltic pump was employed to avoid 

solids deposition at a rate of 24 L/LR·d. 

The pilot plant employed in the ex-situ biogas upgrading experiment is shown in Figure 

18.  

 

Figure 18. Ceramic MBR pilot plant employed in the ex-situ biogas upgrading 

experiment. 
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3.1.2 Lab-scale reactors 

3.1.2.1 Trickling biofilter reactors 

Ex-situ biogas upgrading experiment (Chapter 6) 

Two TBF reactors made of poly(methyl methacrylate) with 1 L working volume (packed 

bed) and dimension ratio length:diameter of 9:1 were used for the experiments. 

Glass rings (5x6 mm each with specific surface area of 0.002 m2/g) were used as 

packing material (Figure 19).  

A water recirculation system was used to heat the reactors by means of D10 mm 

silicon tubes wrapping their entire cylindrical surface (Figure 19).  

Polyethylene foam was used to cover the wrapped reactors for insulation.  

 

Figure 19. Glass rings used as packing material and water recirculation system to heat 

the reactors. 
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The difference between the two reactor configurations was the direction of the 

injected gas flow and the outlet gas port.  

The gas mixture in the first reactor, denoted as R1, was injected in a counter-flow to 

the trickling media, while the outlet gas port (i.e. port that allow gases to exit the 

reactor) was placed at the top of the reactor (Figure 20 a).  

On the contrary, the influent gas in the second reactor, denoted as R2, was directed 

with the flow of the recirculating liquid. Therefore, an outlet port was placed in the 

bottom of the reactor so as the liquid, which would be saturated with gas, to be 

removed from the reactor and subsequently be recirculated (Figure 20 b).  

Each reactor configuration was connected with a glass vessel (1 L working volume), 

which contained the recirculation liquid media. The vessel was equipped with a 

thermal jacket so as to operate at stable thermophilic temperature (54 ± 1 ºC).  

The liquid was pumped out from the vessel and trickled over the packed bed through 

seven ports (each port had a diameter of 2 mm) that were distributed at the upper lid 

of the reactors.  

The liquid recirculation took place for 30 seconds every half an hour using of a 

peristaltic pump set at a flow rate of 2.8 L/LR·d.  

The gas feed (H2, CO2 and CH4) was continuously introduced to the reactors using 

peristaltic pumps (Watson-Marlow).  

No gas recirculation was applied, resulting in a single-pass plug flow operation.  
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Figure 20. Schematic representation of the trickling biofilter reactors. 

a) R1 (counter-flow); b) R2 (with the flow). 
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Reactors employed in the ex-situ biogas upgrading experiment are shown in Figure 21.  

 

 
Figure 21. Reactors employed in the ex-situ biogas upgrading experiment. 

Left: R1 (counter-flow); Right: R2 (with the flow). 

 

 

3.1.2.2 Up-flow reactors 

Ex-situ biogas upgrading experiment (Chapter 8) 

The experiment was performed using the same up-flow reactor configuration for three 

reactors (R1, R2 and R3) with total and working volumes of 1.4 L and 1.0 L for each 

setup, respectively. A schematic representation of the reactor configuration is given in 

Figure 22. 
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Figure 22. Diagram of the up-flow reactors. 

 

Reactors were maintained at temperature working conditions (55ºC ± 1 ºC) by 

circulating hot water through a water jacket around the glass walls of the reactors.  

Each reactor was equipped with two stainless steel diffusers (located at the bottom of 

the reactors, each having 26 mm length and 13 mm diameter with 0.5 µm pore size) 

and two inert alumina ceramic sponges (Cerapor, Drache) (Figure 22) used as gas 

sparging surface in order to generate fine small bubbles improving the gas-liquid mass 

transfer by increasing the contact area and time between the injected gases and the 

liquid. 

Feeding gas mixture (H2, CO2 and CH4) was continuously injected in the reactors 

through the diffusion system being previously mixed with the gas recirculation line 

(Figure 22). The gas mixture was stored inside gas tight aluminium bags and was 

provided to the diffusers using peristaltic pumps (Watson-Marlow). The bags were 

filled with fresh gas mixture every day.  
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The reactors counted with a peristaltic pump (Watson-Marlow) to recirculate gas from 

the headspace of the reactor through the diffusion system ensuring good reactor 

mixing.  

On a daily basis, digestate serving as nutrient source was provided to the reactors 

using peristaltic pumps (Watson-Marlow) at a rate of 0.02 L/LR·d.  

Up-flow reactor setups employed in the experiment are shown in Figure 23. 

 

Figure 23. Up-flow reactors employed in the experiment (R1, R2 and R3). 

     

3.2 RAW MATERIALS 

Table 7 summarizes the raw materials used in all the experiments. A more detailed 

description of the raw materials is provided in the corresponding chapter of each 

experiment. 
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Table 7. Raw materials employed in the experiments. 

Raw material Origin/Brand 
Experiment 
in Chapter 

Gas 
Substrates 

H2 (100%) Linde®, Spain 4, 5 and 7 

CO2 (100%) Linde®, Spain 4 and 5 

H2/CO2/CH4 
(62%/15%/23%) 

AGA A/S, Denmark 6 and 8 

Flushing 
Gases 

He (100%) Linde®, Spain 4 
N2 (100%) Linde®, Spain 

AGA A/S, Denmark 
7 
6 

Inoculum 

Thermophilic anaerobic 
sludge 

Thermophilic anaerobic digester in 
our laboratory 

Valladolid, Spain 
4 and 5 

Enriched 
hydrogenotrophic 

culture 

Previous laboratory biogas 
upgrading column reactors 

(Bassani et al., 2017) 
6 and 8 

Mesophilic anaerobic 
sludge (sewage sludge) 

Mesophilic anaerobic digester in 
the WWTP of Valladolid, Spain 

7 

Nutrient 
Solution 

Synthetic compounds 
Macro and micro nutrient 

solutions according to Angelidaki 
and Sanders (2004) 

4 and 5 

Centrate wastewater 
Centrifugation of anaerobically 

digested mixed sludge of                           
the WWTP of Valladolid, Spain 

5 

Digestate 
Digestate from Snertinge biogas 

plant, Denmark 
6 and 8 

Organic 
substrate 

Thickened mixed 
sludge 

Mixed primary and secondary 
sludge from WWTP of Valladolid 

7 

 

The gas cylinders of CO2, He and N2 were placed indoors of the laboratory for the 

experiments while the gas cylinders of H2 and H2/CO2/CH4 were located outdoors for 

safety reasons.  

Figure 24 a and Figure 24 b show the central system of H2 gas supply (Linde HiQ®) 

which was used to perform the efficient and safe distribution of H2 gas from a central 

storage installation to the consumption point in the laboratory (Figure 24 c).  

Figure 25 show the location of H2/CO2/CH4 gas cylinder staying outdoors of the 

laboratory. 
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Figure 24. H2 distribution system. a) Central system of H2 gas supply outdoors; 

b) Panel of central system of H2 gas supply; c) H2 consumption point. 
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Figure 25. Gas cylinder staying outdoors. 

 

After the collection of the inoculums, they were introduced directly in the reactors in 

order to perform the inoculation as soon as possible avoiding any possible undesirable 

conditions to affect the microbial community present in the inoculum. 

The digestate used as nutrient solution was placed in an incubator at thermophilic 

conditions after its collection to be used during the whole experimental work.  

Centrate wastewater was collected once every two weeks from the WWTP and 

maintained at 4 ºC before its use.  

The thickened mixed sludge was stored at 4ºC for a maximum period of two weeks 

prior to be fed to the reactors since it was collected once every two weeks from the 

WWTP. 
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3.3 ANALYTICAL METHODS 

Table 8 shows the physicochemical parameters measured in all the experiments and 

the methods employed in order to perform the different analysis. Other parameters 

measured were the dissolved H2 concentration, the dewaterability of sludge, 

elemental analysis and trace elements. 

Table 8. Physicochemical parameters measured in all the experiments. 

Parameter Method 
Model, Brand, 

Country 
Experiment in 

Chapter 

Temperature 

Controlled with a PID and 
measured with a 

temperature probe 
PT100 probe 4, 5 and 7 

Closed water recirculation 
system with a boiler and a 

temperature probe 
- 6 and 8 

Headspace 
pressure 

Monitored with a pressure 
probe 

Endress Hauser 
Cerabar PMC131 

probe 
4, 5 and 7 

Pressure gauge WIKA, Denmark 6 and 8 

Gas production 
rate 

Water displacement gas-
metering systems 

Handmade gas flow-
meters 

4, 5, 6, 7 and 
9 

Gas 
composition 

GC-TCD, dry basis 

Varian CP-3800, 
Agilent, Spain 

4, 5 and 7 

Mikrolab Aarhus A/S, 
Denmark 

6 

TRACE 1310, Thermo 
Scientific, Italy 

8 

pH 

pH meter 
PH BASIC 20-pH 

probe 53 37, Crison, 
Spain 

4, 5 and 7 

pH meter 
PHM210-pHC3105-8, 

Radiometer 
analytical, Denmark 

6 and 8 

TS/VS/TSS/VSS 
Standard Methods (APHA, 

2005) 
- 

4, 5, 6, 7 and 
9 

NH4
+ 

Standard Methods (APHA, 
2005) 

- 
4, 5, 6, 7 and 

9 

TKN 
Standard Methods (APHA, 

2005) 
- 6 and 8 

VFA 

GC-FID as described by 
Díaz et al. (2010) 

GC-7820A, Agilent, 
Spain 

4, 5 and 7 

GC-FID as described by 
Kougias et al. (2015) 

GC-2010, Shimadzu, 
Japan 

6 and 8 

PO4
3- HPLC 

HPLC-717, Waters, 
Spain 

4 and 5 
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Dissolved H2 concentration 

Dissolved H2 concentration was measured periodically in the experiment of Chapter 4 

by gas–liquid partition with a modified version of the method described in Yu et al. 

(2006).  

8 mL of liquid were sampled from the reactor and subsequently injected into a 10 mL 

gas-tight serological bottle. The bottles contained 200 µL of concentrated H2SO4 in 

order to prevent any biological activity in the sample. They were closed with butyl 

septa, sealed with aluminum caps and degassed with helium prior to the sample 

injection.  

H2 in the headspace of the bottles was measured 8 h after sample injection by GC–TCD 

(as shown in Table 9) and liquid concentration was estimated through mass balances. 

A higher variability between replicates is expected in this modified version since 

analysis were only performed in duplicate in comparison to the original method where 

triplicate aqueous samples were withdrawn. Due to the nature of the GC detection 

limit for H2 (1% in volume), the minimum dissolved H2 concentration that can be 

measured is 0.022 mg/L. 

In view of the obtained results of dissolved H2 concentration in the experiment of 

Chapter 4, H2 concentration in the liquid phase was considered negligible for the rest 

of the experiments (Chapters 5-8) as a result of H2 complete consumption by 

methanogens in this phase. 

 

Dewaterability 

The dewaterability of sewage sludge from the experiment of Chapter 7 was assessed 

by determining centrifugability (% solids recovery) and filterability (filtration constant). 

These two parameters were analyzed in triplicate according to Standard Methods 

(APHA, 2005) and Kopp and Dichtl (2001). 
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Elemental analysis 

The elemental analysis of the inoculum and the digestate used as nutrient solution 

from the experiment of Chapter 8 was performed using an elemental analyzer, model 

CHNS vario Marco Cube. 

First of all, liquid samples were dried in a freeze dryer over a weekend and then, the 

elemental analysis was performed.  

Sulfanilamide was used as calibration standard with nominated weight of 20 mg. 10 

mg of dried sample in triplicate were used for the analysis. Sludge A from VKI was 

employed as reference sample in triplicate. 

The temperatures of the combustion and reduction tubes were 1050 º C and 950 º C, 

respectively.  

 

Analysis of trace elements 

Similarly to elemental analysis, liquid samples of the inoculum and the digestate used 

as nutrient solution from the experiment of Chapter 8 were dried in a freeze dryer 

over a weekend and then, the analysis of trace elements was performed.  

Firstly, the digestion of the trace elements was done and then, ICP_OES (Inductively 

Coupled Plasma_ Optical Emission Spectrophotometer) was employed to determine 

the concentrations.  

Samples were digested in a microwave (Anton Paar, model 3000) using method USEPA 

3051A. 0.1 g of dried samples in duplicate, 9 mL HNO3 suprapur 68%, 3 mL HCl 

suprapur 30% and 0.50 mL suprapur H2O2 were used.  

Temperature of 170 º C, power of 1400 W and pressure of 40 bars were the microwave 

conditions for the digestion. After the process, a final volume of 50 mL was obtained. 

Sludge A from VKI used as reference sample. 

For the determination of trace elements, ICP_OES model   Avio 200 (Perkin_Elmer) was 

used. The calibration range for Al, Ca, Fe, K, Mg, Na, P and S was 0-1.0-5.0-10-20 mg/L 
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making by dilution from stock solution DTU-3 (Inorganic Ventures, USA). The 

calibration range for Ba, Co, Cu, Mn, Ni, Sr and Zn was 0-0.05-0.10-0.50-1.0-5.0 mg/L 

making by dilution from stock solution DTU-3 (Inorganic Ventures, USA).  

Quality Control 1 (low level) and 2 (high level) were Environmat Driking water (Canada) 

and mixing stock solution (Sigma_Aldrich) with sludge A from VKI used as reference 

sample. Yttrium was used as internal standard with a concentration of 1 mg Y/L and 

2% Cs (as CsCl) in online injection. All calibrations and quality solutions were acidified 

to 12%  HNO3 and 1,8 % HCl. 

 

3.4 MICROBIAL ANALYSIS 

Several microbiological techniques were employed in order to have deeper 

understanding about the microbial community in each experiment. For that purpose, 

first of all, samples were collected in sterile tubes and immediately stored at -20 ºC. 

After that, microbiota characterization was performed. 

3.4.1 DNA extraction 

On the one hand, regarding the samples from experiments of Chapter 4, Chapter 5 and 

Chapter 7, the protocol described in the Fast® DNA Spin Kit for Soil (MP Biomedicals, 

LLC) handbook was used to extract DNA. The integrity of the extracted DNA was 

checked by electrophoresis on a 1.2% (w/v) agarose gel. DNA purity was tested using a 

NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, USA). 

On the other hand, regarding the samples from experiments of Chapter 6 and Chapter 

8, genomic DNA was extracted from samples in triplicates using the PowerSoil® DNA 

Isolation Kit (MO BIO laboratories Inc., Carlsbad, CA USA) following the instructions of 

the manufacturer, except from the addition of an initial purification step using 2 mL of 

Phenol:Chloroform:Isoamyl Alcohol pH 8 (Sigma-Aldrich, DK). The quantity and quality 

assessment of the extracted DNA were performed using NanoDrop (ThermoFisher 

Scientific, Waltham, MA) and Qubit Fluorometer (ThermoFisher Scientific, Waltham, 

MA), respectively. 
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3.4.2 Denaturing Gradient Gel Electrophopresis (DGGE) 

After the extraction of genomic DNA, polymerase chain reaction (PCR) amplification 

and denaturing gradient gel electrophopresis (DGGE) analysis were performed in 

samples from experiments of Chapter 4, Chapter 5 and Chapter 7.  

The V6–V8 region of the bacterial 16S rRNA genes was amplified by PCR using the 

universal bacterial primers 968-F-GC and 1401-R (Sigma-Aldrich, St. Louis, MO, USA). 

The DGGE analysis of the amplicons was performed with a D-Code Universal Mutation 

Detection System (Bio-Rad Laboratories) using 8% (w/v) polyacrylamide gels with a 

urea/formamide denaturing gradient of 45 to 65%. DGGE running conditions were 

applied according to Roest et al. (2005).  

The gels were stained with GelRed Nucleic Acid Gel Stain (biotium) and the most 

relevant, dominant and intense bands were excised from the DGGE gel in order to 

identify the microorganisms present in the samples. Using the GelCompar IITM 

software (Applied Maths BVBA, Sint-Martens-Latem, Belgium) DGGE profiles were 

compared. After image normalization, bands were defined for each sample using the 

bands search algorithm within the program.  

Similarity indices were calculated from the densitometric curves of the scanned DGGE 

profiles by using the Pearson product–moment correlation coefficient (Häne et al., 

1993).The peak heights in these densitometric curves were also used to determine the 

Shannon–Wiener diversity index (H). This index reflects the relative number of DGGE 

bands (sample richness) and relative intensity of every band (evenness). It ranges from 

1.5 to 3.5 (low and high species evenness and richness, respectively) according to 

McDonald (2003).  

The taxonomic position of the sequenced DGGE bands was obtained using the RDP 

classifier tool (50% confidence level) (Wang et al., 2007). The closest cultured and 

uncultured relatives to each band were obtained using the BLAST search tool at the 

NCBI (National Centre for Biotechnology Information) (McGinnis and Madden, 2004). 

Sequences were deposited in GenBank Data Library (www.ncbi.nlm.nih.gov/genbank). 
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3.4.3 Fluorescence In Situ Hybridization (FISH) 

Fluorescence In Situ Hybridization (FISH) analysis were performed in samples from 

experiments of Chapter 5 and Chapter 7. 

First of all, samples were centrifuged during 5 minutes and 10000 rpm at 4ºC removing 

the supernatant. Paraformaldehyde (4% w/v) was used to fix biomass samples (250 µL) 

during 3 h. Then, they were washed three times with phosphate-buffered saline (PBS). 

Aliquots of 10 µL of samples were deposited on the wells of gelatin-coated, acid-

washed, glass microscope slides and dehydrated by passing through a 50%, 80% and 

100% (v) ethanol series.  

Hybridization with formamide (30% v) and the oligonucleotide probes was at 46 ºC for 

2 h. The following probes were used: EUB338 I (for most of bacteria, 5'-

GCTGCCTCCCGTAGGAGT-3'), EUB338 plus (for Planctomycetales and 

Verrucomicrobiales, 5'-GCWGCCACCCGTAGGTGT-3') and ARCH915 (for most of 

archaea, 5'-GTGCTCCCCCGCCAATTCCT-3') (Daims et al., 1999). 

After hybridization step, and once the slides were washed and dried, the specimens 

were counter-stained for 5 min at room temperature with the DNA stain DAPI to 

quantify the total number of cells.  

28 images were randomly acquired from inside each well on the slides using a Leica 

DM4000B microscope (Leica Microsystems, Wetzlar, Germany) for quantitative FISH 

analysis. Archaea appear red due to hybridization with the ARCH915 probe (red) while 

bacteria appear green due to hybridization with the EUB338 I and EUB338 plus probes 

(green) and DAPI (cyan). 

DAIME software was used to calculate the relative biovolumes of total archaea and 

total bacteria from the total DAPI-stained biomass. They were split into individual color 

channels before image segmentation (Daims et al. 2006).  
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3.4.4 16S rRNA gene sequencing 

16S rRNA gene sequencing analysis was performed in samples from Chapter 6 and 

Chapter 8 after genomic DNA extraction.   

Microbial community profiles were determined using 16S rRNA gene V4 hypervariable 

region with universal primers (515F/806R). 

Sequencing was performed using Illumina MiSeq platform. The raw sequenced data 

were processed using CLC Workbench software (V.8.0.2) with Microbial genomics 

module plug in (QIAGEN Bioinformatics, Germany). The detailed procedure followed 

was previously described by Treu et al. (2018).  

BLASTn against 16S ribosomal RNA (bacteria and archaea) database was used to assist 

and/or verify the taxonomical assignment obtained by CLC (Greengenes v13_5 

database). Heat maps showing relative abundance and fold change of most relevant 

operational taxonomic units (OTUs) were done using Multiexperiment Viewer software 

(MeV 4.9.0) (Saeed et al., 2003). 

Statistical analysis and corresponding graphs were performed using STAMP software 

(Parks and Beiko, 2010) and RStudio to assess the dissimilarity among the samples 

identifying the significance of changes in relative abundance.  

The current studies will focus on the high abundant OTUs, i.e. relative abundance 

higher than 0.5% (Chapter 6) or 1% (Chapter 8) with respect to the total number of 

sequences, which were present in at least one sample.  

Raw reads were deposited in Sequence Read Archive (SRA) database of NCBI 

(https://www.ncbi.nlm.nih.gov/sra).  
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3.5 CALCULATIONS 

The general calculations which are common to some of the experiments are described 

below while the specific calculations for each experiment are detailed in their 

corresponding chapter. 

 

3.5.1 Efficiency of hydrogen utilization, 𝜼𝑯𝟐
 

The efficiency of H2 utilization, denoted as 𝜂𝐻2
(%), was determined according to the 

following equations, depending on the influent gas mixture employed. 

For experiments with H2 and CO2 (80% and 20% v) or H2 (100% v) as gas substrates, 𝜂𝐻2
 

was calculated directly as follows (Eq. 10): 

𝜂𝐻2
=

𝐻2 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒−𝐻2 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑜𝑢𝑡𝑝𝑢𝑡 𝑔𝑎𝑠

𝐻2 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒
· 100                                                            (Eq. 10) 

where 𝐻2 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 is the rate of H2 fed (LH2/LR·d) and 𝐻2 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑜𝑢𝑡𝑝𝑢𝑡 𝑔𝑎𝑠 is 

the rate of H2 in the effluent gas (LH2/LR·d) which were calculated with Eq. 11 and Eq. 

12: 

𝐻2 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 = 𝐼𝑛𝑝𝑢𝑡 𝑔𝑎𝑠 𝑟𝑎𝑡𝑒 ·  𝑥𝐻2,𝐼𝑁
                                                              (Eq. 11) 

𝐻2 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑜𝑢𝑡𝑝𝑢𝑡 𝑔𝑎𝑠 = 𝑂𝑢𝑡𝑝𝑢𝑡 𝑔𝑎𝑠 𝑟𝑎𝑡𝑒 ·  𝑥𝐻2,𝑂𝑈𝑇
                                             (Eq. 12) 

where 𝐼𝑛𝑝𝑢𝑡 𝑔𝑎𝑠 𝑟𝑎𝑡𝑒 is the influent gas mixture rate (L/LR·d), 𝑥𝐻2,𝐼𝑁
 is the molar 

fraction of H2 (dry basis) in the influent gas mixture, 𝑂𝑢𝑡𝑝𝑢𝑡 𝑔𝑎𝑠 𝑟𝑎𝑡𝑒 is the total rate 

of effluent gas (L/LR·d) and 𝑥𝐻2,𝑂𝑈𝑇
 is the molar fraction of H2 (dry basis) in the effluent 

gas.  

For experiments with H2, CO2 and CH4 (62%, 15% and 23% v, respectively) as influent 

gas mixture, 𝜂𝐻2
 was determined by subtracting the extra H2 fed that was contained in 

the influent gas mixture (as it remains unutilized according to the stoichiometry of 

hydrogenotrophic methanogenesis of Eq. 1) as follows (Eq. 13): 

𝜂𝐻2
=

𝐻2 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 − 𝐻2 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑜𝑢𝑡𝑝𝑢𝑡 𝑔𝑎𝑠 −𝑒𝑥𝑡𝑟𝑎 𝐻2𝑓𝑒𝑑 

𝐻2 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 −𝑒𝑥𝑡𝑟𝑎 𝐻2𝑓𝑒𝑑
· 100                                    (Eq. 13) 
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where 𝑒𝑥𝑡𝑟𝑎 𝐻2𝑓𝑒𝑑 (LH2/LR·d) was calculated with Eq. 14 taking into account the 2% 

extra H2 present in the influent gas mixture: 

𝑒𝑥𝑡𝑟𝑎 𝐻2 𝑓𝑒𝑑 = 𝐼𝑛𝑝𝑢𝑡 𝑔𝑎𝑠 𝑟𝑎𝑡𝑒 ·  0.02                                                                      (Eq. 14) 

 

3.5.2 Carbon dioxide conversion efficiency, 𝜼𝑪𝑶𝟐
 

CO2 conversion efficiency (𝜂𝐶𝑂2
, %) was calculated based on the CO2 fraction contained 

in the gas phase, as described by Eq.15: 

𝜂𝐶𝑂2
=

𝐶𝑂2 𝑢𝑠𝑒𝑑

𝐶𝑂2 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒
· 100                                                                                            (Eq. 15) 

where 𝐶𝑂2 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 represents the rate of CO2 fed (LCO2/LR·d) and 𝐶𝑂2 𝑢𝑠𝑒𝑑 is 

the CO2 utilization rate (LCO2/LR·d) which were calculated as follows (Eq. 16 and Eq. 17): 

𝐶𝑂2 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 = 𝐼𝑛𝑝𝑢𝑡 𝑔𝑎𝑠 𝑟𝑎𝑡𝑒 ·  𝑥𝐶𝑂2,𝐼𝑁
                                                          (Eq. 16) 

where 𝑥𝐶𝑂2,𝐼𝑁
 is the molar fraction of CO2 (dry basis) in the influent gas mixture. 

𝐶𝑂2 𝑢𝑠𝑒𝑑 = 𝐶𝑂2 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 − 𝐶𝑂2 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑜𝑢𝑡𝑝𝑢𝑡 𝑔𝑎𝑠                                  (Eq. 17)  

where 𝐶𝑂2 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑜𝑢𝑡𝑝𝑢𝑡 𝑔𝑎𝑠 is the rate of CO2 in the effluent gas (LCO2/LR·d) 

calculated with Eq. 18: 

𝐶𝑂2 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑜𝑢𝑡𝑝𝑢𝑡 𝑔𝑎𝑠 = 𝑂𝑢𝑡𝑝𝑢𝑡 𝑔𝑎𝑠 𝑟𝑎𝑡𝑒 ·  𝑥𝐶𝑂2,𝑂𝑈𝑇
                                      (Eq. 18) 

where 𝑥𝐶𝑂2,𝑂𝑈𝑇
 is the molar fraction of CO2 (dry basis) in the effluent gas. 

 

3.5.3 Methane yield, 𝒀𝑪𝑯𝟒
 

Methane yield (𝑌𝐶𝐻4
, LCH4/LH2) was defined as the volume of CH4 generated per volume 

of H2 fed to the bioreactor (Eq. 19):  

𝑌𝐶𝐻4
=

𝐶𝐻4 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝐻2 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒
                                                                     (Eq. 19) 
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where 𝐶𝐻4 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 is the rate of CH4 produced in the biogas upgrading 

system (LCH4/LR·d). 

For experiments with H2 and CO2 (80% and 20% v) as gas substrates, 𝑌𝐶𝐻4
 was 

calculated with Eq. 20: 

𝑌𝐶𝐻4
=

(𝑂𝑢𝑡𝑝𝑢𝑡 𝑔𝑎𝑠 𝑟𝑎𝑡𝑒−𝐻2𝑂 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑜𝑢𝑡𝑝𝑢𝑡 𝑔𝑎𝑠 )· 𝑥𝐶𝐻4,𝑂𝑈𝑇

𝐻2 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒
                                       (Eq. 20) 

where 𝐻2𝑂 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑜𝑢𝑡𝑝𝑢𝑡 𝑔𝑎𝑠 is the rate of water in the effluent gas (calculated with 

vapor pressure given by Antoine equation, LH2O/LR·d) and 𝑥𝐶𝐻4,𝑂𝑈𝑇
 is the molar fraction 

of CH4 (dry basis) in the effluent gas.  

For experiments with H2, CO2 and CH4 (62%, 15% and 23% v, respectively) as influent 

gas mixture, 𝑌𝐶𝐻4
 was determined by considering negligible the H2O rate in the output 

gas and subtracting the extra H2 fed that was contained in the influent gas mixture (as 

it remains unutilized according to the stoichiometry of hydrogenotrophic 

methanogenesis of Eq. 1) as follows (Eq. 21): 

𝑌𝐶𝐻4
=

𝐶𝐻4 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝐻2 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒  −𝑒𝑥𝑡𝑟𝑎 𝐻2 𝑓𝑒𝑑
                                                        (Eq. 21) 

where 𝐶𝐻4 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (LCH4/LR·d), 𝐻2 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒  (LH2/LR·d) and 𝑒𝑥𝑡𝑟𝑎 𝐻2𝑓𝑒𝑑 

(LH2/LR·d) were calculated according to Eq. 23 (below described), Eq. 11 and Eq. 14, 

respectively.  

CH4 in the liquid effluent can be neglected due to the low solubility of CH4 in water 

(dimensionless Henry’s constant of 33 and 45 at 35 and 55 ºC, respectively) and the 

low liquid effluent rate.  

 

3.5.4 Methane production rate 

The methane production rate (LCH4/LR·d) was determined according to the following 

equations, depending on the influent gas mixture employed. 

For experiments with H2 and CO2 (80% and 20% v) or H2 (100% v) as gas substrates, 

CH4 production rate was calculated directly as follows (Eq. 22): 
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𝐶𝐻4 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 = 𝑂𝑢𝑡𝑝𝑢𝑡 𝑔𝑎𝑠 𝑟𝑎𝑡𝑒 ·  𝑥𝐶𝐻4,𝑂𝑈𝑇
                                             (Eq. 22) 

For experiments with H2, CO2 and CH4 (62%, 15% and 23% v, respectively) as influent 

gas mixture, CH4 production rate was determined by subtracting the CH4 volume that 

was contained in the influent gas mixture from the output gas as follows (Eq. 23): 

𝐶𝐻4 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 = 𝐶𝐻4,𝑂𝑈𝑇 𝑟𝑎𝑡𝑒 − 𝐶𝐻4,𝐼𝑁 𝑟𝑎𝑡𝑒                                             (Eq. 23) 

where 𝐶𝐻4,𝑂𝑈𝑇 𝑟𝑎𝑡𝑒 is the outflow CH4 rate (LCH4/LR·d) calculated with Eq. 22 and 

𝐶𝐻4,𝐼𝑁 𝑟𝑎𝑡𝑒 is the CH4 that was injected in the reactor due to the gas mixture 

(LCH4/LR·d) and determined based on the Eq. 24: 

𝐶𝐻4,𝐼𝑁 = 𝐼𝑛𝑝𝑢𝑡 𝑔𝑎𝑠 𝑟𝑎𝑡𝑒 ·  𝑥𝐶𝐻4,𝐼𝑁
                                                                               (Eq. 24) 

where 𝑥𝐶𝐻4,𝐼𝑁
 is the molar fraction of CH4 (dry basis) in the influent gas mixture (0.23). 

  

3.5.5 Gas transfer coefficient, 𝒌𝑳𝒂 

A mass balance to the gas phase in the bioreactor (Eq. 25) was performed to calculate 

the mass transfer coefficient for H2, 𝑘𝐿𝑎𝐻2
 (h-1): 

�̇�𝐻2,𝐼𝑁 = �̇�𝐻2,𝑂𝑈𝑇 +  �̇�𝐻2,𝐺→𝐿                                          (Eq. 25) 

where �̇�𝐻2,𝐼𝑁 is the mass flow rate of H2 fed (g/d), �̇�𝐻2,𝑂𝑈𝑇 is the mass flow rate of H2 

in the effluent gas (g/d) and �̇�𝐻2,𝐺→𝐿 is the mass flow rate of H2 transferred from the 

gas to the liquid phase in the bioreactor (g/d). 

Under steady-state conditions, �̇�𝐻2,𝐺→𝐿 is given by Eq. 26 assuming that all the 

resistance to mass transfer is in the gas-liquid interphase: 

�̇�𝐻2,𝐺→𝐿 = 𝑉𝑅 · 𝑘𝐿𝑎𝐻2
· (

𝑐𝐻2,𝐺,𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒

𝐻𝐻2

−  𝑐𝐻2,𝐿)                 (Eq. 26) 

where 𝑉𝑅 is the working volume of the bioreactor (L), 𝑐𝐻2,𝐺,𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒  is the 

concentration of H2 in the stream supplied to the membrane (g/m3), 𝐻𝐻2
 is the 

dimensionless Henry´s constant for H2 (50 and 55 at 35 and 55 ºC, respectively) and 

𝑐𝐻2,𝐿 is the concentration of H2 in the liquid phase (g/m3). 𝑐𝐻2,𝐿 ≈ 0 when the high 
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turbulence provoked by gas sparging rate prevents a concentration gradient in the 

liquid phase and dissolved H2 is consumed completely by methanogens as mentioned 

above.  

Then, combining Eq. 25 and Eq. 26, 𝑘𝐿𝑎𝐻2
 can be obtained (Eq. 27): 

𝑘𝐿𝑎𝐻2
=

�̇�𝐻2,𝐼𝑁−�̇�𝐻2,𝑂𝑈𝑇

𝑉𝑅· (
𝑐𝐻2,𝐺,𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒

𝐻𝐻2
)

                   (Eq. 27) 

𝑐𝐻2,𝐺,𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒  is given by Eq. 28:  

𝑐𝐻2,𝐺,𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 =
 𝑐𝐻2,𝐼𝑁· 𝑄𝐼𝑁 + 𝑐𝐻2,𝑂𝑈𝑇· 𝑄𝑅

𝑄𝐼𝑁 + 𝑄𝑅
                 (Eq. 28) 

where 𝑐𝐻2,𝐼𝑁 and 𝑐𝐻2,𝑂𝑈𝑇 are the H2 concentrations in feed and effluent gas 

respectively (g/m3), 𝑄𝐼𝑁 is the volumetric gas feed rate (m3/d) and 𝑄𝑅 the volumetric 

gas recirculation rate (m3/d). 

Yu et al. (2006) demonstrated that the mass transfer coefficient for a given gaseous 

substrate can be estimated when the coefficient for a reference gas is known in the 

same reactor and under the same operating conditions (Eq. 29); thus, the mass 

transfer coefficient for CO2 (𝑘𝐿𝑎𝐶𝑂2
, h-1) was estimated. 

𝑘𝐿𝑎𝐶𝑂2
𝑘𝐿𝑎𝐻2

⁄ =
(1 𝑉𝑚𝐶𝑂2

⁄ )
0.4

 (1 𝑉𝑚𝐻2
⁄ )

0.4                                            (Eq. 29) 

where 𝑉𝑚𝐻2
 and 𝑉𝑚𝐶𝑂2

 are the molecular volume of H2 and CO2 (14.3 and 34 mL/mol, 

respectively) (Wilke and Chang, 1955). 

 

3.5.6 Gas transfer rate (𝒓𝒕) and biological kinetics parameters (𝐫𝐮𝐭𝐇𝟐
, 𝐔, 𝒇𝒙) 

H2 gas-liquid mass transfer rate (𝑟𝑡, LH2/LR·d) was calculated according to Eq. 30: 

𝑟𝑡 = 𝐻2 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 −  𝐻2 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑜𝑢𝑡𝑝𝑢𝑡 𝑔𝑎𝑠                                                     (Eq. 30) 
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From �̇�𝐻2,𝐺→𝐿, some parameters of the biological kinetics and stoichiometry were 

calculated performing a mass balance to H2 in the liquid phase of the bioreactor (Eq. 

31): 

�̇�𝐻2,𝐺→𝐿 =  �̇�𝐻2𝑂𝑈𝑇,𝐿 + 𝑟𝑢𝑡𝐻2
                  (Eq. 31) 

where �̇�𝐻2𝑂𝑈𝑇,𝐿 is the effluent mass flow rate of dissolved H2 (g/d) and 𝑟𝑢𝑡𝐻2
is the H2 

utilization rate (g/d).  

H2 in the liquid effluent can be neglected as well as it is several orders of magnitude 

lower than the mass flow rates of H2 in gaseous streams. H2 concentration in the liquid 

phase is negligible as a result of the H2 complete consumption by methanogens in this 

phase. 

From 𝑟𝑢𝑡𝐻2
, the specific substrate utilization rate (𝑈,  gCOD gVSS⁄ · 𝑑) was obtained  

with Eq. 32 including the conversion factors 8 gCOD gH2
⁄  and 24 h/d: 

𝑈 =  
0.33·𝑟𝑢𝑡𝐻2

𝑋·𝑉𝑅
                                                         (Eq. 32) 

where X is the microorganisms concentration (gVSS/L). 

Finally, the fraction of H2 employed for microorganisms growth (𝑓𝑥, anabolism) was 

estimated (Eq. 33) given the fact that the mass flow rate of H2 consumed to produce 

energy (catabolism) can be obtained from the methane production rate according to 

Eq. 1: 

𝑓𝑋 =
𝑟𝑢𝑡𝐻2

 − (�̇�𝐶𝐻4,𝑂𝑈𝑇 2⁄ )

𝑟𝑢𝑡𝐻2

                   (Eq. 33) 

where the term �̇�𝐶𝐻4,𝑂𝑈𝑇 2⁄  is defined as the effluent mass flow rate of CH4 as 

equivalent H2 (�̇�𝐶𝐻4,𝑂𝑈𝑇)
𝐻2𝑒𝑞

 according to Eq. 1. 
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4.1 INTRODUCTION 

The main barrier to the successful development of the biogas upgrading technology on 

an industrial scale is the H2 gas-liquid mass transfer. To address this technical 

challenge, different reactor configurations have been investigated with the aim of 

maximizing the H2 gas-liquid mass transfer. As previously described in the Chapter 1, 

reactors based on different diffusion devices, high-speed stirring or gas recirculation 

flow have been tested to enhance the H2 mass transfer into the liquid phase. 

Studies with gas diffusers on lab-scale CSTR were shown to require high stirring speed 

therefore considering the implementation of these systems at industrial scale, high 

energy needs and operational costs would be required. Membrane bioreactors are an 

attractive alternative in order to H2 transfer by gas diffusion through the membrane 

material. 

Literature on ex-situ biogas upgrading shows reactors at lab-scale with low H2 loading 

rates so applied research should focus on developing viable bioreactor configurations 

that achieve both high H2 loading rates and high methane yields on larger scales using 

efficient H2 distribution systems. 

In this study, the potential of a pilot hollow-fiber membrane bioreactor for the 

conversion of H2 and CO2 to CH4 was evaluated and the feasibility of the bioconversion 

was assessed. The polymeric membrane was utilized to create a large sparging surface 

in order to overcome mass transfer limitations of H2, which allows an efficient biogas 

upgrading while avoiding outsized energy consumption on larger scales. Noteworthy 

H2 loading rates were studied and different gas recirculation rates were applied in 

order to evaluate mass transfer conditions and reactor performance. Molecular 

biology tools were used to study the microbial population.  

 

 



Chapter 4  

 

- 88 - 
 

4.2 MATERIALS AND METHODS 

4.2.1 Pilot Plant 

The description of the pilot plant used in the experiment has been performed in 

Chapter 3, section 3.1.1.1.a). As previously mentioned, it was a hollow-fiber membrane 

bioreactor with a working volume of 31 L with gas recirculation.  

4.2.2 Operating conditions 

The reactor was inoculated with 31 L of anaerobic sludge from a thermophilic pilot 

plant anaerobic digester at our laboratory treating activated sludge from Valladolid 

WWTP. We set up the reactor by supplying H2 and CO2 (ratio according to Eq. 1) at H2 

loading rate of 5.0 LH2/LR·d with a gas recirculation rate of 3.2 L/LR·d for 30 d. All the 

values of volumetric flow rates from this study are expressed at 55 ºC and 1 atm. 

After the set-up period, the experiment started. The experiment was performed at 

thermophilic conditions (55 ± 1 ºC) and divided into 6 stages (I–VI), each corresponding 

to a certain gas load rate, in order to determine the maximum H2 loading rate that 

could be applied with a 95% conversion efficiency for H2. Different gas recirculation 

rates were applied for some stages (Table 9) in order to evaluate mass transfer 

conditions and reactor performance.  

Table 9. Operating conditions applied during the study. 

 I 
II 

III 
IV V 

VI 
a b c d e a b a b 

t (d) 0 3 7 13 19 27 40 58 75 98 111 124 
H2 loading rate 

(LH2/LR·d) 
10.1 20.1 30.2 45.2 25.1 40.2 

Gas 
recirculation 
rate (L/LR·d) 

3.2 6.5 12.9 25.8 51.9 51.9 51.9 77.7 155.8 70.0 142.9 155.8 

 

Nutrients required for microbial activity and a phosphate buffer solution, were 

supplied when the NH4
+ concentration fell below 500 mg/L, specifically, during day 19, 

52, 82 and 108. 200 mL of macronutrients solution, 20 mL of micronutrients solution 
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diluted in 180 mL of distilled water and 200 mL of buffer solution were added on the 

days mentioned. 

The macronutrient solution was prepared like the stock solution A reported in 

Angelidaki and Sanders (2004), while the micronutrients solution was a version that 

was modified (by adding 500 mg/L of resazurine) from the trace-metal solution also 

from Angelidaki and Sanders (2004) and the phosphate buffer solution was prepared 

with K2HPO4·3H2O and KH2PO4 to a final pH of 7.2 with a concentration of 1 mol/L  

PO4
3-. 

 

4.2.3 Monitoring and experimental analysis 

The following parameters (Table 10) were monitored and analyzed during the 

experiment according to the materials and methods described in Chapter 3, section 

3.3.: 

Table 10. Parameters monitored and analyzed during the study. 

Parameter Measuring frequency 

Headspace pressure 
Continuous mode 

Temperature 

Gas production rate 

Daily Gas composition 

Liquid effluent 

VFA concentration 

Weekly 
pH 

TSS/VSS 

NH4
+ 

Dissolved H2 concentration Periodically 

 

4.2.4 Calculations 

Calculations about efficiency of H2 utilization (𝜂𝐻2
), CH4 yield (𝑌𝐶𝐻4

), mass flow rate of 

H2 transferred from gas to liquid phase (�̇�𝐻2,𝐺→𝐿), effluent mass flow rate of CH4 gas as 

equivalent H2 ((�̇�𝐶𝐻4,𝑂𝑈𝑇)
𝐻2𝑒𝑞

), 𝑘𝐿𝑎𝐻2  and 𝑘𝐿𝑎𝐶𝑂2
 values, maximum specific utilization 

rate (𝑈) and fraction of H2 employed for methanogen growth (𝑓𝑥) have been 

performed following the calculations described in Chapter 3, section 3.5. 
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4.2.5 Microbial analysis 

In order to evaluate the evolution of the population during the experiment, samples 

from inoculum, end of stage III and end of stage VI were collected and extraction of 

genomic DNA, PCR and DGGE analysis were performed according to the materials and 

methods described in Chapter 3, sections 3.4.1. and 3.4.2.  

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Performance of the conversion of H2 and CO2 to CH4 

The experiment started (stage I a) with a �̇�𝐻2,𝐼𝑁 of 22.9 g/d and a gas recirculation 

rates of 3.2 L/LR·d. The mass balance performed to the gas phase (Figure 26 a) showed 

that less than 90% of the H2 fed was converted during these first days.  

Next, gas recirculation rate was increased stepwise according to Table 9 until 51.9 

L/LR·d, with the purpose of raising 𝜂𝐻2
. The bioreactor presented an unstable behavior 

until day 20, 𝜂𝐻2
 varied between 65% and 90% (Figure 26 b), and a we found a 

significant difference between �̇�𝐻2,𝐺→𝐿 and (�̇�𝑂𝑈𝑇,𝐺𝐶𝐻4
)

𝐻2𝑒𝑞
 until day 9, which 

indicates that a large part of the H2 fed in these first days was transferred to the liquid 

phase and consumed, but was not employed for CH4 production, probably due to 

biomass adaptation to the substrate. The bioreactor converted at least 95% of the H2 

fed only after day 20. During stage I e, the average 𝜂𝐻2
 was 97%, the average 𝑌𝐶𝐻4

 was 

0.20 LCH4/LH2 and an average 82% CH4 content was found in the output gas. 

On day 27, �̇�𝐻2,𝐼𝑁 was raised to 45.7 g/d while gas recirculation rate was maintained 

at 51.9 L/LR·d (stage II). The increase in the mass flow rate provoked a slightly decrease 

in 𝜂𝐻2
, which remained around 95% for this period, thus indicating that mass transfer 

conditions were still acceptable even when the H2 loading rate was doubled. Besides, 

the average 𝑌𝐶𝐻4
 was 0.19 LCH4/LH2, somewhat lower than at the end of the previous 

period (Figure 26 b). CH4 concentration in the output gas was on average 71%. 
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Figure 26. Performance of the bioconversion throughout the experiment. 

a) H2 and CH4 as equivalent H2 mass flow rates; b) Efficiency of H2 utilization and CH4 

yield. 

 

Given the fact that the conversion efficiency did not substantially fall during stage II, 

we increased �̇�𝐻2,𝐼𝑁 to 68.6 g/d on day 40 (stage III a) and maintained gas recirculation 

rate. In this case, 𝜂𝐻2
 decreased to an average 93% but the average 𝑌𝐶𝐻4

 (Figure 26 b) 

and CH4 concentration in the output gas (70%) were not altered. 
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On day 58, gas recirculation rate was augmented to 77.7 L/LR·d (stage III b). Under 

these conditions, the performance of the bioreactor improved significantly, 𝜂𝐻2
 

reached 95% while 𝑌𝐶𝐻4
 increased to 0.23 LCH4/LH2, much closer to the stoichiometric 

value (Figure 26 b). Furthermore, the difference between �̇�𝐻2,𝐺→𝐿 and 

(�̇�𝑂𝑈𝑇,𝐺𝐶𝐻4
)

𝐻2𝑒𝑞
 was drastically lower than in previous stages (Figure 26 a) thus 

indicating that archaea employed almost all H2 transferred in order to produce CH4. 

Moreover, average CH4 concentration in the output gas increased to 79%. 

The maximum �̇�𝐻2,𝐼𝑁 supplied to the bioreactor was 103 g/d during stage IV, in 

combination with a gas recirculation rate of 155.8 L/LR·d, the maximum capacity of gas 

pump. Throughout this period, 𝜂𝐻2
 never reached the targeted 95%, instead averaging 

91% while 𝑌𝐶𝐻4
 was 0.21 LCH4/LH2 (Figure 26b) and CH4 concentration dropped to 67%.  

On day 98 (at the end of stage IV), the operation was stopped and the bioreactor 

opened in order to observe the state of the membrane.  

There was no biomass attachment to the membrane, in contrast to the biofilm found 

on the MBRs employed for H2 conversion to CH4 in the literature (Ju et al., 2008; Wang 

et al., 2013), which operated without gas bubbles, probably due to the turbulence 

provoked by the high recirculation rates employed here to form bubbles while in Ju et 

al. (2008) and Wang et al. (2013) gas diffusion through the membrane was the 

transference mechanism. 

The operation was restarted a few hours later with  �̇�𝐻2,𝐼𝑁 of 57.2 g/d (stage V). This 

lower rate was chosen because during the technical stop some liquid was lost and 

replaced with approximately 2 L of distilled water. 𝜂𝐻2
 reached 96% after 2 days and 

𝑌𝐶𝐻4
 was 0.23 LCH4/LH2, similar values to those found on stage III b with a comparable 

H2 loading rate. 

In stage VI a, the rates of feed and recirculation were raised to 91.5 g/d and 142.9 

L/LR·d respectively on day 111 and the maximum recirculation capacity was applied 

from day 124 (stage VI b). During stage VI b, 𝜂𝐻2
 was 95% in average while the 𝑌𝐶𝐻4

 

was 0.22 LCH4/LH2 (Figure 26b). On average, 76% CH4 content was observed in the 

output gas. 
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In brief, the bioreactor successfully transformed at least 95% of the H2 fed at H2 

loading rate between 10 and 40.2 LH2/LR·d adjusting the gas recirculation rate and 40.2 

LH2/LR·d is the maximum H2 loading rate that could be supplied to the system while 

converting 95% of the H2 fed since the application of a higher loading rate (as in stage 

IV) failed to achieve a such a conversion at the maximum recirculation rate provided by 

the gas pump. 

This H2 loading rate is higher than that achieved on similar pilot-scale bioreactors, such 

as packed column bioreactors (4.5 LH2/LR·d) (Burkhardt and Busch, 2013) or CSTR (18 

LH2/LR·d) (Kim et al., 2013); on the other hand, 𝑌𝐶𝐻4
 was somewhat lower than in those 

experiments, which found 0.26 and 0.23 LCH4/LH2, respectively. Nevertheless, H2 

loading rate during stage VI b was more than double that applied in Kim et al. (2013), 

while the reactor yield decreased only slightly. Hence, a membrane can be employed 

to transfer H2 at a high rate, allowing the biological conversion to take place 

satisfactorily. Further research should focus on the long-term stability of the 

bioconversion rates found during this study. 

 

4.3.2 Mass transfer capacity in the MBR 

The concentration of dissolved H2 in the liquid phase was below the detection limit 

during the whole experiment. As a consequence, the assumption that all the resistance 

to mass transfer is in the gas/liquid interphase was correct.  

The correlation coefficient between the experimental data and the predicted values 

(Eq. 34) was 0.990, thus confirming that H2 mass transfer to the liquid phase can be 

described accurately by Eq. 27 for the range of volumetric flow rates tested: 

𝑘𝐿𝑎𝐻2
= 0.0645 · (𝑄𝐼𝑁 +  𝑄𝑅) + 1.1866                 (Eq. 34) 

where 𝑄𝐼𝑁 is the volumetric gas feed rate (m3/d) and 𝑄𝑅 the volumetric gas 

recirculation rate (m3/d). 
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The 𝑘𝐿𝑎𝐻2
 values observed (Figure 27) ranged from 30 h-1 for the lowest total gas flow 

through the membrane (𝑄𝐼𝑁 +  𝑄𝑅) to 430 h-1 (for the highest) and the estimated 

𝑘𝐿𝑎𝐶𝑂2
 from 20 to 300 h-1. 

It should be pointed out that this maximum 𝑘𝐿𝑎𝐻2
 value is higher than 𝑘𝐿𝑎 values 

found in bioreactors with traditional gas diffusers (at equivalent gas rates), and in the 

range of CSTR with high agitation speeds (700rpm) (Kreutzer et al., 2005). This is a 

consequence of the large sparging area of the membrane module employed (sparging 

area to reactor working volume ratio is 30 m2/m3), however, this ratio is lower than 

employed by Wang et al. (2013) when membranes were used to transfer H2 by 

diffusion only (62 m2/m3). Nevertheless, gas sparging implies power consumption on 

gas recirculation to achieve a high 𝑘𝐿𝑎𝐻2
 while this power input is prevented when H2 

is transferred only by diffusion through the membrane. 

 

Figure 27. Linear fitting of experimental 𝑘𝐿𝑎𝐻2
 and estimated 𝑘𝐿𝑎𝐶𝑂2

 values. 

 

Conversely, much higher 𝑘𝐿𝑎 values, as high as 3600 h-1, were found in Peillex et al. 

(1990) using H2 diffusion through porous glass and a Rushton impeller; however, the 

stirring speeds employed (over 1000 rpm) would presumably result in an extremely 

energy-consuming system on a larger scale. 
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A comparison between the maximum potential transfer rates (𝑘𝐿𝑎 (𝑐𝐺,𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝐻)⁄ ) 

from the gas to the liquid phase showed that the ratio 𝑘𝐿𝑎𝐻2
(𝑐𝐻2,𝐺,𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝐻𝐻2

)⁄ /

𝑘𝐿𝑎𝐶𝑂2
(𝑐𝐶𝑂2,𝐺,𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝐻𝐶𝑂2

)⁄  is around 0.01 gH2
h⁄ gCO2

h⁄⁄  under the experimental 

conditions. This is another indicator of H2 transfer limitations in the bioreactor because 

0.18 g of H2 is required per g of CO2 to perform the conversion according to 

stoichiometry (Eq. 1). 

 

4.3.3 Biological activity 

The maximum specific utilization rate observed during the study was around 7 

gCOD/gVSS·d (Figure 28). This experimental value is higher than the typical design value 

suggested for methanogens growing on H2 and CO2 (2.2 gCOD/gVSS·d) (Rittman, 2001). 

Nevertheless, a review of kinetic parameters for different pure cultures of 

hydrogenotrophic archaea showed that 𝑈 ranges from 2 – 90 gCOD/gVSS·d depending on 

the specific strain (Pavlostathis and Giraldo-Gomez, 1991).  

 

Figure 28. Specific H2 utilization rate (𝑈) and fraction of H2 employed for microbial 

growth (𝑓𝑥) during the experiment. 

 



Chapter 4  

 

- 96 - 
 

The higher the 𝑈, the larger the H2 rate that can be converted to CH4 in a specific 

bioreactor before the reaction’s limiting factors overtake the H2 mass transfer. 

Therefore, 𝑈 values found during this experiment appear not to be the potential 

maximum, and are limited by H2 mass transfer in the system, since the concentration 

of H2 in the liquid phase was always below the detection limit, indicating a lack of 

limitations for the biological reaction. 

A high concentration of H2 in the liquid phase inhibits propionate and butyrate 

conversion to acetate or H2 and CO2 during anaerobic digestion occasioning lower 

yields or the whole process breakdown (Speece, 2008). Therefore, the fact that H2 

could be transferred at a high rate without any accumulation in the liquid phase is an 

important advantage of the technique studied, since it might be applied to the own 

anaerobic digester, thus avoiding additional units for biogas upgrading. In fact, in situ 

biogas upgrading was found feasible by Wang et al. (2013) but H2 was transferred only 

through diffusion and a biofilm where H2 and CO2 were partly consumed developed 

over the membrane surface. Nevertheless, gas sparging impedes biofilm formation and 

methanogenesis takes place totally in the bulk phase; then, additional research is 

required to evaluate if the concentration of H2 in the liquid phase would remain as low 

as in this experiment if anaerobic digestion and upgrading were combined. 

From another point of view, the adaptation of an unspecific anaerobic sludge to H2 and 

CO2 led to the development of an acclimated population for the production of 

biomethane with yields of 0.22 LCH4/LH2 at 40.2 LH2/LR·d and 0.23 LCH4/LH2 at 30.2 

LH2/LR·d. These yields are larger than the yields achieved employing specific strains of 

Methanobacterium thermoautotrophicum (Jee et al., 1988; Peillex et al., 1990) (0.19 

and 0.18 LCH4/LH2) or Methanococcus thermolithotrophicus (Peillex et al., 1988) (0.16 

LCH4/LH2) at high 𝜂𝐻2
 values. This fact implies that the acquisition costs of specific 

strains of hydrogenotrophic methanogens could be avoided on an industrial scale by 

employing unspecific anaerobic sludge as inoculum instead, since higher yields could 

be reached, and given the fact that the current process is limited by H2 mass transfer. 
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The fraction of H2 employed for methanogen growth (𝑓𝑥) calculated with Eq. 33 was 

larger during the first stages of the experiment than in the latter (Figure 28). 

𝑓𝑥 dropped progressively from values around 0.7 at the beginning of the experiment to 

below 0.1 after day 60. This result is supported by the fact that VSS concentration 

(Figure 29) increased from 2.5 g/L, at the beginning of the study, to 3.6 g/L the day 58, 

and remained around this value during the rest of the experiment (Figure 29). This was 

also the reason underlying the fact that 𝑌𝐶𝐻4
 was always below 0.20 LCH4/LH2 until day 

58, in spite of high 𝜂𝐻2
 values, because an important fraction of H2 was utilized for 

microbial growth. Then, 𝑓𝑥  was higher when �̇�𝐻2,𝐺→𝐿 was low (also pointed by the 

important difference between  �̇�𝐻2,𝐺→𝐿 and (�̇�𝐶𝐻4,𝑂𝑈𝑇)
𝐻2𝑒𝑞

 in the first stages) 

whereas it was lower when �̇�𝐻2,𝐺→𝐿 rose, thus indicating an uncoupling of microbial 

growth (anabolism) and H2 conversion to CH4 (catabolism).  

 

Figure 29. VSS concentrations in the bioreactor throughout the experiment. 

 

This finding is in agreement with Fardeau and Belaich (1986) and with Schönheit et al. 

(1980), where this phenomenon had already been reported. An extensive discussion 

about not fixed stoichiometry in methanogenic environments from a biochemical point 

of view can be found in Kleerebezem and Stams (2000).  
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Additionally, since the inoculum employed in this study was adapted to the treatment 

of activated sludge prior to the beginning of the study, only a small fraction of the 

original microbial community was employed for the transformation of H2 and CO2 

during the experiment. This fact may influence stoichiometry as well, especially on the 

first stages, and molecular biology tools has been considered in order to elucidate how 

the evolution of the microbial community influences the methane yield obtained. 

From a technological point of view, the repercussions that arise from uncoupled 

growth and conversion are, at least initially, positive. A bioreactor can be inoculated 

and biomass adapted from an anaerobic sludge (treating a different substrate) directly 

inside the methanogenic bioreactor in a short period (as in this study). A low H2 loading 

rate can be used, and an important fraction of H2 and CO2 will be employed for 

methanogens growth. Once the desired biomass concentration is achieved, H2 loading 

rate can be raised, while most of the substrate will be employed for CH4 production.  

VFA concentration was very low during the whole experiment. Acetic acid 

concentration was under 100 mg/L, propionic acid was below 50 mg/L, and only traces 

of butyric acid were found. These concentrations are probably the result of microbial 

decay and endogenous activity. Acetate might also be produced, to some extent, by 

homoacetogenic bacteria, which use H2 to reduce CO2 to produce acetate. However, 

methanogenesis outcompeted homoacetogenesis in the present study, in contrast to 

Ju et al. (2008), where a VFA concentration over 4000 mg/L was found in combination 

with acetoclastic and hydrogenotrophic methanogenesis. 

 

4.3.4 Microbial community 

From the archaeal DGGE gel (Figure 30), 20 bands were sequenced. According to the 

RDP classifier (confidence threshold of 50%), all of them belonged to the 

Euryarchaeota phyla and they were ascribed to two classes, almost all to 

Methanobacteria (band 1-18) and only two bands to Methanomicrobia (band 19 and 

20) (Table 11). The BLAST search tool provided consistent results with those given by 

the RDP classifier. Methanothermobacter and Methanobacterium were the two genus 
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assigned to Methanobacteria class and Methanosarcina genus to Methanomicrobia 

class (Table 11).  

 

Figure 30. Archaeal DGGE profile of the 16S rRNA amplicons of the samples from 

inoculum (I), end of stage III (III) and end of stage VI (VI) with their respective diversity 

indices. 
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Some new archaea appeared during the experiment (bands 1, 2, 3, 5, 10, 13, 14, 15, 17 

and 18, Figure 30) corresponding with uncultured Methanothermobacter archaeon 

(97-99% identity), Methanobacteriaceae sp. (91-93% identity) and 

Methanothermobacter thermoautotrophicus (99% identity) as a consequence of the H2 

and CO2 supplied to the hydrogenotrophic reactor compared to the inoculum sample. 

This result is supported by the fact that VSS concentration (Figure 29) increased from 

2.5 g/L at the beginning of the study to 3.6 g/L at stages III and VI. 

Regarding the disappearance of archaea throughout the experiment, some of them 

disappeared progressively (bands 6, 7 and 9, Figure 30) corresponding with uncultured 

Methanothermobacter archaeon (97, 99% identity) and Methanothermobacter 

tenebrarum (99% identity) while others disappeared completely (bands 11 and 19, 

Figure 30) when comparing to the inoculum sample which were assigned to uncultured 

archaeon of Methanothermobacter and Methanosarcina genus (Table 11). Moreover, 

two archaea (bands 8 and 16) remained present with the same intensity during the 

whole experiment.  

As is shown in Figure 30 and Table 11, bands 4 and 12 experienced an increasing trend 

throughout the experiment while band 20 (Methanosarcina thermophila, 99% identity) 

experienced a decrease. 

Therefore, it was revealed the selection-effect of H2 on archaeal community 

composition over time. 

According to the results obtained in the archaeal DGGE analysis, inoculum was mainly 

composed by the hydrogenotrophic methanogen Methanothermobacter tenebrarum 

and the acetoclastic methanogen Methanosarcina thermophila. However, during the 

experiment and as the H2 loading and gas recirculation rates were increased, 

Methanothermobacter thermoautotrophicus, a hydrogenotrophic archaea, was found 

to be present remarkably as well while the presence of the acetoclastic 

Methanosarcina thermophila was decreased notably (Figure 30, Table 11). 
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Table 11. RDP classification of the archaeal DGGE bands sequenced with a 50% of confidence level, and corresponding matches according to 

the BLAST search tool, with their similarity percentages, and environments from which they were retrieved. 

Intensity < 35 = x, 35 ≤ intensity ≤ 80 = xx, intensity > 80 = xxx. Samples: Inoculum (I), end of stage III (III) and end of stage VI (VI). 
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Table 11. (Continued) 
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As the DGGE profile was analyzed only for archaea, the possible presence of 

homoacetogens (bacteria) could not be determined. However, taking into account that 

the reactor was fed exclusively with H2 and CO2 and the presence of the acetoclastic 

methanogen Methanosarcina thermophila with a decreasing trend throughout the 

experiment, homoacetogens were presumably present in the process with a potential 

decreasing trend. Therefore, it seems that hydrogenotrophic methanogens 

outcompeted homoacetogens and the hydrogenotrophic pathway could be the main 

one to CH4 production as the H2 loading and gas recirculation rates were increased.  

Further studies should include the bacterial DGGE profile in order to gain a deeper 

insight about the whole microbial community populating the ex-situ upgrading reactor, 

not only to verify the possible presence of homoacetogens but also to address the 

possible syntrophic association of bacteria with hydrogenotrophic methanogens.  

Shannon-Wiener diversity index showed an increasing trend throughout the 

experiment (Figure 30), going from low archaea evenness and richness in the inoculum 

(1.6) to an intermediate value of archaea richness and evenness in the sample from 

stage VI (2.4). This is the result of the adaptation of the unspecific anaerobic sludge to 

H2 and CO2 performed in the experiment which led to the development of an 

acclimated population for the production of biomethane and the initial scarce archaea 

population present in the thermophilic anaerobic sludge used as inoculum.  

The samples from stage III and VI presented lower similarity index of archaea 

compared to the inoculum (46.5% and 50.1%, respectively), which can be linked with 

the development of a hydrogenotrophic community from a conventional thermophilic 

sludge with the new H2 and CO2 substrates. Regarding the samples from the different 

stages with increasing H2 loading and gas recirculation rates, the similarity index was 

not so different (83.9%). 

Further studies should obtain samples from each stage of the upgrading experiment in 

order to study the evolution of the microbial population of the reactor depending on 

the operating conditions. 
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4.3.5 Application of the MBR for biogas upgrading 

The biomethane concentration in upgraded biogas was simulated by assuming that the 

MBR studied here were employed for the upgrading of biogas under the following 

conditions: 

- 𝑘𝐿𝑎𝐻2
  values at similar volumetric flow rates through the membrane are the 

same when feeds of biogas and H2, and of pure CO2 and H2 are fed, since 𝑘𝐿𝑎 is 

not dependent on the concentration of each compound. 

- 𝑄𝐼𝑁 +  𝑄𝑅 must fall within the range of studied rates so that the 𝑘𝐿𝑎𝐻2
 values 

can be calculated with Eq. 34 (𝑄𝐼𝑁 +  𝑄𝑅 < 6.6 m3 d⁄ ). 

- 𝑓𝑋 is the same for biogas feed because the additional CH4 supplied to the 

system will not alter the microbial activity (the concentration of dissolved CH4 is 

that corresponding to the equilibrium in both cases). 

- The CO2 rate supplied as biogas and the H2 rate are the same than those in 

stage VI of the experiment (the maximum H2 loading rate that could be applied 

while achieving a 95% bioconversion efficiency of H2). 

The simulation was carried out using the mass balance equations for gas (Eq. 25 and 

Eq. 26) and liquid phases (Eq. 31 and Eq. 33), where the unknown variables are 

�̇�𝐶𝐻4,𝑂𝑈𝑇  and 𝑐𝐻2,𝑂𝑈𝑇. 𝑓𝑋  employed was 0.07, the average value found in the 

experiment after day 60 and 𝑘𝐿𝑎𝐻2
 was calculated with Eq. 34. 

The volumetric flow rates of biogas that could be upgraded with an equivalent CO2 

content to that of stage VI were 20 L/LR·d (50/50 CH4/CO2), 25 L/LR·d (60/40) and 34 

L/LR·d (70/30). The final CH4 concentration as a function of recirculation to feed ratio 

was represented in Figure 31. Ratios between 1.75 and 2.25 were required to reach a 

95% v. concentration of CH4 and this was the maximum concentration achievable to 

comply with the previous second condition. However, this upgraded biogas fulfills the 

requirements for grid injection or for utilization as vehicle fuel in most European 

countries according to Petersson et al. (2007). 
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Figure 31. Simulation of the final CH4 concentration in upgraded biogas for equivalent 

CO2 rates to those of the study. 

 

4.4 CONCLUSIONS 

The bioconversion of H2 and CO2 to CH4 was feasible at a maximum H2 loading rate of 

40.2 LH2/LR·d while achieving 95% efficiency in H2 utilization and CH4 yield of 0.22 

LCH4/LH2, reaching a final concentration of biomethane of 76% and a CH4 production 

rate of 8.84 LCH4/LR·d. 

Gas sparging through the membrane resulted in a large capacity of H2 mass transfer in 

the range of high-speeds-stirring lab-scale bioreactors. H2 mass transfer to the liquid 

phase was identified as the limiting step for the conversion, and 𝑘𝐿𝑎 values of 430 h-1 

were reached in the bioreactor by sparging gas through the membrane module. 

The adaptation of an unspecific anaerobic sludge to H2 and CO2 led to the 

development of an acclimated population for the production of biomethane. 

Methanothermobacter tenebrarum and Methanothermobacter thermoautotrophicus 

were the hydrogenotrophic archaea found during the experiment.  
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The presence of the acetoclastic Methanosarcina thermophila was decreased notably 

throughout the experiment, suggesting that hydrogenotrophic methanogens 

outcompeted homoacetogens.  

Methanogens showed higher ratios of conversion when the H2 loading rate was 

increased, which entails a technological advantage when developing an efficient 

methanogenic population during the start-up, at low H2 loading rates, while increasing 

energy conservation at high H2 loading rates.  

A simulation showed that the bioreactor could upgrade biogas at a rate of 25 L/LR·d, 

increasing the CH4 concentration from 60% to 95%. 

Hence, this proof-of-concept study verified that a polymeric membrane can be 

employed to transfer H2 at a high rate, allowing the biological conversion to take place 

satisfactorily.  
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5.1 INTRODUCTION 

Polymeric membranes as the hollow-fiber experienced previously in Chapter 4 have a 

temperature work range up to 40 º C (Suez Water Technologies – GE, 2014) so in a 

long-term they can produce operating problems being damaged on account of 

thermophilic conditions.  

However, ceramic membrane modules are able to work with high temperatures up to 

90 º C (Atech Innovations, 2014). Therefore, from an industrial point of view, the 

working temperature challenge present in polymeric membranes can be solved with 

the use of ceramic MBRs allowing the biological conversion of H2 and CO2 into CH4 to 

take place satisfactorily in a long-term.  

The utilization of a ceramic membrane bioreactor to convert H2 and CO2 to 

biomethane to overcome the limitations to mass transfer of H2 and the long-term 

operability was evaluated in this study. In addition, higher scale than which was used 

in previous studies of literature was experienced moving towards industrial scale. The 

ceramic membrane module was employed to create a large gas sparging surface and 

the feasibility of the technology was assessed. Total energy requirements for the 

upgrading process were determined. Dynamics of the microbial community were 

studied using molecular biology tools. 

 

5.2 MATERIALS AND METHODS 

5.2.1 Pilot Plant 

The description of the pilot plant used in the experiment has been performed in 

Chapter 3, section 3.1.1.2. As previously mentioned, it was a ceramic membrane 

bioreactor with a working volume of 60 L with gas recirculation. 
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5.2.2 Operating conditions 

Anaerobic sludge from a thermophilic anaerobic digester at the laboratory treating 

activated sludge from the WWTP of Valladolid (Spain) was used to inoculate the 

reactor in a total amount of 60 L. A set-up period was performed at thermophilic 

conditions by supplying H2 and CO2 in a ratio of 4:1 (according to the stoichiometric 

values of Eq. 1) at a H2 loading rate of 5.0 LH2/LR·d with a gas recirculation rate of 192 

L/LR·d for 30 d (all values expressed at 55 ºC and 1 atm).  

Afterwards, the experiment started maintaining thermophilic conditions in which a 

range between 10 and 30 LH2/LR·d was studied in four stages according to Table 12 

with the objective of determining the maximum H2 loading rate that could be applied 

with a 95% conversion efficiency for methane. In order to evaluate reactor 

performance and mass transfer conditions, different gas recirculation rates were 

applied in some stages.  

Table 12. Operating conditions studied during the experiment. 

 Stage 1 
Stage 2 

Stage 3 
2a 2b 

t (d) 0 26 86 137 

H2 loading rate (LH2/LR·d) 10 20 20 30 

Gas recirculation rate (L/LR·d) 192 192 295.2 295.2 
 

Nutrients required for microbial activity and a phosphate buffer solution were supplied 

when the concentration of NH4
+ and PO4

3- fell below 500 mg/L, macronutrients and 

micronutrients were added too. The macronutrient solution was prepared like the 

stock solution A reported in Angelidaki and Sanders (2004), while the micronutrients 

solution was a version that was modified (by adding 500 mg/L of resazurine) from the 

trace-metal solution also from Angelidaki and Sanders (2004).  

Both solutions were used during the set-up period and stages 1-2a every 20 days 

approximately and the centrate wastewater from the centrifugation of anaerobically 

digested mixed sludge of the wastewater treatment plant of Valladolid (Spain) was 

used as nutrient solution during stages 2b-3 at a flow of 143 mL/d with a HRT of 420 d. 

The phosphate buffer solution was prepared with K2HPO4·3H2O and KH2PO4 to a final 

pH of 7.4. 
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5.2.3 Monitoring and experimental analysis 

The following parameters (Table 13) were monitored and analyzed during the 

experiment according to the materials and methods described in Chapter 3, section 

3.3.: 

Table 13. Parameters monitored and analyzed during the study. 

Parameter Measuring frequency 

Headspace pressure 
Continuous mode 

Temperature 

Gas production rate 
Daily Gas composition 

Liquid effluent 

VFA concentration 

Weekly 
pH 

TSS/VSS 
NH4

+ 

 

5.2.4 Calculations 

Calculations about efficiency of H2 utilization (𝜂𝐻2
), CH4 yield (𝑌𝐶𝐻4

), mass flow rate of 

H2 transferred from gas to liquid phase (�̇�𝐻2,𝐺→𝐿), effluent mass flow rate of CH4 gas as 

equivalent H2 ((�̇�𝐶𝐻4,𝑂𝑈𝑇)
𝐻2𝑒𝑞

), 𝑘𝐿𝑎𝐻2  and 𝑘𝐿𝑎𝐶𝑂2
 values, maximum specific utilization 

rate (𝑈) and fraction of H2 employed for methanogen growth (𝑓𝑥) have been 

performed following the calculations described in Chapter 3, section 3.5. 

To calculate the energy consumption of the system when upgrading biogas (CH4/CO2, 

60%/40% v), a steady-state energy balance was performed according to the scheme 

shown in Figure 32.  

The reference state is chosen to be T0 = 25 ºC and P0 = 1 atm. The power (kW) required 

for gas compression (𝑊1 and 𝑊2) was determined with Eq.35 (Perry et al., 1999): 

𝑊 = 2.78 · 10−4 𝑉 ̇ 𝑃1  ln
𝑃2

𝑃1
                               (Eq. 35) 

where 𝑉 ̇  is the volumetric flow rate of the stream (m3/s) and 𝑃1 and 𝑃2 the absolute 

inlet pressure and absolute discharge pressure (kPa) respectively.  
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Figure 32. Diagram of the energy streams. 

 

𝐻𝑖 (kW), the specific enthalpy of the stream i, is given by Eq. 36: 

𝐻𝑖 = 𝑚𝑖̇ · 𝐶𝑝 𝑖
(𝑇𝑖 − 𝑇0)                   (Eq. 36) 

where 𝑚𝑖̇  is the mass flow rate (kg/s) of stream i, 𝐶𝑝 𝑖
 the specific heat (kJ/kg·K) of 

stream i, and 𝑇𝑖 the temperature (K) of the stream. The values of 𝐶𝑝  for the substances 

involved are 14.3, 0.8, 2.2, 2.08 and 4.184 kJ/kg·K for H2, CO2, CH4, H2O vapor and H2O 

liquid correspondingly (NIST Chemistry WebBook, NIST Standard Reference Database 

Number 69). 

Heat losses in the vessel (𝑄𝐿) are defined by Eq. 37: 

𝑄𝐿 = 𝑈 · 𝐴 (𝑇𝐼𝑁 − 𝑇𝑂𝑈𝑇)                               (Eq. 37) 

where 𝑈 is the global heat transfer coefficient (0.5 · 10-3 kW/m2·K), 𝐴 the specific heat 

transfer surface (m2) considering a 10 m length column (the diameter was adjusted to 

mass flow rate to fit a loading rate of 30 LH2/LR·d), 𝑇𝐼𝑁 the temperature inside the 

vessel (328 K) and 𝑇𝑂𝑈𝑇 the minimum ambient temperature (273K). 
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The heat rate (𝑄𝑟 , kW) released by the biological reaction was approximated by Eq. 38, 

assuming that free enthalpy (𝛥𝐺𝑅
0) is the amount of enthalpy that can be employed by 

microorganisms (Madigan and Brock, 2009): 

𝑄𝑟 = 0.88
𝑛𝐻2̇

4
(𝛥𝐻𝑅

0 − 𝛥𝐺𝑅
0)                               (Eq. 38) 

where 0.88 is the efficiency of substrate conversion to CH4, 𝑛𝐻2
̇  is molar flow rate of H2 

supplied (mol/s), 4 the stoichiometric coefficient for H2 in Eq. 1, and 𝛥𝐻𝑅
0 and 𝛥𝐺𝑅

0 the 

enthalpy and Gibbs free energy variations in Eq. 1, -165.0 and -113.6 kJ/mol 

correspondingly. 

Then, the total energy consumption (kW) of the system shown in Figure 32 can be 

calculated as (Eq. 39): 

𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = (𝐻𝐴 + 𝐻𝐵 + 𝐻𝐶 + 𝑄𝐿 + 𝑄𝑟) + (𝑊1 + 𝑊2)        (Eq. 39) 

where the terms within the first parenthesis correspond to enthalpy/heat rates and W1 

and W2 the amount of work required for compressors. 

 

5.2.5 Microbial analysis 

In order to evaluate the evolution of the population during the experiment, samples 

during the different stages were collected and extraction of genomic DNA, PCR, DGGE 

and FISH analysis were performed according to the materials and methods described 

in Chapter 3, sections 3.4.1., 3.4.2. and 3.4.3.   

Sequences were deposited in GenBank Data Library under accession numbers 

MG692444-MG692471 (archaea) and MG692472-MG692496 (bacteria). 

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Conversion of H2 and CO2 to CH4 

Biomass adaptation to the substrate took place during the set-up period when the 

feed mass flow rate of H2 gas (�̇�𝐻2,𝐼𝑁) was 25.2 g/d (H2 loading rate of 5.0 LH2/LR·d) and 
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gas recirculation rate 192 L/LR·d. A large part of the H2 fed in these first days was 

transferred to the liquid phase and consumed but was not employed for CH4 

production, probably due to biomass adaptation to the substrate.  

Then, first stage started with a �̇�𝐻2,𝐼𝑁 of 49.9 g/d (Figure 33) and the same gas 

recirculation rate than set-up period. The mass balance performed to the gas phase 

showed that the average 𝜂𝐻2 
was 95% and an average 𝑌𝐶𝐻4

 of 0.18 LCH4/LH2 was 

observed. �̇�𝐻2,𝐺→𝐿 obtained was 44.6 g/d and (�̇�𝐶𝐻4,𝑂𝑈𝑇)
𝐻2𝑒𝑞

according to Eq. 1 in 

average of 35.0 g/d. An average 69% CH4 content was found in the output gas.  

On day 26, �̇�𝐻2,𝐼𝑁 was raised to 99.9 g/d (Figure 33) while gas recirculation rate was 

maintained at 192 L/LR·d (stage 2a). The increase in the mass flow rate provoked a 

slightly decrease in average 𝜂𝐻2 
until 85.7% thus indicating that mass transfer 

conditions were still acceptable even when the H2 loading rate was doubled. However, 

the average 𝑌𝐶𝐻4
 obtained was slightly higher than in the previous stage, 0.19 LCH4/LH2. 

The difference between �̇�𝐻2,𝐺→𝐿  and (�̇�𝐶𝐻4,𝑂𝑈𝑇)
𝐻2𝑒𝑞

 was almost exactly the same in 

stage 1 and stage 2a and the values obtained were 82.2 g/d and 72.5 g/d, respectively 

(Figure 33) and CH4 concentration in the output gas was on average 57%.  

 

Figure 33. Bioconversion performance during the experiment.  
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Gas recirculation rate was increased to 295.2 L/LR·d with the purpose of raising 𝜂𝐻2 
and 

the stage 2b started. Under this conditions, the performance of the MBR improve 

significantly, reaching an average 𝜂𝐻2 
value of 95% and 𝑌𝐶𝐻4

  reached of 0.21 LCH4/LH2, 

the highest obtained up to then. In this case, �̇�𝐻2,𝐺→𝐿  observed was 89.2 g/d and 80.1 

g/d of (�̇�𝐶𝐻4,𝑂𝑈𝑇)
𝐻2𝑒𝑞

. The difference between them was in the same order of 

magnitude than the others (Figure 33). This values were somewhat higher than the 

ones obtained in stage 2a, thus indicating that recirculation improved the amount of 

H2 transferred from gas to liquid phase, the amount of CH4 produced and the CH4 

concentration in the output gas (73%).  

Due to the high gas recirculation rate used in this stage, some foaming appeared in the 

reactor. This foaming disappeared naturally (without the use of antifoaming agents) 

after some weeks of the increase in the gas recirculation rate.  

At this point, �̇�𝐻2,𝐼𝑁 was augmented to 149.8 g/d in combination with a maintained 

gas recirculation rate of 295.2 L/LR·d (stage 3). During this stage, 𝜂𝐻2 
 was 95% in 

average while 𝑌𝐶𝐻4
 increased until 0.22 LCH4/LH2, much closer to the maximum 

stoichiometric value of 0.25 LCH4/LH2. The same 𝑌𝐶𝐻4
 was obtained previously on the 

similar pilot-scale bioreactor described in Chapter 4. The difference between �̇�𝐻2,𝐺→𝐿  

and (�̇�𝐶𝐻4,𝑂𝑈𝑇)
𝐻2𝑒𝑞

 was lower than in previous stages meaning that archaea 

employed almost all H2 transferred to produce CH4 (Figure 33). On average, 81% CH4 

content was observed in the gas. 

The MBR successfully transformed at least 95% of the H2 fed at H2 loading rate 

between 10 and 30 LH2/LR·d adjusting the gas recirculation rate. This highest H2 loading 

rate is similar than that achieved on the similar pilot-scale bioreactor (40 LH2/LR·d) with 

a hollow fiber membrane module described in Chapter 4 and higher than those found 

in packed column bioreactors (4.5 LH2/LR·d) (Burkhardt and Busch, 2013) or CSTR (18 

LH2/LR·d) (Kim et al., 2013).  
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Therefore, this membrane module can be employed to transfer H2 at a high rate, 

allowing the biological conversion to take place satisfactorily in a long-term which is a 

challenge to polymeric MBRs because of the operating problems related with the 

damage on account of thermophilic conditions in the polymeric materials. 

 

5.3.2 MBR mass transfer capacity  

The average 𝑘𝐿𝑎𝐻2  values observed during the different stages in the experiment for 

the total gas flow thorough the membrane and the estimated 𝑘𝐿𝑎𝐶𝑂2  values are shown 

in Table 14.  

Table 14. Average of H2 and CO2 𝑘𝐿𝑎 values obtained in the different stages 

during the experiment. 

 Stage 1 
Stage 2 

Stage 3 
2a 2b 

𝒌𝑳𝒂𝑯𝟐
 (h-1) 77 87 166 268 

𝒌𝑳𝒂𝑪𝑶𝟐
 (h-1) 54 61 117 190 

 

It should be draw attention to the fact that this maximum 𝑘𝐿𝑎𝐻2  value is similar than 

those found in bioreactors with traditional gas diffusers (at equivalent gas rates), 

within the range of CSTR with high agitation speeds as 700 rpm (Kreutzer et al., 2005) 

and higher than the 𝑘𝐿𝑎𝐻2  value achieved on the similar pilot-scale bioreactor describe 

in Chapter 4 to the H2 loading rate of 30 LH2/LR·d.  

In general, this is the result of the large sparging area of the membrane module 

employed, which produces a good gas-liquid mass transfer interfacial area. On the 

other side, between the two MBRs, this can be explained as a result of the higher pore 

of ceramic module (0.8 µm versus 0.4 µm of polymeric module) and higher 

recirculation rate to transfer H2. 
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5.3.3 Biological activity 

It is very important the fact that the adaptation of an unspecific anaerobic 

thermophilic sludge to H2 and CO2 was accomplished. As a result, a methanogenic 

archaea population was developed, which was capable of the bioconversion of H2 and 

CO2 into biomethane.  

The methane yield of 0.22 LCH4/LH2 is larger than the yields achieved employing specific 

strains of M. thermoautotrophicum (Jee et al., 1988; Peillex et al., 1990: 0.19 and 0.18 

LCH4/LH2, respectively) or Methanococcus thermolithotrophicus (Peillex et al., 1998) at 

high efficiency of H2 utilization values.  

From an industrial point of view, it can be translated into lower acquisition costs of 

specific hydrogenotrophic methanogens because an unspecific anaerobic sludge could 

be used as inoculum.  

The maximum average 𝑈 and the 𝑓𝑥 (fraction of H2 consumed but not transformed to 

CH4) are shown in Table 15. The maximum average specific utilization rate obtained 

was 7.7 gCOD/gVSS·d within the range of typical design value suggested from 

methanogens growing on H2 and CO2 (Rittman, 2001). At equivalent gas rates, the 𝑈 

obtained with this ceramic membrane bioreactor was always higher than the 𝑈 value 

obtained on the similar pilot-scale bioreactor with hollow-fiber module described in 

Chapter 4.  

Table 15. Maximum average specific utilization rate (𝑈) and average fraction of H2 

employed for methanogen growth (𝑓𝑥) in the different stages during the experiment. 

 Stage 1 
Stage 2 

Stage 3 
2a 2b 

𝑼 (gCOD/gVSS·d) 6.0 7.7 4.7 3.53 

𝒇𝒙 0.22 0.12 0.11 0.09 

 

According to the results shown in Table 15, it could be stated that the highest value of 

𝑓𝑥 was obtained during the first stage. This fraction has dropped along the experiment, 

and in the last stage a decrease of more than 50% appeared.  
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Then, the 𝑓𝑥 was higher when mass flow rate of H2 transferred from the gas to the 

liquid phase was low and vice versa thus indicating an uncoupling of microbial growth 

(anabolism) and H2 conversion to CH4 (catabolism). In addition, in the first stage of the 

experiments, the population of archaea in the sludge was not likely to be plentiful as a 

result of the characteristics of conventional sewage sludge about microbial population 

and the limitation of this sludge in hydrolysis step.  

As it was described in the experiment of Chapter 4, this fact took place because at the 

beginning of the experiment, especially in the set-up period, an important fraction of 

H2 was utilized for microbial growth but when the sludge was completely adapted to 

the gas substrates, only a small fraction of H2 was used for methanogen growth, 

almost all H2 transferred was used to produce CH4. At equivalent gas rates, the 

obtained 𝑓𝑥 value with this ceramic MBR was always lower than the value obtained on 

the similar pilot-scale bioreactor with hollow-fiber membrane module described in 

Chapter 4. 

VFA concentration was very low during the experiment: acetic acid concentration was 

under 100 mg/L and propionic acid was below 50 mg/L as it was in the experiment 

described in Chapter 4.  

pH was over the experiment between 6.8-7.9 and it was observed that the use of 

centrate as a nutrient solution helped to balance the pH. 

The initial content of SST and SSV in the inoculum was 5.63 and 3.13 g/L, respectively. 

After the set-up period, these values experienced a high decrease as a consequence of 

the biomass adaptation to the new substrate. Average total and volatile suspended 

solids concentration analyzed during the experiment in the several stages of the 

experiment are shown in Table 16. 

Table 16. Average Total Suspended Solids (TSS) and average Volatile Suspended Solids 

(VSS) in the different stages during the experiment. 

 Stage 1 
Stage 2 

Stage 3 
2a 2b 

TSS (g/L) 0.73 2.0 1.01 1.13 

VSS (g/L) 0.44 1.6 0.91 1.02 
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These values showed an increasing trend from Stage 1 to Stage 2a (Table 16). 

However, a decrease was produced in stage 2b when the recirculation rate was 

increase (Table 16). This fact can be explained firstly, as a result of the high turbulence 

produced on account of the high recirculation rate employed and secondly, because of 

the appearance of foaming. This recirculation rate generated an obstacle to the growth 

of microorganisms being a breaking way for their and/or some losses of solids with the 

foaming. In the stage 3 of the experiment, it was observed a slightly increase in the 

content of VSS (Table 16).  

 

5.3.4 Consumption of energy 

The total energy requirements for the upgrading process are 0.44 kWh per m3 of 

biogas upgraded (Figure 34).  

 

Figure 34. Energy balance of the upgrading process. Energy rates are normalized by the 

rate of the upgraded biogas. 
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Energy consumption is dominated by the work required for gas recirculation (W2 = 

0.37 kWh/m3 biogas), essential to transfer H2 to the liquid phase at a high rate, while 

heat requirements (Qreq) are very low (0.025 kWh/m3 biogas). These energy 

requirements are larger than those reported for the most used commercial 

technologies such as pressure-swing adsorption or water scrubbing (Bauer et al. 2013) 

in the range of 0.20 – 0.30 kWh per m3 of biogas.  

Nonetheless, it should be noted that 0.35 m3 of new CH4 can be formed per m3 of 

biogas supplied to the system according to the maximum methane yield observed 

(0.22 LCH4/LH2). Since the enthalpy of combustion of CH4 is 9.95 kWh/Nm3 (802 kJ/mol), 

the equivalent energy stored in new CH4 would be 3.5 kWh per m3 of biogas upgraded. 

Therefore, the total energy requirements represent approximately 13% of the energy 

that could be obtained from the combustion of new CH4 formed, hence the energetic 

benefit of the hydrogenotrophic upgrading process. 

From a different angle, the potential energy stored as CH4 increases from ~ 6.0 kWh 

per m3, in the standard biogas plant (without upgrading) to ~ 9.5 kWh per m3after the 

upgrading process. When discounted the total energy requirements of the upgrading 

process (0.44 kWh per m3 of biogas), it can be observed an increase of ~ 50% in 

potential energy generation from CH4.  

In this context, it is always worth mentioning that water electrolysis to produce H2 for 

the upgrading process requires 7.2 kWh per m3 of biogas, hence employing excess 

electricity production from wind and solar power, when they are in surplus, is a must 

in order that hydrogenotrophic upgrading can be applied. During these seasonal 

surpluses, the H2 and CO2 bioconversion processes, such as the studied, will be 

energetically beneficiaries.  

Total energy consumption is slightly higher than the equivalent calculated for hollow-

fiber membrane module of Chapter 4, 0.3 kWh per m3 of biogas, as a result of the 

higher pressure drop within the ceramic module. Conversely, ceramic membranes are 

more resistant, long-lasting and easy cleaned than polymeric though its high economic 

cost. Additionally, ceramic membrane modules can withstand higher rates than 

hollow-fiber modules because a higher pressure can be applied for gas sparging.  
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5.3.5 Microbial community 

From the archaeal DGGE gel (Figure 35 a), 28 bands were sequenced. According to the 

RDP classifier (confidence threshold of 50%), all of them belonged to the 

Euryarchaeota phyla and they were ascribed to two classes, almost all to 

Methanobacteria (band 1-27) and only one band to Methanomicrobia (band 28) (Table 

17). The BLAST search tool provided consistent results with those given by the RDP 

classifier. Methanothermobacter, Methanobacterium and Methanobrevibacter were 

the three genus assigned to Methanobacteria class and Methanosarcina genus to 

Methanomicrobia class (Table 17).  

After the biomass adaptation to the substrate during the set-up period, some new 

archaea appeared and were present since then (Figure 35 a): band 14, 22 and 26 

corresponding with three uncultured archaeon (KJ209721 and KF630660) with an 

identity of 100% and 99%, respectively (Table 17). Other new appeared achaea (bands 

2,5,9,11,15,17, 20 and 24) were present only in some stages but not in all of them 

(Figure 35 a). However, as a result of the set-up period, some archaea disappeared but 

later they appeared again and were present during the different stages of the 

experiment (band 6, 10, 25 and 28) and other disappeared completely (band 27) 

(Figure 35 a).  

As is shown in Figure 35 a and Table 17, Methanothermobacter thermautotrophicus 

was the archaea found with high level of similarity in all the stages of the experiment 

after the initial acclimation to H2 and CO2. This archaea was used previously in pure 

culture studies as in Peillex et al. 1990. 

From the bacterial DGGE gel (Figure 35 b) and according to the RDP classifier 

(confidence threshold of 50%), 25 bands belonging to three different phyla were 

sequenced: Firmicutes (band 1-18), Proteobacteria (band 19-23) and Actinobacteria 

(band 24) while one band remained unclassified (band 25) (Table 18). In general, the 

BLAST search tool provided consistent results with those given by the RDP classifier. 
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Figure 35. a) Archaeal DGGE profiles and b) Bacterial DGGE profiles of the 16S rRNA amplicons 

of the samples with their respective diversity indices. 

Samples: Inoculum (I), set-up period (0) and stages 1-3 (1, 2a, 2b and 3). 

 

 



Chapter 5 

 

- 123 - 
 

Firmicutes was the predominant phylum with seven different genera. Two genera were 

assigned to Proteobacteria phylum and unclassified bacteria to Actinobacteria phylum.  

After the biomass adaptation to the substrate during the set-up period, some new 

bacteria appeared and were present during the whole experiment (band 7, uncultured 

bacterium JF417907, (Table 18), others disappeared but they were founded again in 

other stages (band 1, 8 and 16, all of them uncultured bacterium) and other ones were 

maintained (bands 4, 10 and 11) (Figure 35 b).  

From the Proteobacteria Phylum, the Blast search tool assigned the DGGE band 21 to 

the genus Tepidiphilus with an identity of 100%, which was appeared after the set-up 

period and maintained during the different stages of the experiment (Table 18). 

Although Tepidiphilus thermophilus could be a potential homoacetogen, acetoclastic 

methanogens (Methanosarcina) were not present in most of experiment stages (Table 

17) and there was no VFA accumulation. Therefore, hydrogenotrophic pathway seems 

to be the main one to CH4 production. 

A moderately high archaea richness and evenness was found with Shannon-Wiener 

diversity index range between 2.2 and 3.3 having the maximum value after the set-up 

period of the experiment (Figure 35 a). The diversity index calculated from the 

bacterial DGGE gel were in the range of 2.5 to 2.9 showing a moderate bacterial 

richness and evenness (Figure 35 b).  

The samples presented lower similarity index of archaea during the experiment in 

comparison with the inoculum (similarity index values between 12.5% and 27.3%), 

which can be linked with the development of a hydrogenotrophic community from a 

conventional thermophilic sludge with the new substrates (H2 and CO2).  

After the set-up period and during the different stages with several H2 loading rates, 

the similarity index was not so different (61.7% - 69.6%) even when the recirculation 

rate was increased in stage 2b. 
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Table 17. RDP classification of the archaeal DGGE bands sequenced with a 50% of confidence level, and corresponding matches according to 

the BLAST search tool, with their similarity percentages, and environments from which they were retrieved. 

Intensity < 35 = x, 35 ≤ intensity ≤ 80 = xx, intensity > 80 = xxx. Samples: Inoculum (I), set-up period (0) and stages 1-3 (1, 2a, 2b and 3). 
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Table 17. (Continued) 
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Table 18. RDP classification of the bacterial DGGE bands sequenced with a 50% of confidence level, and corresponding matches according to the BLAST 

search tool, with their similarity percentages, and environments from which they were retrieved.  

Intensity < 35 = x, 35 ≤ intensity ≤ 80 = xx, intensity > 80 = xxx. Samples: Inoculum (I), set-up period (0) and stages 1-3 (1, 2a, 2b and 3). 
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Table 18. (Continued) 
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Archaea and bacteria were detected by FISH in all samples tested (Table 19). FISH 

micrographs can be found in Figure 36. Archaea appear red due to hybridization with 

the ARCH915 probe (red) while bacteria appear green due to hybridization with the 

EUB338 I and EUB338 plus probes (green) and DAPI (cyan). 

 

 

 
  

 

Figure 36. FISH micrographs 100x of archaea and bacteria during the experiment. 

Samples: Inoculum (I), set-up period (0) and stages 1-3 (1, 2a, 2b and 3). 
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In the inoculum, archaea accounted for 25.86% of the microbial population, while 

bacteria represented 24.47% with archaea/bacteria ratio of 51.37%.  

Table 19. The abundances of archaea and bacteria related to the total biomass and 

archaea/bacteria ratio, in percentages. Samples: Inoculum (I), set-up period (0) and 

stages 1-3 (1, 2a, 2b and 3). 

Sample Archaea content(%) Bacteria content (%) Archaea/bacteria ratio (%) 

I 25.86 24.47 51.37 

0 1.76 0.015 99.15 

1 11.14 0.07 99.37 

2a 22.29 0.035 99.84 

2b 9.03 0.00 100.00 

3 10.70 0.02 99.86 
 

After the set-up period, both archaea and bacteria content experienced a high 

decrease (being almost 0 the % of bacteria content, (Table 19) which can be linked 

with the decrease in the SSV above mentioned. Although the archaea content 

decreased in this period, the archaea/bacteria ratio was 99.15 joining with the 

acclimation process of the biomass previously explained to the new substrates (H2 and 

CO2) and the development of a methanogenic archaea population.  

When the H2 loading rate was augmented to 10 LH2/LR·d (stage 1) took place an 

increase in the content of archaea in comparison with the previous stage (more than 6 

times, (Table 19). When this H2 loading rate was doubled (stage 2a) the archaea 

content was doubled too (Table 19). However, when an increased in the recirculation 

rate was performed (stage 2b) with the purpose of raising the efficiency of H2 

utilization, the content of archaea decreased (Table 19). This could be explain as a 

result of the previously mentioned high turbulence produced on account of the high 

recirculation rate employed which could be an obstacle to the growth of 

microorganisms or a breaking way for their. The content of archaea experienced a 

slightly increase in stage 3 (Table 19).  

All these results are in agreement with the SSV results showed previously. Otherwise, 

bacteria content had no significative changes since the set-up period (Table 19). As is 

showed in Table 19, after the acclimation biomass period, archaea were predominant 

against bacteria. 
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5.4 CONCLUSIONS 

The bioconversion of H2 and CO2 into biomethane was feasible using an unspecific 

anaerobic thermophilic sludge as an inoculum after an adaptation period.  

The system transformed 95% of H2 fed at the maximum loading rate of 30 LH2/LR·d, 

reaching a final methane content of 81% and a CH4 production rate of 6.60 LCH4/LR·d. 

The highest CH4 yield found was 0.22 LCH4/LH2, close to the maximum stoichiometric 

value (0.25 LCH4/LH2) thus indicating that archaea employed almost all H2 transferred to 

produce CH4. 

Gas sparging through the ceramic membrane showed a high capacity of H2 mass 

transfer. 𝑘𝐿𝑎  value of 268 h-1 was reached at 30 LH2/LR·d.  

A remarkable archaea increase related to the selection-effect of H2 on community 

composition over time was revealed by microbial analysis. Methanothermobacter 

thermautotrophicus was the archaea found with high level of similarity in all the 

experiment stages after the initial acclimation to H2 and CO2. 

When discounted the total energy requirements of the upgrading process (0.44 kWh 

per m3 of biogas), it can be observed an increase of ~ 50% in potential energy 

generation from CH4.  

This study verified the successful application of ceramic membrane modules to 

efficiently transfer H2 from gas to the liquid phase and the technical feasibility of the 

bioconversion. 
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6.1 INTRODUCTION 

Considering the implementation of the biological biomethanation concept in industrial 

demonstration, reactors based on different diffusion systems (such as hollow-fiber 

membranes, ceramic membranes, stainless steel diffusers or sparger rings), high-speed 

stirring or gas recirculation would probably result in high parasitic energy needs and 

operational costs. In addition, diffusion modules are often fragile and/or subject to 

clogging. 

For these reasons, TBF reactors have been proposed for the biomethanation of H2 and 

CO2. In a TBF reactor, the gases are forced through the packed bed either downwards 

or upwards and the liquid media is trickled and recycled over the packing material to 

provide moisture and nutrients, forming a thin liquid layer over the biofilm. Therefore, 

the TBF is composed of a three-phase system: a gas phase nearly filling the entire 

reactor, a liquid-phase trickling over the biofilm, and the biofilm itself attached to the 

packed-bed surfaces. The biofilm is composed of a specific arrangement of 

immobilized cells within a matrix of extracellular polymeric substances. This 

organization results in symbiotic behaviors that optimize microbial relations (Garrett et 

al., 2008).  

The present study aimed at evaluating the process performance and determining the 

microbial ecology of thermophilic TBF reactors performing biological methanation of 

H2 and CO2. Progressively reduced gas retention times were applied by increasing the 

influent gas mixture to assess the stability and effectiveness of the process. Moreover, 

the gas mixture was injected in the reactors either with the flow or counter-flow to the 

liquid media to identify potential differences in biomethanation efficiency. Moreover, 

samples collected from the liquid phase and from the biofilm undergo high throughput 

16S rRNA amplicon sequencing to gain a deeper understanding on how is the microbial 

community structured inside the trickling filter. Linking the microbial ecology 

information with the outcomes from the reactor monitoring can provide essential 

information for designing robust anaerobic systems for biological biogas upgrade. 
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6.2 MATERIALS AND METHODS 

6.2.1 Reactors 

The description of the reactors used in the experiment has been performed in Chapter 

3, section 3.1.2.1. As previously mentioned, the gas mixture in R1 was injected in a 

counter-flow to the trickling media while the influent gas in R2 was directed with the 

flow of the recirculating liquid both in a single-pass plug flow operation (without gas 

recirculation). 

 

6.2.2 Operating conditions 

Enriched hydrogenotrophic culture obtained from laboratory biogas upgrading column 

reactors (Bassani et al., 2017) was used for the initial inoculation of the TBF reactors. 

The inoculum had a pH of 8.03, the concentration of total solids was 1.6 ± 0.0 % and 

the concentration of volatile solids was 0.6 ± 0.0 %. The total Kjeldahl nitrogen was 

measured to be 2.03 ± 0.11 g/L, the ammonia nitrogen equal to 1.63 ± 0.06 g/L and the 

concentration of volatile fatty acids was 304.8 ± 5.7 mg/L.  

During the start-up period, the reactors were inundated for 24 hours with inoculum to 

enhance the initial microbial adhesion, and thus, biofilm formation (Langer et al., 

2014) (Figure 37). 

 

Figure 37. Biofilm formation after the inoculum inundation of the reactors. 
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Digestate collected from Snertinge biogas plant (Denmark), was used as nutrient 

source during the whole experimental work. The digestate was incubated at 

thermophilic conditions for a period of more than three months to ensure total 

degradation of the organic matter that would result in additional biogas generation 

inside the reactors influencing the mass balance. 

During the experiment, TBF reactors were operated at thermophilic temperature (54 ± 

1°C) and atmospheric pressure.  

The feeding gas mixture was synthetically composed of 62% H2, 15% CO2 and 23% CH4, 

replicating a mixture of biogas (about 60% CH4 and 40% CO2) and H2 in stoichiometric 

proportions according to reaction of Eq. 1. 

The experiment using both reactors lasted for a total of 94 d and was divided in four 

experimental periods (Table 20). During each period, the gas retention time of the 

reactors was reduced by increasing the H2 loading rate of the reactors (Table 20). 

Table 20. Operating conditions studied during the experiment. 

 Period I Period II Period III Period IV 

t (d) 0 29 46 53 
Gas retention time (h) 14 7 4.2 2.1 

H2 loading rate (LH2/LR·d) 1.1 2.2 3.6 7.2 

 

Experimental operation was progressed from one period to the next one when steady 

state conditions were achieved (i.e. less than 5% variations of the output-gas 

composition). 

 

6.2.3 Monitoring and experimental analysis 

The following parameters (Table 21) were monitored and analyzed during the 

experiment according to the materials and methods described in Chapter 3, section 

3.3. All measurements were performed in triplicate samples.  
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Table 21. Parameters monitored and analyzed during the study. 

Parameter Measuring frequency 

Headspace pressure 
Continuous mode 

Temperature 

Gas production rate Daily 

Gas composition Three times per week 

VFA concentration Three times per week 

pH Three times per week 

 

pH, VFA, TS, VS, TKN and NH4
+ were determined according to the materials and 

methods described in Chapter 3, section 3.3 in order to characterize the inoculum.  

 

6.2.4 Calculations 

Calculations about efficiency of H2 utilization (𝜂𝐻2
), CO2 conversion efficiency (𝜂𝐶𝑂2

), 

CH4 production rate and methane yield (𝑌𝐶𝐻4
) have been performed following the 

calculations described in Chapter 3, section 3.5. 

 

6.2.5 Microbial community analysis 

At the end of the experiment triplicate samples from the liquid media and from the 

biofilm (Figure 38) that was created on the surface of the packing material in R2 were 

collected.  

 

Figure 38. Biofilm created on the surface of the packing material in R2. 
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Extraction of genomic DNA and 16S rRNA gene sequencing analysis was performed 

according to the materials and methods described in Chapter 3, sections 3.4.1. and 

3.4.4.  

Raw reads were deposited in Sequence Read Archive (SRA) database of NCBI under the 

BioProject PRJNA481013.  

 

6.3 RESULTS AND DISCUSSION 

6.3.1 Process performance of trickling biofilter reactors 

The TBF reactors achieved an output gas that was fulfilling the standards for 

substituting natural gas or could be used as transportation fuel in different countries. 

The inoculation procedure with enriched hydrogenotrophic media was beneficial for 

the start-up process in the TBF reactors as it minimized the duration needed for the 

microbial adaptation. Indeed, the CH4 content in the output gas after three days of 

initial operation reached 93%.  

In general, it was demonstrated that the biomethanation efficiency of both reactors 

was similar (Table 22). More specifically, the CH4 concentration of the upgraded biogas 

was progressively increasing to up to 4.2 h gas retention time (Period III) having a 

maximum CH4 content of approximately 99%. The average CH4 yield was 0.23-0.24 

LCH4/LH2 throughout the experiment in both reactors, close value to the stoichiometric 

maximum of 0.25 LCH4/LH2.   

On average, the CH4 production rate of the TBF reactors was 0.25 (Period I), 0.50 

(Period II) and 0.88 LCH4/LR·d (Period III). A further reduction of the gas retention time 

to almost 2 h led to an increment of the methane productivity to approximately 1.73 

LCH4/LR·d (Period IV); nevertheless, the quality of the output gas was lowered (i.e. on 

average 95% CH4 concentration) (Table 22).  

The decreased methane purity was attributed to the fact that the supplied H2 and CO2 

was utilized for acetate production (homoacetogenesis) instead of methanogenesis. 
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Indeed, the results from the VFA determination showed that there was a strong 

accumulation of short chain fatty acids; especially the acetate concentration in R2 

increased from 113 mg/L in Period I to 643 mg/L in Period IV (Table 22).  

It is known that VFA-degradation requires low hydrogen partial pressure (Fukuzaki et 

al., 1990). Therefore, the observed VFAs accumulation suggests that the H2:CO2 ratio 

fed to the reactor (4.13:1) was slightly too high, resulting in an excess of H2 that 

increased the H2 partial pressure and hindered the degradation of VFA.  

To verify the hypothesis, the gas mixture of R2 during Period IV was temporarily 

changed with pure nitrogen, and subsequently, the reactor was flushed for a three day 

period exclusively with nitrogen gas. It was shown that the decreased H2 pressure led 

to an immediate degradation of VFA, whose final concentration reached 174 mg/L at 

the end of the flushed test.  

However, once the gas feedstock was restored to the initial composition (i.e. 62% H2, 

15% CO2 and 23% CH4) the VFA content returned to the earlier levels. The fast 

response of the TBF reactors’ performance concordantly with the change of gas 

composition could be attributed to the formation of a well-structured microbial 

biofilm. 

It has been previously reported that the biofilm infrastructure is a key parameter in 

anaerobic biofilm systems whose high process productivity is depended on 

interspecies H2 transfer (Annachhatre, 1996). In fact, at the end of the experiment a 

thin biofilm was created onto the surface of the packed material from which the 

microbial population was analyzed.  

Another interesting remark extracted from the VFA monitoring was related with the 

effect of the directional flow gases inside the TBF reactors. It was demonstrated that 

the injection of the influent gas mixture with the directional flow of the liquid in R2 

greatly enhanced acetate production compared to the reactor that the gases were 

directed counter-flow to the trickling media (R1) (Table 22).  
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Table 22. Overview of reactors’ performance during their steady state operation at each experimental period.  

 Period I Period II Period III Period IV 

R1 R2 R1 R2 R1 R2 R1 R2 

CH4 content (%) 97.3±0.6 97.0±0.1 98.0±0.4 98.1±0.2 98.7±0.3 99.1±0.1 95.1±0.5 94.9±0.6 

CH4 production rate (LCH4/LR·d) 0.26±0.03 0.25±0.01 0.50±0.02 0.50±0.00 0.89±0.01 0.88±0.01 1.74±0.01 1.71±0.03 

𝒀𝑪𝑯𝟒
 (LCH4/LH2) 0.24±0.01 0.23±0.00 0.23±0.01 0.23±0.00 0.25±0.00 0.24±0.00 0.24±0.00 0.24±0.00 

𝜼𝑯𝟐
 (%) 95.3±2.1 97.5±0.6 91.2±4.6 96.8±0.7 99.9±0.1 99.8±0.1 97.2±0.6 96.8±0.4 

𝜼𝑪𝑶𝟐
 (%) 93.2±1.5 92.5±0.4 94.9±0.9 96.2±0.6 97.5±0.6 98.2±0.5 98.9±0.0 99.9±0.1 

pH 8.56±0.18 8.58±0.17 8.60±0.09 8.63±0.11 8.58±0.04 8.59±0.06 8.29±0.03 8.12±0.14 

VFA (mg/L) 49±14 132±24 36±2 89±2 65±2 159±41 117±20 759±25 

Acetate (mg/L) 41±11 113±23 31±2 70±3 50±5 116±31 87±13 643±7 
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The down-flow operation could influence the process presumably due to the densities 

of the different gases passing through the reactor. Indeed, H2 density is much lower 

than the ones of CH4 and CO2, and a downwards plug flow might involve higher H2 

partial pressure in the liquid, compared to up-flow operation, resulting in the 

promotion of homoacetogenesis. 

Unlike the biomethanation trickle-bed research of Rachbauer et al. (2016), where the 

pH of the liquid media remained largely at neutral levels, in the present study, a 

continuous increment of pH was recorded even from the beginning of the experiment 

(Table 22). The maximum pH value reached 8.63 (R2 in Period II), which is above the 

optimum threshold for methanogenesis (Kougias and Angelidaki, 2018), and therefore, 

a pH adjustment was mandatory as countermeasure for maintaining stable pH values.  

For this reason, 100 mL of liquid media were neutralized twice per week using HCl 1M 

and reintroduced in the nutrient glass vessel. The increment of the pH could be 

attributed to the H2:CO2 ratio fed to the reactors, which was slightly higher compared 

to the stoichiometric equation (i.e. H2:CO2 ratio was 4.13:1), resulting in an excess of H2 

that concomitantly reduced the CO2 partial pressure.  

It is known that the CO2 produced during anaerobic digestion process reacts with the 

hydroxide ions (OH-) within the liquid, forming bicarbonate ions (HCO3
-) that increase 

the buffering capacity of the medium (Schnurer and Jarvis, 2010). However, in the 

current case the injected H2 reacted with the CO2, reducing the CO2-partial pressure 

and provoking a loss of buffering capacity. 

 

6.3.2 Microbial community profiles in the liquid media and biofilm 

Illumina sequencing generated in total more than a million of raw reads with average 

length of 254 bp; results are summarized in Table 23. After quality filtering and pair 

merging, on average 63% of reads were taxonomically assigned to OTUs (Table 23). 

Rarefaction curves showed that the sequencing depth was adequate enough to cover 

the sample richness in the sample replicates. Microbial diversity was estimated and 

results showed 150 OTUs per replicate (on average).  
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Table 23. Summary of the sequencing data and results. 

Sample 
ID 

Sample 
Description 

Raw 
Reads 

Assigned 
Reads to OTUs 

SRA accession 
IDs 

L1 Liquid sample from R2 198594 58195 SAMN09655204 

L2 Liquid sample from R2 236364 66295 SAMN09655204 

L3 Liquid sample from R2 226410 64031 SAMN09655204 

B1 Biofilm from R2 281440 78131 SAMN09655205 

B2 Biofilm from R2 247640 68069 SAMN09655205 

B3 Biofilm from R2 105686 25345 SAMN09655205 

 

Principal coordinate analysis (PCoA) clearly indicated differences between the two 

samples, revealing a relative distance in their microbial beta diversity (Figure 39). 

 

Figure 39. Principal coordinate analysis plot representing variations of the most 

abundant OTUs based on least squares method. Orange color represents the biofilm 

samples while blue color designates the liquid media samples. 

 

 The replicates from the liquid media sample were all clustered together. One replicate 

of the biofilm sample showed lower similarity (Figure 39) compared to the other two 

replicates (which clustered together) most probably due to technical issues (e.g. not 

homogenized sampling) and mainly influenced by the differences in only 3 abundant 

OTUs (Clostridia sp. 4, Thermoanaerobacteraceae sp. 10 and Tissierella sp. 11).  
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However, for the rest of OTUs, the PCoA results were consistent in the three 

replicates, and thus, all of them were maintained for the analysis.  

As shown in Figure 39, two completely different clusters were obtained regarding the 

samples from the liquid media or from the biofilm. 

Considering the most abundant microbes (>0.5% of relative abundance in at least one 

sample), 29 OTUs covered approximately 90% of the community in the samples. 

Among the selected OTUs, 8 were assigned at genus level and 6 at species level while 

the rest of the microbes were assigned only at higher taxonomic levels, suggesting the 

presence in the microbiome of numerous underexplored or undescribed taxa. 

Taxonomic assignment, relative abundance and abundance variation (fold change) of 

the most abundant OTUs in the samples are reported in Figure 40. Correspondence 

between colors and relative abundance or fold change is reported in the scale at the 

top of each panel. Fold change is represented in red and green for increased and 

decreased OTUs, respectively. 

The fold change of OTUs significantly changing in relative abundance is shown in Figure 

41. The left part of the panel represents the relative abundance (>0.5%) while the right 

part shows the fold change of OTUs significantly changing in abundance (differences in 

mean proportions) as well as the confidence interval associated and the p-value. 

Bacterial population covered on average 90% and 70% of the whole microbial 

community in liquid media and biofilm samples, respectively, whilst archaea 

accounted on average for 10% and 30%, respectively.  

Two different communities were obtained as in agreement with the previously 

discussed PCoA results (Figure 39). In the liquid media samples, the most represented 

phyla were Firmicutes (40%), Proteobacteria (22%), Bacteroidetes (11%) and 

Euryarchaeota (10%), while the most abundant phyla in the biofilm samples were 

Firmicutes and Euryarchaeota (48% and 30%, respectively) with lower abundance of 

Proteobacteria (5%), Bacteroidetes (3%). 
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Figure 40. a) Heat maps of relative abundance (%) and b) fold change (log 2) of the 

most abundant microorganisms populating R2 in the liquid media (L) and in the 

biofilm (B).  
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Figure 41. Statistical comparison between sample from the liquid media (blue color) 

and sample from the biofilm (orange color).  
 

 

Among the most abundant OTUs, 3 of them were hydrogenotrophic methanogens 

assigned to Methanothermobacter sp. 1, Methanobacterium formicicum and 

Methanoculleus thermophilus (100, 97 and 100% similarity, respectively). BLASTn 

search against NCBI database revealed 100% similarity of Methanothermobacter sp. 1 

with two microbial species, such as Methanothermobacter thermautotrophicus and 

Methanothermobacter wolfeii, indicating that the most abundant methanogen 

populating the archaeal and total community was represented by a new species.  
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Interestingly, these microorganisms were enriched in the biofilm compared to liquid 

media samples (Figure 40). This fact could be explained as a consequence of their 

higher proximity with the carbon and hydrogen source in the biofilm and/or their 

possible syntrophic relationship with biofilm forming bacteria.  

Notably, Methanothermobacter sp. 1 was the most abundant microbe in the biofilm 

community (19%) followed by M. formicicum (10%) (Figure 40). The abundance of this 

two hydrogenotrophic archaea was shown to be statistically higher in the biofilm 

compared to the liquid media (Figure 41) and their ability to generate biofilms was 

reported in previous literature.  

M. thermautotrophicus was found to be one of the only two microorganisms 

populating the biofilm formed on top of the diffuser surface of an ex-situ biogas 

upgrading reactor (bubble column) at thermophilic conditions (Kougias et al. 2017). 

Moreover, Rademacher et al., (2012) identified the prevalence of this archaeon on a 

methanogenic biofilm in a thermophilic biogas system (two-phase leach-bed).  

In addition, the high abundance of Methanothermobacter sp. obtained in the present 

study in a TBF reactor is in agreement with previous studies which identified 

dominance of this hydrogenotrophic methanogen genus in biogas upgrading systems 

at thermophilic conditions in CSTR (Treu et al., 2018; Kougias et al., 2017), bubble 

columns (Kougias et al., 2017) and up-flow reactors (Bassani et al., 2017).  

M. formicicum is known to be able to produce extracellular polysaccharides, which 

play various roles in structure and functions of biofilm communities (Veiga et al., 

1997). 

Although Thermoanaerobacteraceae sp. 10 was present in the liquid media (2%), its 

relative abundance was higher in the biofilm (5%) (Figure 40). Members of this family 

(e.g. Moorella thermoacetica and Thermoanaerobacter kivui) are known 

homoacetogenic bacteria using H2 as electron donor to convert CO2 into acetate 

(Pierce et al., 2008; Weghoff and Müller, 2016). The best hit with 91% similarity was a 

member of Moorella genus (Moorella humiferrea).  
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Thus, Thermoanaerobacteraceae sp. could be a possible homoacetogen which is in 

accordance with the high VFA content (mainly acetate) observed in R2 at the sampling 

moment for the microbial analysis. 

Tepidanaerobacter syntrophicus (98% similarity) was found in all microbial 

communities (Figure 40). Previous studies (Sekiguchi et al., 2006) reported the 

syntrophic association of this microorganism with the hydrogenotrophic methanogen 

M. thermoautotrophicus and its ability to utilize ethanol, glycerol and lactate 

syntrophically for growth. Thus, the statistical higher relative abundance of T. 

syntrophicus in the biofilm samples compared to liquid media (Figure 41) was in 

agreement with the significant higher abundance of its partner Methanothermobacter 

sp. in the biofilm (Figure 40, Figure 41).  

Bacillus infernus (100% similarity) was found to be enriched in the biofilm (Figure 40) 

with statistical relative abundance differences (Figure 41) compared to liquid media. 

This B. infernus richness in the biofilm agrees with the findings reported by Kougias et 

al. (2017) about higher relative abundance of this microbe in the biofilm compared to 

the liquid phase obtained in their ex-situ biogas upgrading bubble column reactor 

experiment at thermophilic conditions. B. infernus, a metal-reducing bacterium, is 

known to create biofilms in order to perform extracellular electron transfer 

(Badalamenti et al., 2013). In anaerobic digestion systems, the interspecies electron 

transfer is a fundamental feature between bacteria and archaea in order to maintain 

the redox reactions in sufficiently exergonic levels (Kougias et al., 2016). 

Clostridia sp. 2 was the second (15%) and the third (10%) most abundant OTU of the 

community in liquid media and biofilm samples, respectively. This species was assigned 

to the recently discovered order MBA08, belonging to Clostridia class. BLAST results of 

this OTU’s consensus sequence indicated a high similarity to Hydrogenispora 

ethanolica (90%) and confirmed the relevance of this uncharacterized OTU previously 

found in other works dealing with biogas upgrading (Bassani et al., 2017; Corbellini et 

al., 2018; Kougias et al., 2017; Treu et al., 2018).  
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In addition, Kougias et al. (2017) indicated the existence of a potential syntrophic 

interaction between the hydrogenotrophic methanogen M. thermautotrophicus and 

Clostridia sp. 2 (H. ethanolica) because of their concurrent remarkable high 

abundance. Interestingly, Clostridia sp. 2 was present in high abundance in the biofilm 

and the liquid media, thus suggesting its possible versatile metabolism. 

The relative abundance differences of Pseudomonas sp. 3 and Bacteroidales sp. 6 were 

statistically higher in the liquid media than in the biofilm as shown in Figure 41. Both 

microorganisms presented high relative abundance values (16% and 10%, respectively) 

in the liquid media samples compared to biofilm samples and they were two of the 

highest abundant microbes in the liquid media (Figure 40).  

The richness of Pseudomonas sp. in the liquid media compared to the biofilm was in 

agreement with the findings of Kougias et al. (2017) obtained in the samples from 

biofilm and liquid phase of their ex-situ biogas upgrading bubble column reactor 

experiment at thermophilic conditions. By performing a BLASTn search against the 

NCBI database, this OTU was similar to Pseudomonas flexibilis (95%). Literature 

reported not only a marked stimulated growth of Pseudomonas flexibilis utilizing 

lactate as a carbon and energy source but also stimulated growth by means of acetate 

and α-ketoglutarate (Herspell, 1977). Thus, as an acetate utilizer, its relative 

abundance was higher in the liquid media.  

Bacteroidales sp.6 was the third most abundant OTU in liquid media samples (10%) 

and an “unclassified species” belonging to the order Bacteroidales. The taxonomic 

assignment could not be improved neither by BLASTn search against the NCBI 

database, nor by aligning the sequence against other public databases, such as RDP 

Classifier or SILVA ribosomal RNA gene database. The best hit with 81% similarity was 

with an obligatory anaerobic asaccharolytic member of Porphyromonas genus 

(Porphyromonas circumdentaria). This uncharacterized OTU was previously found in 

other works dealing with biogas upgrading (Kougias et al., 2017). Similarly to 

Pseudomonas sp. 3, Bacteroidales sp. 6 could be an acetate utilizer regarding its high 

abundance in the liquid media where high acetate concentration was present. 
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6.3.3 Practical considerations derived from the current study 

The proposed biomethanation concept is becoming an attractive technology 

considering: a) the fact that H2 used for the CO2 hydrogenation can be generated from 

renewable energy sources via water electrolysis (Götz et al., 2015), and b) the high 

costs associated with H2 storage (Gahleitner, 2013).  

A question that needs to be addressed is related with the robustness of the process; 

commonly, renewable energy is a temporarily surplus, and thus, it is mandatory to 

elucidate the biomethanation efficiency during intermittent provision of H2.  

Therefore, a preliminary test was conducted in which the gas feed was interrupted for 

22 h. After restarting the influx, a decline in output gas quality was observed (i.e. 91% 

of CH4 content). The quality of the output gas was increased to 94% after 

approximately 3.5 h, while it fully recovered to 98% after 20 h.  

This result is in accordance with other studies, which affirm that dormant cultures can 

be quickly reactivated in large-scale AD systems, and that methanogens can be fed 

intermittently (Lettinga, 1995; Martin et al., 2013). Moreover, this result agrees with 

the achievement potential recovery obtained in previous biogas upgrading TBF 

reactors after three days of H2 suspension at mesophilic conditions (Burkhardt et al., 

2015) and after one day of H2 lack at thermophilic conditions (Strübing et al., 2017).   

Nevertheless, further research related to the microbial tolerance towards periodical H2 

provision should be undertaken in order to draw conclusions on the dynamic operation 

of the presented system. 

It is previously documented that the TBF reactors can produce high volumetric 

concentrations of CH4 (Rittmann, 2015), and thus, are attractive configurations for the 

overall biomethanation process. The produced gas in all the experimental periods was 

of sufficient quality to be introduced in natural gas infrastructures (Muñoz et al., 

2015). 

Nevertheless, the tested TBF reactors could be considerably improved and optimized 

by enabling a faster process (i.e. lowering the gas retention time), or by reducing the 

specific reactor volume, which would lead to a decrease of the CAPEX. 
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For instance, optimization of the H2:CO2 ratio, together with adoption of more suitable 

packed-bed elements would involve inexpensive performance improvements.  

Additionally, the liquid recirculation rate is considered as another key point for 

enhancing the efficiency of the system. In other studies (Burkhardt et al., 2015), 

reduction of the liquid recirculation rate was found to increase the performance of the 

TBF. 

Previous works on biological biogas upgrading reported that the low gas liquid mass 

transfer is a bottleneck for achieving high bioconversion rates (Angelidaki et al., 2018). 

However, in the TBF reactors the gas-liquid boundary surface formed over the packed 

bed is maximized allowing a better and more homogenized dispersion of the injected 

gases. Moreover, given that biofilms rapidly consume accessible nutrients, high 

concentration gradients of the gases (in the current case H2 and CO2) are formed 

throughout the 3-phase system, triggering their favorable transport into the biofilm in 

accordance to Henry's law (Pauss et al., 1990). H2 mass-transfer is therefore improved 

passively, without need of liquid stirring, diffusion devices or gas recirculation. 

Additionally, pressurization of the reactors has been proven to reduce the H2 mass 

transfer limitations (Martin et al., 2013). Nevertheless, an advantage of the presented 

concept is that the biomethanation occurs at atmospheric pressure, resulting in low 

technical requirements and economical costs. 

Unlike catalytic methanation systems (Benjaminsson et al., 2013), it has been proven 

that chemical contaminants, such as H2S or NH3, do not disturb the biological 

methanation technologies, neither in trickle-bed reactors (Burkhardt et al., 2015), nor 

in liquid-phase systems (Martin et al., 2013). This aspect offers great a potential to the 

exploitation of biological methods for upgrading the quality of biogas.  

Finally, considering all the outcomes from the present work, it can be extracted that 

the combination of biological methanation technology with the utilization of TBF 

reactor systems seems very convenient for application in the Power-to-Gas concept. 
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6.4 CONCLUSIONS 

The present work demonstrates the suitability of thermophilic trickling biofilters for 

methanation of H2 and the CO2 fraction of biogas.  

Stable and robust continuous operation was achieved through single-pass plug flow, 

without need for gas mixing or recirculation.  

The investigated system upgraded biogas efficiently reaching a CH4 concentration of 

95%, CH4 productivity of 1.74 LCH4/LR·d and CH4 yield of 0.24 LCH4/LH2 (close to the 

stoichiometric maximum of 0.25 LCH4/LH2) for a H2 loading rate of 7.2 LH2/LR·d.  

The quality of the output gas was comparable to the methane purity achieved by 

commercial biogas upgrading systems fulfilling the specifications to be used as 

substitute to natural gas. 

It was demonstrated that the injection of the influent gas mixture with the directional 

flow of the liquid media greatly enhanced acetate production compared to the 

injection in counter-flow to the trickling media. 

The spatial distribution of the microbial consortia localized in the liquid media and 

biofilm enabled us to gain a deeper understanding on how the microbiome is 

structured inside the trickling biofilter.  

Regarding the microbial community structure, it was shown that the most abundant 

methanogen populating the microbial community (Methanothermobacter sp.) was 

represented by a new species. Sequencing results revealed a significant predominance 

of Methanothermobacter sp. in the biofilm. Unknown members of the class Clostridia 

were highly abundant in biofilm and liquid media, while acetate utilizing bacteria 

predominated in liquid samples. 
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7.1 INTRODUCTION 

Power-to-Gas strategies have gained increased attention recently and several 

opportunities have been identified for the integration of Power-to-Gas in wastewater 

treatment plants (Patterson et al., 2017). 

Mechanical stirring has been applied in previous in-situ studies to ease organic matter 

removal and H2 conversion. An increase in mixing may also significantly increase the 

operation cost, though it could increase the hydrogen consumption rate.  

Biogas recirculation or sludge recirculation are commonly employed for mixing in full-

scale anaerobic digesters of organic matter (Appels et al., 2011). The application of 

biogas recirculation has shown to increase H2 and CO2 conversion (by increasing 𝑘𝐿𝑎𝐻2
 

values) in ex-situ MBRs (experiments of Chapters 4 and 5) and in the in-situ UASB 

reactor with H2 supply of Bassani et al. (2016). 

The aim of this work is to evaluate the feasibility of supplying H2 to an anaerobic 

digester of sewage sludge through a submerged membrane module for in-situ 

upgrading of biogas. The effect of biogas recirculation rate on upgrading efficiency, 

performance of the organic matter removal and digested sludge dewaterability were 

assessed. Dynamics of the microbial community were studied using molecular biology 

tools. 

7.2 MATERIALS AND METHODS 

7.2.1 Pilot Plants 

The description of the pilot plants used in the experiment has been performed in 

Chapter 3, section 3.1.1.1.b). As previously mentioned, R1 was used as upgrading 

reactor (equipped with a hollow-fiber membrane module) while R2 was utilized as 

control reactor both with 20 L working volume.  
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7.2.2 Operating conditions 

Anaerobic sludge from a mesophilic anaerobic digester in the WWTP of Valladolid 

(Spain) was used to inoculate both reactors (20 L per reactor). The content of total and 

volatile solids in the inoculum was 22.0 g/kg and 12.8 g/kg, respectively.  

R1 and R2 were fed at HRT of 20 d with sewage sludge (thickened mixed primary and 

secondary sludge) collected periodically from the afore mentioned WWTP and stored 

at 4 ºC. Collected sludge composition varied seasonally, so did the OLR to the reactors 

(Table 24, Table 25).  

Table 24. Operating conditions applied during the experiment. 

 Set-up Stage 1 Stage 2 Stage 3 

t (d) 0 62 120 184 
H2 loading rate (LH2/LR·d) 0 0.87 0.87 0.87 

Gas recirculation rate (L/LR·d) 0 50 101 202 
OLR (g VS/L·d) 1.3 ± 0.1 1.3 ± 0.2 1.5 ± 0.2 1.8 ± 0.5 

 

Table 25. Characteristics of raw sludge (sewage sludge) utilized during the experiment. 

Parameter Set-up Stage 1 Stage 2 Stage 3 

TS (g/kg) 31.7 ± 0.5 42.5 ± 1.7 38.3 ± 8.8 58.8 ± 2.3 

VS/TS ratio 0.78 ± 0.13 0.75 ± 0.13 0.69 ± 0.11 0.69 ± 0.12 
Acetate (mg/L) 350 ± 38 291 ± 42 489 ± 49 555 ± 48 

NH4
+-N (mg/L) 102 ± 13 108 ± 16 125 ± 10 166 ± 36 

 

A set-up period was performed at mesophilic conditions (35 ± 1 ºC) for 60 d in both 

reactors by continuously feeding only thickened mixed sludge.  

After the set-up period, H2 was added to R1 (stage 1). H2 addition at a flow rate of 0.87 

LH2/LR·d was maintained during the whole experiment in all stages, to achieve a ratio 

4:1 (according to Eq. 1) to the average gaseous CO2 production during the set-up 

period.  

Gas recirculation rates applied to R1 ranged between 50 and 202 L/LR·d in the different 

experimental stages (Table 24). All the values of flow rates from the study are 

expressed at 273.15 K and 1 atm. 
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7.2.3 Monitoring and experimental analysis 

The following parameters (Table 26) were monitored and analyzed during the 

experiment according to the materials and methods described in Chapter 3, section 

3.3.: 

Table 26. Parameters monitored and analyzed during the study. 

Parameter Measuring frequency 

Headspace pressure 
Continuous mode 

Temperature 

Gas production rate 

Daily Gas composition 

Liquid effluent 

VFA concentration 

Weekly 
pH 

TS/VS 

NH4
+ 

Dewaterability Periodically 

 

7.2.4 Calculations 

Calculations about efficiency of H2 utilization (𝜂𝐻2
), H2 gas-liquid mass transfer rate (𝑟𝑡) 

and CH4 production rate have been performed following the calculations described in 

Chapter 3, section 3.5 while specific gas transfer coefficient (𝑘𝐿𝑎𝐻2
) was calculated 

according to Eq. 3 of Chapter 1. 

The methane evolution rate (MER), which expresses the increase in the specific CH4 

production rate (LCH4/LR·d) under H2 supply with respect to the lack thereof, was 

calculated as follows (Eq. 40): 

𝑀𝐸𝑅 =  𝐶𝐻4 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑅1 − 𝐶𝐻4 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑅2              (Eq.40) 

where 𝑅1 is the upgrading reactor (with H2 addition) and 𝑅2 is the control reactor 

(without H2 addition). 

H2 rate converted to methane (L/LR·d) was calculated according to Eq. 41: 

𝐻2 𝑟𝑎𝑡𝑒 𝑡𝑜 𝐶𝐻4 = 4 (𝐶𝐻4 𝑖𝑛 𝑜𝑢𝑡𝑝𝑢𝑡 𝑔𝑎𝑠 𝑅1 −  𝐶𝐻4 𝑖𝑛 𝑜𝑢𝑡𝑝𝑢𝑡 𝑔𝑎𝑠 𝑅2)            (Eq. 41) 
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where 4 is the stoichiometric coefficient according to Eq. 1, 𝐶𝐻4 𝑖𝑛 𝑜𝑢𝑡𝑝𝑢𝑡 𝑔𝑎𝑠 𝑅1 

(LCH4/LR·d) is the rate of CH4 produced in R1 and 𝐶𝐻4 𝑖𝑛 𝑜𝑢𝑡𝑝𝑢𝑡 𝑔𝑎𝑠 𝑅2 (LCH4/LR·d) is 

the rate of CH4 produced in R2. 

The percentage of VS removal was calculated according to Eq. 42: 

𝑉𝑆 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) =
𝑉𝑆 𝑖𝑛𝑝𝑢𝑡−𝑉𝑆 𝑜𝑢𝑡𝑝𝑢𝑡

𝑉𝑆 𝑖𝑛𝑝𝑢𝑡
· 100                                                                (Eq. 42) 

where 𝑉𝑆 𝑖𝑛𝑝𝑢𝑡 (g/Kg) is VS content in feed raw sludge (thickened mixed sludge) while 

𝑉𝑆 𝑜𝑢𝑡𝑝𝑢𝑡 (g/Kg) is the VS concentration in the digested sludge.  

 

7.2.5 Microbial analysis 

Liquid samples, including inoculum, were collected at different stages of the process in 

order to evaluate the evolution of the microbial population during the experiment in 

both reactors. Extraction of genomic DNA, PCR, DGGE and FISH analysis were 

performed according to the materials and methods described in Chapter 3, sections 

3.4.1., 3.4.2. and 3.4.3.  

Sequences were deposited in GenBank Data Library under accession numbers 

MG383910 - MG383931 (archaea) and MG664852 - MG664869 (bacteria). 

 

7.3 RESULTS AND DISCUSSION 

7.3.1 Performance of the conversion of H2 and CO2 to CH4 

During the set-up period, the two reactors showed similar performance in terms of CH4 

production rates (Figure 42). The average CH4 content in the biogas from R1 and R2 

was around 66% (Table 27), which agrees with typical CH4 concentration in biogas from 

sludge digestion as reported in literature (Metcalf and Eddy, 2003). Therefore, R2 was 

validated as control reactor to establish comparisons.  
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Figure 42. Methane production rates in R1 and R2 during the experiment. 
 

After the set-up period (on day 62), the first stage started injecting 0.87 LH2/LR·d into 

R1. In addition, a gas recirculation rate of 50 L/LR·d was applied in R1. The conversion 

of H2 and CO2 to CH4 took place at a low rate at the beginning of stage 1. The efficiency 

of H2 utilization (𝜂𝐻2 
) and the H2 flow rate converted to methane showed an increasing 

trend during this period (Figure 43). On average, only 55% of the H2 injected was 

utilized, leading to a large concentration of unutilized H2 in the output gas (Table 27). 

CH4 production rate experienced an increase of 23% in R1 in comparison with R2 

(Figure 42, Table 27) and MER reached 0.10 LCH4/LR·d. CO2 flow rate in output gas in R1 

was 43% lower than in R2 because of the reaction of H2 with the in-situ produced CO2 

(Table 27). 

Gas recirculation rate was increased to 101 L/LR·d on day 120, marking the beginning 

of stage 2 of the experiment. Consequently, a significant improvement of the H2 mass 

transfer in R1 was observed. 87% of the H2 injected was transferred (Figure 43 and 

Table 27) thus reducing the unused concentration of H2 in upgrading gas while CH4 

concentration rose to 71%. In R1, CH4 production rate experienced an increase of 47% 

in comparison to R2 while CO2 flow rate in output gas was 47% lower. MER also 

reached a larger value (0.15 LCH4/LR·d) than in stage 1.  
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Table 27. Upgrading (R1) and control (R2) reactor performances. 

 

 
Set- up Stage 1 Stage 2 Stage 3 

R1 R2 R1 R2 R1 R2 R1 R2 

Biogas production rate (L/LR·d) 0.64 ± 0.08 0.63 ± 0.08 1.06 ± 0.18 0.67 ± 0.23 0.67 ± 0.22 0.47 ± 0.16 0.74 ± 0.16 0.56 ± 0.13 

H2 (%) / / 36.5 ± 7.1 / 17.7 ± 3.9 / 7.2 ± 2.4 / 

CO2 (%) 34.4 ± 1.4 34.4 ± 1.0 12.4 ± 1.9 34.1 ± 1.0 11.4 ± 4.8 32.0 ± 1.3 19.7 ± 3.0 32.9 ± 1.1 

CH4 (%) 65.6 ± 1.4 66.0 ± 1.0 51.1 ± 6.5 65.8 ± 1.0 70.9 ± 3.6 68.0 ± 1.3 73.1 ± 3.4 67.1 ± 1.1 

CH4 production rate (LCH4/LR·d) 0.42 ± 0.05 0.41 ± 0.05 0.54 ± 0.10 0.44 ± 0.10 0.47 ± 0.14 0.32 ± 0.11 0.54 ± 0.11 0.38 ± 0.08 

CO2 in output gas (LCO2/LR·d) 0.22 ± 0.03 0.22 ± 0.03 0.13 ± 0.06 0.23 ± 0.05 0.08 ± 0.08 0.15 ± 0.05 0.15 ± 0.04 0.18 ± 0.04 

𝜼𝑯𝟐
 (%) / / 54.6 ± 9.4 / 86.2 ± 3.0 / 93.9 ± 2.9 / 

H2 transfer rate (LH2/LR·d) / / 0.48 ± 0.09 / 0.75 ± 0.03 / 0.82 ± 0.03 / 

𝒌𝑳𝒂𝑯𝟐
 (h-1) / / 2.7 ± 0.8 / 8.9 ± 1.9 / 24.9 ± 6.8 / 

Acetate (mg/L) 35.6 ± 30.9 35.8 ± 42.0 45.0 ± 28.8 25.5 ± 15.2 25.3 ± 13.2 25.2 ± 22.2 31.1 ± 14.8 12.5 ± 11.4 

pH 7.23 ± 0.12 7.45 ± 0.18 7.28 ± 0.14 7.41 ± 0.10 7.80 ± 0.23 7.42 ± 0.23 8.09 ± 0.23 7.41 ± 0.27 

TS (g/kg) 21.5 ± 1.0 21.4 ± 1.5 21.1 ± 1.0 20.6 ± 1.8 22.3 ± 2.0 23.0 ± 3.5 27.6 ± 5.5 27.8 ± 3.9 

VS/TS ratio 0.66 ± 0.05 0.66 ± 0.07 0.63 ± 0.06 0.63 ± 0.08 0.59 ± 0.07 0.60 ± 0.08 0.56 ± 0.05 0.57 ± 0.06 

VS removal (%) 47.1 ± 4.9 47.4 ± 6.4 48.4 ± 7.7 49.4 ± 9.2 48.5 ± 15.0 48.5 ± 13.3 55.8 ± 9.3 55.7 ± 10.6 

NH4
+-N (mg/L) 729 ± 106 780 ± 172 670 ± 117 692 ± 83 721 ± 99 702 ± 102 794 ± 105 756 ± 123 
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Figure 43. Gas flow rates and H2 utilization efficiency in R1 throughout the experiment.  

H2 supplied rate (H2, IN), H2 rate in biogas (H2, OUT) and CH4 as H2 equivalent rate in 

biogas ((CH4)H2 eq). 

 

On day 181, gas recirculation rate was doubled to 202 L/LR·d with the purpose of 

raising 𝜂𝐻2  
(stage 3). In this stage, 𝜂𝐻2  

increased to an average of 94%, thus showing 

larger H2 utilization compared to stage 2 and 1 (Figure 43 and Table 27). Therefore, this 

stage showed an important improvement as almost all H2 was transferred. CH4 content 

in the biogas increased to 73% and H2 content dropped to 7%. However, the CO2 

content increased (Table 27), probably because of the higher OLR applied during stage 

3. CH4 production rate of R1 was on average 42% higher (Table 27) compared to R2 

and MER reached 0.16 LCH4/LR·d. 

H2 converted to CH4 can be calculated from a mass balance to H2 according to Eq. 41 

(Figure 44). The rate of converting H2 to methane showed an increasing trend over the 

experiment, from an average H2 conversion to methane of 46% during stage 1, to 72 

and 76% in stages 2 and 3, respectively. This fact emphasizes the positive correlation 

between gas recirculation rate and the conversion of H2 and CO2 into CH4.  
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Figure 44. Balance of H2. 

H2 utilization rate for microbial growth was estimated as the gap between H2 supply 

rate (input) and the sum of H2 rate and CH4 as equivalent H2 in the biogas (output). The 

portion of H2 dedicated to microbial growth represented approximately 9, 14 and 18% 

of total H2 supply and 16, 16 and 19% of transferred H2 in stages 1, 2 and 3, 

respectively. These values are within the range of the two previous studies performed 

in ex-situ bioreactors with similar configurations described in Chapter 4 and Chapter 5. 

In contrast, ex-situ study of Chapter 4 reached an asymptote of around 8-10% (of 

transferred H2) after long time operation at low dilution rates, while microbial growth 

seemed to remain stable or slightly increase in this study. This can be the consequence 

of continuous biomass washout, as the amount of substrate used for growth has been 

reported to be larger at the beginning of the experiments, where the consumers of H2 

are in small proportion in the experiments of Chapters 4 and 5. The amount of acetate 

as H2 equivalent can be neglected because of the low acetate concentrations observed 

during the study (Table 27). 

In brief, the application of increasing gas recirculation rates successfully increased 

MER, the efficiency of H2 utilization and the concentration of CH4 in upgraded biogas 

up to 0.16 LCH4/LR·d, 94% and 73%, respectively. This result is in accordance with the 

positive effect of gas recirculation on the increase of H2 gas-liquid mass transfer rate 
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previously described (Guiot et al., 2011). Gas recirculation prolonged the contact time 

between microorganisms and gases, enhancing H2 addition and stimulating substrate 

conversion by hydrogenotrophic methanogens as it was previously described by 

Bassani et al. 2016.  

Gas recirculation is frequently applied to mix anaerobic digesters of sludge and in-situ 

upgrading could benefit from that to avoid high-speed stirring to achieve efficient H2 

transfer and biogas upgrading (Agneessens et al., 2018; Agneessens et al., 2017). 

However, gas recirculation rates typically used for mixing in full-scale digesters are 

around 7.2 and 10 L/LR·d (Appels et al., 2008), 5 to 20 times lower than those applied 

in this study, indicating that extra energy inputs for in-situ upgrading might still be 

required.  

From another point of view, the CH4 production rate and CH4 content in biogas 

achieved in stage 3 are like those found in Luo and Angelidaki (2013a) under similar 

operating conditions but with a 24 times lower membrane area to reactor volume ratio 

in this study, showing an alternative biofilm formation over the membrane and 

pressure drop reported. On the contrary, biofilm formation could achieve a 

concentration of CH4 of 99% CH4 in another study (Wang et al., 2013).  

In view of the results, a polymeric membrane can be employed to transfer H2 allowing 

the biological conversion to take place satisfactorily. Although gas recirculation rate 

increased the transfer of H2 to the liquid, thus improving the efficiency of the 

upgrading, CH4 content in the output gas was not higher than 73%. This is the result of 

the excess of H2 loading rate supplied in stages 2 and 3 (as it was maintained constant 

during the whole experiment at 0.87 LH2/LR·d), leading to extra fed H2 which could not 

couple with the real total amount of CO2 produced in-situ during that stages. Thus, 

unutilized H2 went out from the process producing a dilution effect on final CH4 

content in the produced biogas. Further studies should be conducted with regulated H2 

supply rates to fit the variable CO2 production because of seasonal changes in OLR in 

order to maximize the CH4 content in the biogas. 
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7.3.2 Mass transfer capacity in the MBR 

𝑘𝐿𝑎𝐻2
 value showed an increasing trend during the experiment, in accordance with the 

positive effect of gas recirculation on 𝑘𝐿𝑎 coefficient, increasing H2 gas-liquid mass 

transfer rate as previously described (Guiot et al., 2011).  

The average 𝑘𝐿𝑎𝐻2  values (h-1) observed in the upgrading reactor are shown in Table 

27. Literature on in-situ biogas upgrading reactors shows scarce 𝑘𝐿𝑎𝐻2
 values. 

Employing a reactor of 0.6 L fed with a mixture of whey and cattle manure (OLR of 1.7 

g VS/L·d) and H2 loading rate of 1.7 LH2/LR·d at thermophilic conditions, Luo and 

Angelidaki (2013b) found 𝑘𝐿𝑎𝐻2  values of 6.6 and 11.8 h-1 with a column diffuser and 

16.0 h-1 with a ceramic diffuser.  

In the present study, 𝑘𝐿𝑎𝐻2  values are the result of a good gas-liquid mass transfer 

interfacial area produced by the polymeric membrane module employed in the 

experiment generating fine small bubbles but several orders of magnitude lower than 

reported in the ex-situ experiments with a similar configuration described in Chapter 4 

and Chapter 5. Despite everything, in-situ upgrading digesters with high HRT do not 

require specific mass transfer coefficients as high as the ex-situ process because of the 

lower specific CO2 rates (LCO2/LR·d) to convert.  

In fact, the H2 concentration of 7.2% with a 𝑘𝐿𝑎𝐻2  value of 25 h-1 (stage 3) agrees with 

a modification of ADM1, to account for H2 injection, that showed that 𝑘𝐿𝑎𝐻2
 values 

around 21 h-1 should be achieved in in-situ digesters to reduce H2 concentration to 

below 5% and around 35 h-1 to meet gas grid injection requirements (Bensmann et al., 

2014). Thus, hollow-fiber membranes have potential advantages for in-situ biogas 

upgrading in comparison to other gas diffusion systems.  
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7.3.3 Anaerobic digestion performance 

7.3.3.1 VFA evolution 

During the set-up period, the two reactors showed similarly low VFA content with 

acetate concentration of 36 mg/L (Table 27), which agrees with literature of biogas 

production from sewage sludge (Metcalf and Eddy, 2003).  

During the first HRT of stage 1, acetate concentration increased from 15 mg/L to 95 

mg/L to decrease suddenly afterwards. This finding agrees with the statement of 

Agneessens et al. (2018) about the likelihood of acetate accumulation during the start-

up phase of a continuous in-situ biogas upgrading reactor with the later stabilisation 

after 1 HRT.  

During the rest of the experiment, VFA accumulation was not observed (Table 27). In 

contrast, acetate accumulation was reported during H2 injection rates at 4:1 H2:CO2 

ratio (Mulat et al., 2017) or higher ratios (Luo and Angelidaki, 2013a; Agneessens et al., 

2018; Agneessens et al., 2017). Agneessens et al. (2017; 2018) showed that acetate 

accumulation was more likely during high H2 (1.3 - 1.7 LH2/LR·d), low CO2 (<7%) and 

high pH (>8.33) levels as H2 was introduced in the headspace of the reactors in 

intermittent pulses. In these experiments, homoacetogenesis was stimulated by those 

conditions of H2, CO2 and pH, decreasing the activity of acetoclastic methanogens 

contributing to acetate accumulation and outcompeting methane production from H2 

and CO2 by hydrogenotrophic methanogens.  

High acetate accumulation (2070 mg/L) was also observed during the in-situ biogas 

upgrading experiment performed by Luo and Angelidaki (2013a) using a hollow-fiber 

membrane bioreactor with high H2 loading rate (1.76 LH2/LR·d), high pH (8.31) and low 

CO2 content in the output gas (4%). This accumulation was in accordance with the 

parameters affecting acetate concentrations during in-situ biogas upgrading described 

by Agneessens et al. (2018).  

The present study was carried out with continuous H2 injection (instead of sporadic 

pulses and lower H2 load) in which CO2 content ≥ 11% and pH reached lower values (≤ 

8.1), thus avoiding the possible stimulation of homoacetogens, being outcompeted by 
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hydrogenotrophic methanogens. Agneessens et al. (2018) reported as well that more 

frequent H2 injection rate reduces the possibility of acetate accumulation which can be 

linked to the lack of VFA accumulation obtained in the present experiment.  

Contrary to previous studies (Speece, 2008; Liu et al., 2008), there was no 

accumulation of propionic acid despite the elevated H2 partial pressure. Thus, the 

injection of H2 through the hollow-fiber membrane module did not inhibit propionate 

degradation as in Luo and Angelidaki (2013a).  

 

7.3.3.2 OLR 

OLR is a critical parameter for anaerobic digestion reactor performance and it was 

recently shown to be an important parameter for in-situ biomethanation (Agneessens 

et al., 2018; Agneessens et al., 2017).  

OLR had a slightly increasing trend during the experiment, ranging from 1.3 to 1.8 g 

VS/L·d (Table 24). Agneessens et al. (2018) found that increasing OLR (0.5 – 2 g VS/L·d) 

stimulates acetate accumulation due to an increased acetate production via 

homoacetogenesis, an incapability of acetoclastic methanogenesis to readily consume 

the present acetate or both. 

The homoacetogens have previously been found to increase in abundance as the OLR 

increases (Ju et al., 2017; Li et al., 2016; Li et al., 2015). At an increasing OLR, the 

dissimilarity in conversion rate between the fast acidogenesis phase and slower 

methanogenic phase becomes more prominent which can contribute to acetate 

accumulation (Goux et al., 2015). 

In the study of Agneessens et al. (2018), performed with pulse H2 injections to the 

reactors, it was stated the influence of the increasing OLR, non-homogeneous H2 

distribution in the sludge and the pulse H2 injections in favor of homoacetogens 

improving their contribution chances to H2 consumption and thereby acetate 

production. In addition, Agneessens et al. (2018) stated that hydrogenotrophic 

methanogens, instead of homoacetogens, were benefited from repeated H2 injections 

with an OLR of 2 g VS/L·d.  
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In the present study, there was no acetate accumulation because of good 

homogeneous H2 distribution in the sludge obtained with the hollow-fiber membrane 

module with continuous H2 injection, indicating hydrogenotrophic methanogens 

outcompeted homoacetogens. Under the studied conditions, the increasing OLR had 

no effect on the biomethanation process.  

Conversely, in a previous experiment (Luo and Angelidaki, 2013a), at equivalent H2 

loading rates and similar OLR using a hollow-fiber membrane as H2 diffusion system, 

acetate accumulation was observed. This may be explained as gas recirculation was 

not applied in the reactor thus, H2 distribution was less homogeneous than in the 

present study leading to an important homoacetogen activity. Thus, gas recirculation 

rate seems to have a positive effect on the in-situ biomethanation when OLR is 

increasing.  

 

7.3.3.3 pH, NH4+ and solids removal 

One of the main technical challenges of in-situ biogas upgrading technology is pH 

increase to values above 8.5, leading to the inhibition of methanogenesis (Angelidaki 

et al., 2018; Weiland, 2010).  

During the set-up period, the two reactors showed similar pH values (~ 7.4) which are 

in accordance with literature reported on biogas production from sewage sludge 

(Metcalf and Eddy, 2003).  

After the set-up period and throughout the experiment, the pH for R2 remained 

relatively unchanged, while a gradual pH increase to 8.1 was recorded in R1, as a result 

of CO2 removal (Table 27). No inhibition was observed as previously reported in 

Agneessens et al. (2017; 2018) at pH 8.3, thus indicating adaptation of microorganisms 

to higher pH levels. Then, the direct H2 addition to the anaerobic reactor had no effect 

on methanogenesis performance.  

In contrast, previous experiments on in-situ biogas upgrading reactors (Luo et al., 

2012; Luo and Angelidaki, 2013a; Luo and Angelidaki, 2013b) showed a slight inhibition 

of methanogenesis when pH was more than 8.3, verifying the argument that in 
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conventional biogas production systems, high pH levels inhibited or hampered 

biomethanation process.  

During the experiment, the two reactors showed similar NH4
+ concentrations (Table 

27), in harmony with literature of biogas production from sewage sludge (Speece, 

2008; Metcalf and Eddy, 2003). Thus, the H2 addition to the anaerobic digestion of 

sewage sludge had no effect on NH4
+ levels. As in the in-situ experiment performed by 

Luo and Angelidaki (2013b), NH4
+ concentration was higher in the reactors than in the 

influent. Literature of in-situ biogas upgrading reactors shows no more NH4
+ 

concentration results.  

TS concentration, VS/TS ratio and %VS removal in feeding raw sludge, R1 and R2 are 

reported in Table 27. The two reactors showed similar performance in terms of solids 

removal (Table 27) during the set-up period, confirming the use of R2 as a control 

reactor for the in-situ upgrading process. This similarity of solids removal yield was 

maintained during the whole experiment regardless the injection of H2 and the 

increase in the gas recirculation rate in R1. According to the results shown in Table 27, 

the removal of VS was not affected by the introduction of H2 in any stage in R1 

considering its high similarity with the VS removal results obtained in R2 with no 

significant differences. In addition, all these solids removal yields were within the 

normal range for the anaerobic digestion of sewage sludge (Speece, 2008; Metcalf and 

Eddy, 2003). 

 

7.3.4 Dewaterability of digested sludge 

The percentage of solids recovery by centrifugation was closely similar between the 

inoculum and the sample from R2 and slightly higher than the recovery showed in the 

sample from R1 (Table 28).  

Table 28. Centrifugability and filterability of inoculum and digested sludge from 

R1 and R2 in stage 3. 

 Inoculum R1 R2 

Centrifugablity (% solids recovery) 99.20 ± 0.10 98.30 ± 0.10 99.10 ± 0.12 

Filterability (filtration constant) 0.60 ± 0.00 0.25 ± 0.00 0.30 ± 0.00 
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The highest filtration constant was assigned to the initial inoculum being a double 

value of the one obtained in the sludges from both reactors (Table 28). R1 presented 

lower constant than R2 meaning worse filterability linked with the result of lower 

centrifugability mentioned above. 

Additionally, the turbidity (by visual inspection, Figure 45) of the sludge from R1 was 

much higher than R2.  

 

Figure 45. Turbidity visual inspection of samples from R1 (a) and R2 (b).  

 

In short, R1 presented worse centrifugability, worse filterability and higher turbidity in 

comparison with the digested sludge from R2 as a result of the small particles and 

colloid materials present in the digested sludge. The presence of colloid materials was 

presumably a negative impact of the turbulence caused by high gas recirculation rate 

in R1. There was no literature data on dewaterability to compare the findings from this 

study to.  

 

7.3.5 Microbial community 

From the archaeal DGGE gel (Figure 46 a), 22 bands were sequenced. According to the 

RDP classifier (confidence threshold of 50%), they belonged to the Euryarchaeota and 

Pacearchaeota phyla. In the case of Euryarchaeota phyla, the bands were ascribed to 
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two classes, almost all to Methanomicrobia (band 1-15) and only one band to 

Methanobacteria (band 16). The Pacearchaeota phyla was found in bands 17-22 (Table 

29). The BLAST search tool provided consistent results with those given by the RDP 

classifier.  

Five families were present in which Methanotrix, Methanospirillum, Methanoculleus 

and Methanolinea were the four genus assigned to Methanomicrobia class and 

Methanobacterium genus to Methanobacteria class. The Pacearchaeota phyla ascribed 

the genus Pacearchaeota Incertae Sedis AR13 (Table 29).  

 

 

Figure 46. a) Archaeal DGGE profiles and b) Bacterial DGGE profiles of the 16S rRNA 

amplicons of the samples with their respective diversity indices. Samples: Inoculum (I), 

upgrading reactor (R1) and control reactor (R2) in the three stages (1-3) of the 

experiment. 
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During the experiment, some archaea disappeared corresponding only with the 

Euryarchaeota phyla (Figure 46 a). On the one hand, they disappeared completely in 

R1 (band 1, 3, 4, 5, 6 and 14) although they were present in the inoculum and R2. On 

the other hand, the missing archaea in R2 (band 2, 8 and 16) were present in R1 and 

with an increasing trend.  

A new archaea appeared after the injection of H2 in R1 and it was present since then 

(band 9), corresponding with an uncultured specie (Methamicrobiales CU916161.1 or 

archaeon KJ402292.1) with an identity of 99% (Table 29). 

 Methanobacterium sp. was an archaea present in inoculum and R1 during the 

experiment but not in R2. Therefore, it was revealed the selection-effect of H2 on 

archaeal community composition over time.  

Although Methanoculleus sp. was no present initially in the inoculum, it was highly 

present in R1 and R2 during the experiment (Figure 46 a, Table 29). This fact could be 

explained as it was not detected in the inoculum sample due to its low abundance or it 

could be introduced with the feed sludge (not analyzed).  

With high values of abundance, both reactors had some common archaea (band 10, 11 

and 12) belonging to Euryarchaeota phyla. Pacearchaeota phyla population was 

maintained during the experiment in R1 and R2 in terms of high abundance (Figure 46 

a, Table 29).  

According to the genus obtained in the archaeal DGGE analysis, some 

hydrogenotrophic archaea were present over the experiment in R1 as Methanoculleus 

sp., Methanospirillum sp., Methanolinea sp. and Methanobacterium sp. with 

Pacearchaeota Incertae Sedis AR13 as a potential hydrogenotrophic methanogen as 

well. R1 had the possible presence of an acetoclastic methanogen, Methanotrix sp. 

present in R2 too.  

No homoacetogens were found in R1, which links with the previous discussion of VFA 

and OLR results. Homoacetogens were potentially outcompeted by hydrogenotrophic 

methanogens because of the reactor configuration and operation (homogeneous H2 
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distribution by hollow-fiber membrane module, use of gas recirculation rate, 

continuous H2 injection and obtained pH and CO2 levels). 

From the bacterial DGGE gel (Figure 46 b) and according to the RDP classifier 

(confidence threshold of 50%), 18 bands belonging to seven different phyla were 

sequenced: Proteobacteria (band 1-4), Firmicutes (band 5-7), Verrucomicrobia (band 8-

9), Lentisphaerae (band 10-11), Actinobacteria (band 12-13), Acidobacteria (band 14) 

and Cloacimonetes (band 15) while three bands remained unclassified (band 16-18) 

(Table 30). In general, the BLAST search tool provided consistent results with those 

given by the RDP classifier.  

It was noted that there was no particular predominant phylum, but H2 addition in R1 

had an effect on the microbial community producing some changes on it. During the 

experiment, some new bacteria appeared in R1 but they were not present in R2 or in 

the initial inoculum (band 4, uncultured bacterium KU648653.1, Table 30) and they 

were present during the different stages.  

Other bacteria disappeared from R1 but they were found in R2 (band 2 and 14 both 

uncultured bacterium) and vice versa (band 10) (Figure 46 b) and other ones 

disappeared completely in both reactors (band 13, uncultured Propionibacteriaceae 

EU812987.1, Table 30).  

Some were maintained in the experiment in similar abundances in R1 and R2 in the 

different stages (bands 1, 5, 7, 8, 9, 11 and 12) but it can be observed that there was 

an increasing trend of other species in R1 (bands 3, 15, 17 and 18). Although it was not 

present initially in the inoculum, one unclassified bacterium (band 16, uncultured 

bacterium KU648637.1, Table 30) was highly present in R1 and R2 during the 

experiment. 
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Table 29. RDP classification of the archaeal DGGE bands sequenced with a 50% of confidence level, and corresponding matches according to 

the BLAST search tool, with their similarity percentages, and environments from which they were retrieved. Intensity < 20 = x, 20 ≤ intensity ≤ 

100 = xx, intensity> 100 = xxx. Liquid samples from inoculum (I), upgrading reactor (R1) and control reactor (R2) during stages 1-3. 
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Table 30. RDP classification of the bacterial DGGE bands sequenced with a 50% of confidence level, and corresponding matches according to 

the BLAST search tool, with their similarity percentages, and environments from which they were retrieved. Intensity < 20 = x, 20 ≤ intensity ≤ 

100 = xx, intensity > 100 = xxx. Liquid samples from inoculum (I), upgrading reactor (R1) and control reactor (R2) during stages 1-3. 
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High archaea richness and evenness found with Shannon-Wiener diversity index 

ranged between 3.2 and 3.4 (close to the upper range value of 3.5) in R1, having the 

maximum value in the last stage of the experiment with the highest gas recirculation 

rate (Figure 46 a). For archaea, H index of R1 was similar, but always slightly higher 

than the diversity index obtained in the inoculum and in R2 during the experiment. The 

diversity indices calculated from the bacterial DGGE gel were in the range of 3.2 to 3.3 

in R1, showing a high bacterial richness and evenness (Figure 46 b). For bacteria, the 

diversity index of R1 was similar but always slightly lower to the H index obtained in 

the inoculum and in R2 during the experiment. 

The liquid samples from the control reactor presented high similarity indices of 

archaea during the experiment in comparison with the inoculum as expected due to 

the same operating conditions in both cases (Table 31). During the different stages of 

the experiment in R2 the similarity indices were high and not so different (Table 31), 

indicating the maintenance of archaea population in the reactor over the time. In the 

upgrading reactor, similar high similarity indices were found between stage 1 and 2, 

and stage 2 and 3, although the gas recirculation rate was increased, in contrast to 

stage 1 and 3 for which the similarity index was significantly lower (Table 31).  

Table 31. Archaeal similarity indices (%) between the liquid samples from inoculum (I), 

upgrading reactor (R1) and control reactor (R2) during stages 1-3. 

 

 I R2.1 R1.1 R2.2 R1.2 R2.3 R1.3 

I 100 87.8 36.9 82.5 59.8 78.3 77.0 

R2.1 - 100 57.9 96.0 79.1 92.4 86.3 

R1.1 - - 100 60.4 83.6 50.7 51.4 

R2.2 - - - 100 82.2 96.2 89.1 

R1.2 - - - - 100 78.6 81.5 

R2.3 - - - - - 100 93.5 

R1.3 - - - - - - 100 

 

Comparing stage-by-stage similarity index of archaea found in R1 and R2 samples, it 

can be observed not only the highest difference in stage 1 as a result of the injection of 

H2 in the upgrading reactor but also an increasing trend in stages 2 and 3 (Table 31). 

This increasing archaea similarity trend between R1 and R2 and the decreasing 
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similarity values in R1 cannot link with the increasing H2 utilization efficiency obtained 

during the operation of the reactors described previously. These values might be 

explained by the appearance of a biofilm (not analyzed), around the hollow-fiber 

membrane module (Figure 47), which was likely to be created after stage 1, where 

some hydrogenotrophic archaea population potentially could be accumulated near the 

H2 source and were responsible for the high process bioconversion.  

  

Figure 47. Biofilm found around the hollow-fiber membrane module. 

 

Kougias et al. (2017) reported the dominance of a hydrogenotrophic archaea in the 

biofilm formed on top of the H2 diffuser surface for an ex-situ biogas upgrading 

experiment. However, the biofilm formed on the hollow-fiber membrane module 

employed by Luo and Angelidaki (2013a) was found not to be beneficial to the process 

since it increased the resistance of H2 diffusion to the liquid. In their study, it was also 

demonstrated that the biofilm formed on the membrane only contributed 22-36% to 

the H2 consumption, while most of the H2 was consumed by the microorganisms in the 

liquid phase.  

Thus, to ensure the contribution of the biofilm to H2 consumption and CH4 production, 

further research on in-situ biogas upgrading membrane bioreactors should focus on 
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the biofilm microbial analysis. In addition, further studies should include the 

determination of H2 consumption rate by the biofilm formed on the membrane. 

When compared to the inoculum, the liquid samples from the control reactor showed 

high similarity indices of bacteria during the experiment, with the same being observed 

in the upgrading reactor (Table 32). The similarity index of bacteria in R2 during the 

three experiment stages was high without too many differences indicating the bacteria 

population maintenance over the experiment time (Table 32). In this case, R1 showed 

the same behavior in bacteria similarity index having not significant bacteria 

population changes (Table 32).  

Table 32. Bacterial similarity indices (%) between the liquid samples from inoculum (I), 

upgrading reactor (R1) and control reactor (R2) during stages 1-3. 

 I R2.1 R1.1 R2.2 R1.2 R2.3 R1.3 

I 100 79.8 76.7 88.1 73.8 92.0 75.5 

R2.1 - 100 82.8 78.0 68.9 82.3 76.7 

R1.1 - - 100 76.8 84.4 81.7 88.9 

R2.2 - - - 100 80.4 96.3 86.0 

R1.2 - - - - 100 79.7 90.1 

R2.3 - - - - - 100 86.0 

R1.3 - - - - - - 100 
 

By comparing bacteria similarity index of R1 and R2 liquid samples, high similar values 

were observed (Table 32). However, it cannot be stated that H2 injection had no effect 

on the bacteria population due to limitations of the employed microbial analysis 

techniques in the study. It was possible that differences in the bacterial community 

could have not been properly detected.  

Thus, further studies should use Next Generation Sequencing (NGS) techniques to 

evaluate the effect of H2 injection to anaerobic digestion of sewage sludge on bacteria 

community.  

Archaea and bacteria were detected by FISH in all liquid samples tested for both 

reactors. FISH micrographs can be found in Figure 48. Archaea appear red due to 

hybridization with the ARCH915 probe (red) while bacteria appear green due to 

hybridization with the EUB338 I and EUB338 plus probes (green) and DAPI (cyan).  
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Figure 48. FISH micrographs 100x of archaea and bacteria during the experiment. 

Samples: inoculum (I), upgrading reactor (R1) and control reactor (R2), stages 1-3. 
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In the inoculum, archaea accounted for 10.48% of the microbial population, while 

bacteria represented 10.24%, with an archaea/bacteria ratio of 50.58% where any of 

both was predominant against the other. After the set-up period and during the 

different stages of the experiment in R1 and R2 both archaea and bacteria content 

experienced a slow progressive increase up to values of 16.92% and 16.61%, 

respectively, for R1 and 17.06% and 16.76%, respectively, for R2 but maintaining the 

archaea/bacteria ratio in close range in comparison to the inoculum.  

This finding may be explained by the previously mentioned appearance of biofilm 

around the hollow-fiber membrane module which could concentrate 

hydrogenotrophic archaea due to the easy physical availability of H2 thus not being in 

the liquid phase where samples were taken for FISH analysis.  

 

7.4 CONCLUSIONS 

Biological biogas upgrading by coupling CO2 with external H2 to upgrade methane was 

feasible in a mesophilic anaerobic digester of sewage sludge.  

At H2 loading rate of 0.87 LH2/LR·d and gas recirculation rate of 202 L/LR·d, 94% 

efficiency in H2 utilization was found. Under these rates, H2 injection resulted in CH4 

production rate of 0.54 LCH4/LR·d, which is a 42% increase in CH4 production in 

comparison with the anaerobic digestion of sewage sludge and 73% CH4 content was 

achieved in the biogas.  

The biodegradation potential of the upgrading reactor was not compromised by H2 

supply or by the high pH level (8.1). No inhibition was observed indicating adaptation 

of microorganisms to higher pH levels.  

Hollow-fiber MBR showed good H2 mass transfer capacity, reaching a 𝑘𝐿𝑎𝐻2
 value of 

25 h-1. Gas recirculation improved the H2 gas-liquid mass transfer significantly and 

seemed to have a positive effect on the in-situ biomethanation when OLR increased.  
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VFA accumulation was not observed and H2 rate converted to CH4 showed an 

increasing trend over the experiment. Dewaterability of the sludge was negatively 

impacted by the turbulence caused by the high gas recirculation rate. 

H2 had influence on community composition and hydrogenotrophic methanogens 

outcompeted homoacetogens. Methanoculleus sp., Methanospirillum sp., 

Methanolinea sp. and Methanobacterium sp. were the hydrogenotrophic archaea 

present over the experiment.  
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8.1 INTRODUCTION 

Due to the fact that H2 assisted biogas upgrading technology is based on the surplus of 

renewable electricity generated by wind or solar power, the system should be resilient 

to the natural variability of weather conditions and thus to different input H2 flow 

rates even to the lack of H2.  

As mentioned in Chapter 1, some studies affirm that dormant cultures can be quickly 

reactivated in large-scale AD systems and that methanogens can be fed intermittently 

(Lettinga, 1995; Martin et al., 2013) and some introductory tests have been conducted 

in ex-situ biogas upgrading systems with TBF reactor configurations at thermophilic 

and mesophilic conditions, with one and three days of H2 suspension, respectively 

(Strübing et al., 2017; Burkhardt et al., 2015). Moreover, in the experiment described 

in the Chapter 6, a preliminary test was performed in which the gas feed was 

interrupted for 22 h.  

In all these tests, the system recovered the initial steady-state conditions of CH4 

content and production quickly. However, it is mandatory to elucidate the 

biomethanation efficiency during intermittent provision of H2 in longer and repeated 

H2 intermittent periods in order to perform the scaled up, a challenge of the biogas 

upgrading technology not studied yet.  

The aim of the current work is to study the intermittent addition of H2 for ex-situ 

biogas upgrading in order to evaluate the dynamicity of the process simulating real-

cases during which renewable electricity is a temporary surplus. Different H2 stop-

feeding periods were experienced in three ex-situ up-flow reactors in a range of 1, 2 

and 3 weeks. The reproducibility was assessed performing three replicates of H2 stop-

feeding periods in each reactor. The dispersion of gases in the reactors was performed 

using stainless steel diffusers combined with ceramic sponges. Microbial communities 

populating the upgrading reactors were studied during the different experimental 

stages to elucidate their plasticity against the lack of H2.  
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8.2 MATERIALS AND METHODS 

8.2.1 Reactors 

The description of the reactors used in the experiment has been performed in Chapter 

3, section 3.1.2.2. As previously mentioned, the experiment was performed using the 

same up-flow reactor configuration for three reactors (R1, R2 and R3) with working 

volume of 1.0 L for each setup. Each reactor was equipped with two stainless steel 

diffusers and two inert alumina ceramic sponges used as gas sparging surface. 

 

8.2.2 Operating conditions 

The three reactors were inoculated with an active enriched hydrogenotrophic 

thermophilic inoculum obtained from a previous ex-situ biogas upgrading reactor 

(Bassani et al., 2017) with the aim of having shorter set-up period. The chemical 

composition, elemental analysis and trace elements of the inoculum are given in Table 

33 and Table 34. 

The digestate used as nutrient solution was obtained from Snertinge biogas plant 

(Denmark). After arrival to the laboratory, the digestate was sieved using a 2 mm net 

in order to remove large particles and then stored at 55 º C at anaerobic conditions in 

5 L bottles. The bottles were kept in one incubator at thermophilic conditions for two 

months in order to be completely degassed.  

The chemical composition, elemental analysis and trace elements content of the 

digestate used as nutrient solution are shown in Table 33 and Table 34. 

Before its use, pH was adjusted to 7.00 ± 0.04 in the digestate by the addition of 

approximately 3.5-4 mL of H3PO4 (34% vol) per 400 mL. Nutrient solution was 

introduced to the reactors from their bottom part with HRT of 50 d. 
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Table 33. Chemical composition of initial inoculum and digestate used as nutrient 

solution. 

 

 

 

 

Table 34. Elemental analysis and trace element content in the initial inoculum and in 

the digestate used as nutrient solution. N, C, H and S are expressed as % while the rest 

of the elements are expressed as mg/Kg of dry matter. DL= Detection Limit. 

Element Inoculum Nutrient solution 

N 6.31±0.06 5.01±0.41 
C 25.51±0.56 23.55±0.48 
H 4.45±0.02 3.35±0.17 
S 5.02±0.19 4.77±0.34 
Al 432±20 371±9 
Ba 37±1 33±0 
Ca 32039±157 26932±187 
Co 481±4 46±0 
Cu 197±2 215±2 
Fe 3668±161 1925±55 
K 88280±3427 118549±2471 

Mg 11171±162 11851±398 
Mn 318±3 305±9 
Na 33748±339 17264±92 
Ni 276±3 31±0 
P 10770±38 13385±348 
Sr 155±9 133±1 
Zn 86±5 < DL 

Parameter Inoculum Nutrient solution 

pH 8.60±0.01 8.75±0.13 

Total solids (g/L) 9.72±0.03 19.28±0.06 

Volatile solids (g/L) 4.28±0.01 9.20±0.05 

Total suspended solids (g/L) 7.70±0.28 11.51±0.45 

Volatile suspended solids (g/L) 6.7±0.21 7.20±0.35 

Total Kjeldahl nitrogen (g-N/L) 1.52±0.06 1.89± 0.02 

Ammonium nitrogen, NH+
4 (g-N/L) 1.53±0.02 1.63± 0.04 

Total VFA (mg/L) 74.39±3.10 29.90±0.94 

Acetate (mg/L) 60.34±3.37 29.90±0.94 

Propionate (mg/L) 9.62±0.59 0.00±0.00 

Iso-butyrate (mg/L) 0.48±0.07 0.00±0.00 

Butyrate (mg/L) 3.35±0.38 0.00±0.00 

Iso-valerate (mg/L) 0.28±0.12 0.00±0.00 

Valerate (mg/L) 0.00±0.00 0.00±0.00 

Hexanoate (mg/L) 0.32±0.12 0.00±0.00 
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After the inoculation, a set-up period was performed in R1, R2 and R3 at thermophilic 

conditions by supplying a gas mixture of H2, CO2 and CH4 with ratio 62:15:23 (%) at gas 

input rate of 2.23 L/LR·d (H2 loading rate of 1.38 LH2/LR·d) and gas recirculation rate of 

122.39 L/LR·d for 5 d. Afterwards, the experiment started maintaining thermophilic 

conditions and the gas recirculation rate, with a gas retention time of 12 h. 

During the experiment, each reactor experienced two different kind of experimental 

periods regarding H2 intermittency: normal feeding period where H2 was supplied to 

the reactors representing a normal ex-situ biogas upgrading period and H2 stop-

feeding period with no H2 source simulating lack of H2 as a consequence of no surplus 

of renewable energies. H2 stop-feeding period was 1, 2 and 3 weeks to R1, R2 and R3, 

respectively. Three replicate H2 stop-feeding periods were experienced in each up-flow 

reactor to assess the reproducibility of the process (Table 35). 

Table 35. Operating conditions studied during the experiment. 

Period 
Feeding 

H2/CO2/CH4 (%) 
R1 

Days 
R2 

Days 
R3 

Days 

Set-up 62/15/23 0-5 0-5 0-5 

First H2 stop 0/40/60 6-12 6-19 6-26 

Normal feeding 62/15/23 13-26 20-40 27-47 

Second H2 stop 0/40/60 27-33 41-54 48-68 

Normal feeding 62/15/23 34-47 55-72 69-85 

Third H2 stop 0/40/60 48-54 73-86 86-104 

Normal feeding 62/15/23 55-71 87-103 105-122 

 

The gas input rate was maintained at 2.23 L/LR·d during the whole experiment and the 

input gas mixture was composed of 15 % CO2 and 60% H2 according to the 

stoichiometry of hydrogenotrophic methanogenesis reaction (1:4, Eq. 1), 23% CH4 in 

order to simulate typical biogas composition (40% CO2 and 60% CH4) and 2% extra H2 

as ground gas which was expected to remain unutilized during the normal feeding 

periods while a gas mixture of 40% CO2 and 60% CH4 was the input gas mixture during 

the H2 stop-feeding periods.  
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8.2.3 Monitoring and experimental analysis 

The following parameters (Table 36) were monitored and analyzed during the 

experiment according to the materials and methods described in Chapter 3, section 

3.3. All analyses were done in duplicate samples. 

Table 36. Parameters monitored and analyzed during the study. 

Parameter Measuring frequency 

Headspace pressure 
Continuous mode 

Temperature 

Gas production rate 
Daily 

Gas composition 

VFA concentration 
Twice per week 

pH 

 

pH, VFA, TS, VS, TSS, VSS, TKN, NH4
+, elemental and trace elements analysis were 

determined according to the materials and methods described in Chapter 3, section 

3.3 in order to characterize the inoculum and the digestate used as nutrient solution.  

 

8.2.4 Calculations 

Calculations about efficiency of H2 utilization (𝜂𝐻2
), CO2 conversion efficiency (𝜂𝐶𝑂2

), 

CH4 production rate and methane yield (𝑌𝐶𝐻4
) have been performed following the 

calculations described in Chapter 3, section 3.5 while specific gas transfer coefficient 

(𝑘𝐿𝑎𝐻2
) was calculated according to Eq. 3 of Chapter 1.  

H2 utilization rate for microbial growth (LH2/LR·d) was estimated as the gap between H2 

loading rate (input) and the sum of H2 rate and CH4 as equivalent H2 in the produced 

gas (output gas) according to Eq. 43: 

𝐻2 𝑟𝑎𝑡𝑒 𝑡𝑜 𝑔𝑟𝑜𝑤𝑡ℎ = 𝐻2 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 − 𝐻2 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑜𝑢𝑡𝑝𝑢𝑡 𝑔𝑎𝑠 − 4 · 𝐶𝐻4 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒(Eq. 43) 

where 𝐻2 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒  (LH2/LR·d), 𝐻2 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑜𝑢𝑡𝑝𝑢𝑡 𝑔𝑎𝑠 (LH2/LR·d) and 

𝐶𝐻4 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (LCH4/LR·d) were calculated according to the equations (Eq. 11, 

Eq. 12 and Eq. 23, respectively) described in Chapter 3, section 3.5 and 4 is the 

stoichiometric coefficient according to Eq. 1. 
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8.2.5 Microbial community analysis 

In order to elucidate the plasticity of the microbial communities populating the 

upgrading reactors against the lack of H2, samples were collected. Initially, a sample of 

the inoculum was taken before starting the experiment (I) and then several liquid 

samples (1-7) from each reactor were collected just at the end of each different 

experimental period to identify the microbial dynamics (Figure 49). 

 

Figure 49. Sampling points in each reactor throughout the experiment for microbial 

analysis. 
 

Extraction of genomic DNA of samples in triplicates and 16S rRNA gene sequencing 

analysis was performed according to the materials and methods described in Chapter 

3, sections 3.4.1. and 3.4.4.  

8.3 RESULTS AND DISCUSSION 

During the first day of the experiment in the set-up period, foam was generated inside 

the three reactors as a consequence of the gas diffusion application which was 

suppressed by itself in all of them after one day.  

The digestate used as nutrient solution had no residual biogas production as it had 

been previously degassed without any final effect on CH4 production or VFA 

accumulation at all. In addition, its pH adjustment with H3PO4 from its high initial value 

of 8.75 ± 0.13 to a final value of 7.00 ± 0.04 was necessary before its use during the 

whole experiment in order to be within the optimum range for methanogenesis.  
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The three reactors, after the H2-stop periods and once they recovered the previous 

initial conditions of CH4 (production rate and content), were working some more days 

with H2 source to assure reproducible and stable results before starting the next 

period of the experiment.  

 

8.3.1 Performance of reactor 1 

In the set-up period, CH4 content increased from 23.0% in the input gas to 95.4% in the 

output flow in R1 achieving steady-state conditions in terms of stable methane 

production and composition in a short period of time (1 d). Approximately 2% H2 in R1 

remained unutilized and was recorded in the output gas (Table 37).  

Average 𝜂𝐻2
, 𝜂𝐶𝑂2

, 𝑌𝐶𝐻4
, pH and 𝑘𝐿𝑎𝐻2

 values observed during the set-up period are 

shown in Table 37. Total VFA concentration decreased significantly being only 

composed by acetate and butyrate (Table 37). Average H2 utilization rate for microbial 

growth was 0.07 LH2/LR·d.   

On day 6, the first H2 stop-feeding period was applied by the only injection of CO2 and 

CH4 as gas feeding for a week and then (on day 13) R1 was fed again with the gas 

mixture containing H2. Two more repetitions of these H2 stop/start periods were 

performed according to Table 35. 

During the three applied H2 stop-feeding periods to R1 of one week, CH4 production 

rate was approximately zero (Figure 50) and CH4 content decreased to 61-64% 

approximately (Figure 51) being only CO2 (36-39%) the other component of the 

produced biogas. These results were the expected ones as the gas substrate (H2) for 

the bioconversion to CH4 was not provided during these periods.  

In the three replicate periods, as a consequence of lack of H2 to react with CO2, pH 

dropped (Figure 52) to an average range between 7.42±0.05 and 7.71±0.12. 

Only during the first stop period, total VFA and acetate concentrations experienced an 

increase (from 84 to 140 mg/L and from 63 to 114 mg/L, respectively) while in the 

other two periods total VFA, acetate and butyrate concentrations did not experienced 

any significant change or accumulation.  
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Table 37. Performance of the reactors under steady state conditions. 

Period Reactor 

Output gas 
composition (%) 

Gas 
output 

rate 

CH4 
production 

rate 

𝒀𝑪𝑯𝟒
 𝜼𝑯𝟐

 𝜼𝑪𝑶𝟐
 𝒌𝑳𝒂𝑯𝟐

 
pH 

Total 
VFA 

Acetate Butyrate 

H2 CO2 CH4 L/LR·d LCH4/LR·d LCH4/LH2 (%) (%) (h-1) mg/L mg/L mg/L 

Set-up 

R1 2.3±1.8 2.3±0.5 95.4±1.3 0.87±0.01 0.32±0.01 0.24±0.01 98.7±0.5 96.0±0.1 167±12 8.56±0.13 92±16 63±8 26±4 

R2 3.0±0.8 2.4±0.7 94.6±0.1 0.85±0.04 0.32±0.00 0.24±0.00 98.7±0.4 98.9±0.1 172±7 8.53±0.12 126±15 93±10 32±4 

R3 6.6±0.2 3.4±0.2 90.0±0.0 0.91±0.01 0.30±0.00 0.22±0.00 97.4±0.0 93.4±0.1 87±2 8.53±0.01 138±16 89±15 33±1 

First 
recovery 

R1 1.8±0.8 2.8±0.6 95.4±0.6 0.86±0.02 0.31±0.02 0.23±0.01 98.3±0.7 92.4±0.1 167±21 8.57±0.09 77±11 44±0 32±11 

R2 3.6±0.4 1.9±0.1 94.5±0.5 0.88±0.01 0.31±0.00 0.24±0.00 98.4±0.7 95.4±0.7 179±7 8.61±0.06 85±8 55±7 28±1 

R3 6.3±0.3 3.2±0.2 90.5±0.1 0.88±0.01 0.29±0.01 0.21±0.00 95.7±0.1 91.9±0.5 91±2 8.79±0.02 90±13 53±12 25±1 

Second 
recovery 

R1 3.1±0.3 2.4±0.3 94.5±0.1 0.89±0.01 0.33±0.01 0.25±0.00 97.7±0.6 92.3±0.1 169±19 8.66±0.09 73±10 36±9 25±0 

R2 2.3±0.4 2.5±0.6 95.2±0.5 0.87±0.01 0.31±0.00 0.23±0.00 99.6±0.2 96.1±0.6 163±21 8.59±0.01 81±36 70±21 11±15 

R3 6.2±0.5 3.7±0.6 90.1±0.4 0.89±0.01 0.29±0.01 0.22±0.01 94.9±0.2 91.0±0.2 90±3 8.23±0.01 100±4 100±4 0±0 

Third 
recovery 

R1 3.5±0.6 1.8±0.7 94.7±0.2 0.90±0.05 0.33±0.01 0.25±0.01 97.6±0.3 94.9±1.4 165±19 8.55±0.02 50±1 41±2 9±12 

R2 2.6±0.7 1.6±0.7 95.7±0.6 0.87±0.01 0.32±0.00 0.24±0.00 98.3±0.1 96.4±1.3 180±22 8.54±0.06 60±6 60±6 0±0 

R3 6.3±0.5 3.5±0.4 90.2±0.2 0.88±0.00 0.29±0.00 0.21±0.00 95.8±0.4 91.9±0.1 86±5 8.26±0.13 122±1 109±1 13±1 
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Figure 50. Methane production rate throughout the experiment in R1. 

 

 

Figure 51. Methane content throughout the experiment in R1. 
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Figure 52. pH evolution throughout the experiment in R1. 
 

After the reinjection of H2 in the reactor, its transformation to CH4 coupling with CO2 

took place since the beginning in all the recovery periods experienced.  

In the three recovery periods, CH4 production rate and CH4 content gradually increased 

(Figure 50, Figure 51) reaching the initial values obtained during the set-up period 

(Table 37). The results from the three periods where H2 was injected again to R1 

showed exactly the same required time for the system to recover the initial steady 

conditions, 7 days (Figure 50, Figure 51).  

As it was recorded during the set-up period, approximately 2-3% H2 in R1 remained 

unutilized in the output gas in the three periods (Table 37). Approximate 𝜂𝐻2
 values of 

98% were obtained after the recoveries with no substantial differences with the initial 

efficiency values from the set-up period while slightly lower 𝜂𝐶𝑂2
 was found (92-95%) 

after the three recoveries in comparison with the initial value before the three H2 stops 

(Table 37).  

𝑌𝐶𝐻4
 gradually increased during the three recovery periods reaching the same values 

than the initial yield obtained during the set-up period (close to the maximum 

stoichiometric value of 0.25 LCH4/LH2) (Table 37).  
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During all the recovery periods experienced, H2 utilization rate for microbial growth 

dropped progressively throughout the recovery time, from average values of 0.49 

LH2/LR·d at the beginning of the recovery period to 0.08 LH2/LR·d after the system 

recovery (close to the set-up value), supporting the gradually increased of 𝑌𝐶𝐻4
.  

𝑘𝐿𝑎𝐻2
 values found during the three recovery periods had no significant differences 

each other or with the previous one obtained in the set-up period (Table 37). 

As a result of the reaction of CO2 with H2 during these periods, pH experimented an 

increase in all of them (Figure 52, Table 37) with no biomethanation inhibition despite 

of high pH level.  

Acetate dropped significantly during the first recovery therefore total VFA 

concentration decreased as well with no remarkable changes in butyrate 

concentration. During the second and third recovery periods, VFA accumulation took 

not place. H2 and CO2 utilized for VFA production were negligible.  

Therefore, the H2 intermittency had no effect on the capacity of the system to recover 

the initial CH4 conditions or in the biomethanation process. The repetition of H2 lack 

had not any positive or negative influence on the system recovery to reach the initial 

steady-state. 

 

8.3.2 Performance of reactor 2 

R2 achieved steady state conditions in terms of stable CH4 (production and 

composition) in a short period of time (1 d) with an increase in its content from 23.0% 

in the input gas to 94.6% in the output flow during the set-up period. H2 was reduced 

from 62.0% to 3.0% while CO2 decreased from 15.0% to 2.4% (Table 37).  

During the set-up period, 𝜂𝐻2
 and 𝜂𝐶𝑂2

 reached 98.7% and 98.9%, respectively, 

𝑘𝐿𝑎𝐻2
 value was 172 h-1, 𝑌𝐶𝐻4

 was 0.24 LCH4/LH2 and average H2 utilization rate for 

microbial growth was 0.07 LH2/LR·d. pH ranged between 8.44 and 8.61 (Figure 53). 

Total VFA concentration decreased significantly being only composed by acetate and 

butyrate (Table 37). 
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Figure 53. pH evolution throughout the experiment in R2. 
 

On day 6, the first H2 stop-feeding period was applied by the only injection of CO2 and 

CH4 as gas feeding for 2 weeks.  

R2 was fed again with the H2 gas mixture and the transformation of H2 and CO2 took 

place since the beginning of the period. CH4 content and CH4 production rate 

experienced a gradually increase (Figure 54 and Figure 55) reaching the same values 

than the initial values before the lack of H2 (Table 37) after 17 days of H2 presence in 

gas feeding. For this first recovery period, similar unutilized H2 percentage in the 

output gas, 𝑌𝐶𝐻4
 (which showed a gradual increase over the recovery period) and 𝜂𝐻2

 

were found in comparison to the initial values (Table 37) while 𝜂𝐶𝑂2
 was slightly lower 

compared to the value before the H2 stop.  

Then, on day 41, the second H2 stop-feeding period was applied. After this second 

period of 2 weeks without H2 source, R2 was fed again with the gas mixture composed 

by H2, CO2 and CH4 (on day 55).  
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Figure 54. Methane content throughout the experiment in R2. 
 

 

Figure 55. Methane production rate throughout the experiment in R2. 

 

During this new second recovery period, 14 days were needed to R2 in order to 

recover the 95% CH4 content in the output flow and the initial CH4 production rate, 3 

days less than the previous recovery time experienced (Figure 54 and Figure 55). It was 

shown that 99.6% of the injected H2 was consumed, 𝜂𝐶𝑂2
reached 96.1% and 𝑌𝐶𝐻4  was 

0.23 LCH4/LH2.  
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On day 73, the last H2 stop-feeding period was applied. Two weeks later, H2 was 

injected again in the reactor, starting then the last period of the experiment (day 87). 

In this case, only 11 days were needed for recovering the initial steady conditions, the 

shortest required time for R2. 𝜂𝐻2
 and 𝜂𝐶𝑂2

 were 98.3% and 96.4%, respectively, and 

𝑌𝐶𝐻4
 reached its previous value of 0.24 LCH4/LH2. 

During the three H2 stop-feeding periods of 2 weeks performed in R2, CH4 production 

rate was zero (Figure 55) and CH4 content decreased to 62-65% approximately (Figure 

54) with CO2 content of 35-38%.   

In the three replicate periods, pH dropped (Figure 53) to a range between 7.38±0.05 

and 7.70±0.05 as it was expected because of lack of H2 to react with CO2.  

Only during the second stop period, total VFA and acetate concentrations experienced 

an exceptional increase (from 95 to 162 mg/L and from 55 to 131 mg/L, respectively) 

and subsequently decrease (to 64 and 41, respectively) while in the other two periods 

total VFA, acetate and butyrate concentrations did not experienced any significant 

accumulation or change.  

The results from the three periods where H2 was injected again to R2 showed a 

decreasing trend in the required time for the system to recover the previous initial 

steady conditions (Figure 54, Figure 55). Particularly, the first recovery in comparison 

with the second and the third showed a difference of three and six days meaning a 

reduction of 18% and 35% in the recovery time, respectively.  

Therefore, the process was more resilient to the repeated lack of H2 as more H2 stop-

feeding periods were experienced showing shorter recovery times for the system to 

reach again the initial steady conditions. 

In the three periods after the H2-stop and the recovery of the system, similar H2 

percentage in the output gas (2-4%), 𝜂𝐻2
 (98-99%) and 𝑌𝐶𝐻4

 (0.23-0.24 LCH4/LH2) values 

were found in comparison to the initial values (Table 37) while 𝜂𝐶𝑂2
 was slightly lower 

(95-96%) compared to the value before all the H2 stops. 𝑘𝐿𝑎𝐻2
 values found during the 

three recovery periods had similar values (Table 37). Biomethanation inhibition took 

not place despite of high pH level (Table 37, Figure 53). Acetate and total VFA 
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concentrations were found to be low and stable and butyrate was present in small 

concentration with a decreasing trend during the experiment and H2 and CO2 utilized 

for VFA production were negligible.  

During all the recovery periods experienced and supporting the gradually increased of 

𝑌𝐶𝐻4
, H2 utilization rate for microbial growth dropped progressively throughout the 

recovery time, from average values of 0.45 LH2/LR·d at the beginning of the recovery 

period to 0.09 LH2/LR·d after the system recovery, slightly higher value compared to the 

value from the set-up period.  

 

8.3.3 Performance of reactor 3 

In the set-up period, CH4 content increased from 23.0% in the input gas to 90.0% in the 

output flow in R3 achieving steady-state conditions in terms of stable methane 

production and composition in a short period of time (1 d). 6.6% H2 and 3.4% CO2 were 

recorded in the output gas (Table 37). Average 𝜂𝐻2
, 𝜂𝐶𝑂2

, 𝑌𝐶𝐻4
, pH and 𝑘𝐿𝑎𝐻2

 values 

observed during the set-up period are shown in Table 37. Total VFA concentration 

decreased significantly being only composed by acetate and butyrate. Average H2 

utilization rate for microbial growth was 0.13 LH2/LR·d.   

On day 6, the first H2 stop-feeding period was applied for 3 weeks restarting the 

feeding containing H2 on day 27. Two more repetitions of these H2 stop/start periods 

were performed according to Table 35. 

As expected, during the three applied H2 stop-feeding periods to R3 of 3 weeks, CH4 

production rate was approximately zero (Figure 56) and CH4 content decreased to 61-

63% approximately (Figure 57) and CO2 was 37-39%.  

In the three replicate periods, pH dropped (Figure 58) to an average range between 

7.43±0.05 and 7.67±0.07 as a result of the lack of H2 to react with CO2. Total VFA and 

acetate concentrations experienced a slightly decrease during this H2 stop periods 

while butyrate remained constant. 
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Figure 56. Methane production rate throughout the experiment in R3. 

 

 

Figure 57. Methane content throughout the experiment in R3. 
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Figure 58. pH evolution throughout the experiment in R3. 

 

After the reinjection of H2 in R3, its transformation to CH4 took place since the 

beginning for the three recovery periods experienced.  

In the three recovery periods, CH4 production rate and CH4 content in the output gas 

gradually increased (Figure 56 and Figure 57) reaching the initial values obtained 

during the set-up period (Table 37). Similarly, 𝑌𝐶𝐻4
 experimented a gradual increase. 

The results showed a decreasing trend in the required time to recover the initial 

conditions (Figure 56 and Figure 57). 15, 12 and 11 days were needed for the CH4 

content and CH4 production rate to reach steady conditions after the three 

consecutive applied H2 stop-feeding periods, respectively, which can be translated into 

20% and 27% reduction in the recovery time, respectively.  

Therefore, H2 intermittency had no effect on the system and on the biomethanation 

process as it recovered the initial CH4 production conditions. Moreover, the repetition 

of the H2 lack was shown to have a positive effect on the required recovery time of the 

system to reach the initial steady-state, shortening it.  
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Similarly to the set-up period, approximately 6% H2 in R3 remained unutilized in the 

output gas in the three recovery periods (Table 37). Approximate 𝜂𝐻2
 and 𝜂𝐶𝑂2

 values 

of 95-96% and 91-92% were obtained after the recoveries, respectively, close to the 

initial efficiency values from the set-up period (Table 37).  

Similar 𝑌𝐶𝐻4
 (0.21-0.22 LCH4/LH2) values were found in comparison to the initial values 

and 𝑘𝐿𝑎𝐻2
 values were maintained throughout the experiment (Table 37). 

Biomethanation inhibition did not appear despite the high pH level (Table 37, Figure 

58). Low total VFA, acetate and butyrate concentrations were found (Table 37) and H2 

and CO2 utilized for VFA production were negligible. 

During all the recovery periods experienced, H2 utilization rate for microbial growth 

dropped progressively throughout the recovery time, from average values of 0.53 

LH2/LR·d at the beginning of the recovery period to 0.17 LH2/LR·d after the system 

recovery (slightly higher value compared to the value from the set-up period), 

supporting the gradually increased of 𝑌𝐶𝐻4
.  

 

8.3.4 Comparison of reactors´ performance and H2 intermittency 

Although microbial community adaptation to the new operating conditions took place 

during the set-up period, microorganisms started to convert H2 and CO2 to CH4 rapidly 

in R1, R2 and R3. The CH4 content increased from 23%, in the input gas, to ≥90% in the 

output flow (approximately 95% in R1 and R2 and 90% in R3) achieving steady-state 

conditions in a short period of time.   

During the set-up period, R1 and R2 showed similar performance in terms of CH4 

production rates and CH4 content with similar  𝑌𝐶𝐻4
, 𝜂𝐻2

 and 𝜂𝐶𝑂2
 values (Table 37). 

However, slightly lower values were obtained in R3 (Table 37), which could be 

attributed to the lower 𝑘𝐿𝑎𝐻2
value found probably due to some technical issues 

affecting the mass transfer conditions in the setup of R3. Similar pH and VFA content 

were observed.  
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The three reactors, after the first H2-stop period and the subsequent H2 reinjection, 

recovered their initial conditions of CH4 (production, content and yield) thus 

biomethanation process was not affected by the intermittent provision of H2 or the 

length of the H2 lack (Table 37).  

The stability of these results was shown during the days after achieving the initial 

conditions in which the reactors were working with H2/CO2/CH4 gas mixture as feeding. 

The reproducibility and long-term feasibility of these results was demonstrated with 

the other two H2 stop/start periods applied to the reactors, achieving the same 

outcomes (Table 37, Figure 50, Figure 51, Figure 54, Figure 55, Figure 56 and Figure 

57). 

After the first H2-stop, more days were needed for the CH4 content and CH4 production 

rate to reach the initial steady conditions in R2 and R3 compared to R1 which can be 

linked with the longer period experienced without H2 as gas substrate (Figure 50, 

Figure 51, Figure 54, Figure 55, Figure 56 and Figure 57).  

After the second and third reinjection of H2 in R1, the system showed the same 

required time to recover the initial conditions. Interestingly, the results from R2 and R3 

showed a decreasing trend in the required time to the system recovery, reaching in 

both cases close values to R1 at the last periods experienced (Figure 50, Figure 51, 

Figure 54, Figure 55, Figure 56 and Figure 57).  

Therefore, the repetition of the intermittent provision of H2 in R2 and R3 was shown to 

have a positive effect on the recovery time of the system since the reactors recovered 

faster as more H2-stop periods were applied. Moreover, R2 and R3 showed similar 

decreasing recovery times suggesting firstly the possible absence of significant effect 

of H2-stop period length higher than 2 weeks on the system recovery time and 

secondly the possibility of reach lower recovery times (even closer to R1) if more H2-

stop periods were applied to the systems.  
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Further studies could evaluate the recovery times for H2-stop periods higher than the 

currently experienced. More repetitions of H2-stop periods of 2 and 3 weeks and H2 

restart would be interesting to assess more deeply the decreasing trend in the system 

recovery times observed in the current study. 

During the whole experiments, VFA accumulation was not recorded. Moreover, no 

biomethanation inhibition was observed in the reactors during the different periods of 

the experiment despite the high pH (8.23-8.79) indicating adaptation of 

microorganisms to higher pH levels.  

During all the recovery periods experienced in R1, R2 and R3, H2 utilization rate for 

microbial growth showed an increase immediately after the H2 reinjection to the 

system, presenting a decreasing trend throughout the recovery time to finally reach 

similar (R1) or slightly higher (R2 and R3) values compared to the initial ones observed 

in the set-up period, supporting the gradually increased of 𝑌𝐶𝐻4
 over the period. In any 

case, these values are within the range of the three experiments performed in ex-situ 

and in-situ bioreactors described in Chapter 4, Chapter 5 and Chapter 7.  

The increasing share of fluctuating renewable energy sources requires a demand-

oriented operation of Power-to-Gas technologies, to provide flexible energy 

conversion for long-term storage. Biological methanation, using H2 generated from 

excess electricity via water electrolysis and CO2 emission streams, has the potential to 

become such a flexible energy conversion technology.  

As discussed above, the ex-situ biogas upgrading reactors experienced had the 

capability to deal with the intermittent provision of H2 so the technical feasibility of the 

future application of this technology as a demand-oriented and efficient energy 

conversion technology was accomplished at lab scale. Moreover, this study is the first 

demonstrating study of on-demand biomethanation in the biogas upgrading topic up 

to now. 
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8.3.5 Microbial community 

Illumina sequencing generated in total more than 22 million of raw reads with average 

length of 249 bp; results are summarized in Table 38. After quality filtering and pair 

merging, on average 76% of reads were taxonomically assigned to OTUs (Table 38). 

Rarefaction curves (Figure 59) showed that the sequencing depth was adequate 

enough to cover the sample richness in the sample replicates. Microbial diversity was 

estimated and results showed 514 OTUs per replicate (on average).  

Table 38. Summary of the sequencing data and results. 

Sample ID 
Raw 

Reads 
Merged/Filtered 

Assigned Reads 
to OTUs 

% Assigned 

I 294541 142138 100681 71 

R1-1 340626 162429 129319 80 

R1-2 273861 130867 102286 78 

R1-3 288532 137231 105786 77 

R1-4 405756 192575 140751 73 

R1-5 395841 187583 142664 76 

R1-6 396197 186663 136801 73 

R1-7 348745 167037 128865 77 

R2-1 314135 150745 116530 77 

R2-2 277711 133068 97619 73 

R2-3 255100 122934 96251 78 

R2-4 334693 159948 107363 67 

R2-5 349663 166274 123540 74 

R2-6 382173 183109 136502 75 

R2-7 388922 184153 140044 76 

R3-1 276365 132900 106345 80 

R3-2 287597 137269 101895 74 

R3-3 242941 116723 91261 78 

R3-4 393803 189149 141733 75 

R3-5 357755 170336 131817 77 

R3-6 385908 184779 139392 75 

R3-7 358258 171546 129940 76 
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Figure 59. Rarefaction curves of annotated species richness.  

a) Inoculum; b) R1; c) R2; d) R3. Sampling points: 1-7; a, b, c: replicates of each sample. 

 

Considering the most abundant microbes (>1% of relative abundance in at least one 

sample), 48 OTUs covered approximately 71% and 83% of the community in the 

samples from inoculum and reactors, respectively. Among the selected OTUs, 8 were 

assigned at genus level and 6 at species level while the rest of the microbes were 

assigned only at higher taxonomic levels, suggesting the presence in the microbiome of 

numerous underexplored or undescribed taxa. 

Taxonomic assignment and relative abundance of the most abundant OTUs in the 

samples of inoculum, R1, R2 and R3 are reported in Figure 60, Figure 61 and Figure 62, 

respectively. Correspondence between colors and relative abundance is reported in 

the scale at the top of the panel.  
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Figure 60. Heat maps of relative abundance (%) of the most abundant microorganisms 

populating R1 during the different experimental periods (1-7) and inoculum. 
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Figure 61. Heat maps of relative abundance (%) of the most abundant microorganisms 

populating R2 during the different experimental periods (1-7) and inoculum. 
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Figure 62. Heat maps of relative abundance (%) of the most abundant microorganisms 

populating R3 during the different experimental periods (1-7) and inoculum. 
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Bacterial population covered on average 70% of the whole microbial community in the 

inoculum whilst archaea accounted on average for only 1%. The most represented 

phyla were Firmicutes (43%), Bacteroidetes (17%) with lower abundance of 

Proteobacteria (4%), Synergistetes (3%), Euryarchaeota (1%) and Fibrobacteres (1%). 

The three most abundant OTUs of the inoculum community were Bacteroidia sp. 22 

(14%), Clostridia sp. 2 (9%) and Thermoanaerobacteraceae sp. 9 (9%) (Figure 60).  

As expected, during the set-up period, the specialization of the community took place 

with a remarkable increase of archaeal population in all the reactors (Figure 60, Figure 

61 and Figure 62). After the set-up period (samples 1), archaeal species in the reactors 

represented on average 23% of the total microbial community. 

Among the most abundant OTUs after the set-up period in all the reactors, 2 of them 

were hydrogenotrophic methanogens assigned to Methanothermobacter sp. 1 and 

Methanobacterium formicicum (100 and 97% similarity, respectively) with average 

relative abundances of 19% and 4%, respectively (Figure 60, Figure 61 and Figure 62). 

BLASTn search against NCBI database revealed 100% similarity of 

Methanothermobacter sp. 1 with two microbial species, such as Methanothermobacter 

thermautotrophicus and Methanothermobacter wolfeii, indicating that one of the most 

abundant methanogens populating the archaeal and total community in the reactors 

was represented by a new species.  

The high abundance of Methanothermobacter sp. obtained in the present study is in 

agreement with previous studies which identified dominance of this hydrogenotrophic 

methanogen genus in biogas upgrading systems at thermophilic conditions in CSTR 

(Treu et al., 2018; Kougias et al., 2017), bubble columns (Kougias et al., 2017) and up-

flow reactors (Bassani et al., 2017). Likewise, Methanothermobacter sp. was the most 

abundant hydrogenotrophic archaea found during the ex-situ experiments of Chapter 

4, Chapter 5 and Chapter 6.  

M. formicicum is known to be able to produce extracellular polysaccharides, which 

play various roles in structure and functions of biofilm communities (Veiga et al., 1997) 

so it is frequently found in systems with biofilms as in Chapter 6 where it was the 

second most abundant microbe in the biofilm community.  
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However, if the environmental conditions are favorable, M. formicicum is present in 

communities without biofilms, as in the present study.  

After the set-up period, Clostridia sp. 2 was the second most abundant OTU of the 

community in the reactor samples (10-13%) (Figure 60, Figure 61 and Figure 62). This 

species was assigned to the recently discovered order MBA08, belonging to Clostridia 

class. BLAST results of this OTU’s consensus sequence indicated a high similarity to 

Hydrogenispora ethanolica (89%) and confirmed the relevance of this uncharacterized 

OTU previously found in other works dealing with biogas upgrading (Bassani et al., 

2017; Corbellini et al., 2018; Kougias et al., 2017; Treu et al., 2018; Chapter 6). In 

addition, Kougias et al. (2017) indicated the existence of a potential syntrophic 

interaction between the hydrogenotrophic methanogen M. thermautotrophicus and 

Clostridia sp. 2 (H. ethanolica) because of their concurrent remarkable high 

abundance, which could be observed in the experiment of Chapter 6 and in the 

present study after the set-up period in all the reactors. 

Although Thermoanaerobacteraceae sp. 9 was the third most abundant OTU of the 

community in the inoculum, after the set-up period showed 3-4% relative abundance 

in the reactors (Figure 60, Figure 61 and Figure 62). Members of this family (e.g. 

Moorella thermoacetica and Thermoanaerobacter kivui) are known homoacetogenic 

bacteria using H2 as electron donor to convert CO2 into acetate (Pierce et al., 2008; 

Weghoff and Müller, 2016). The best hit with 91% similarity was Moorella 

thermoacetica. Thus, Thermoanaerobacteraceae sp. could be a possible 

homoacetogen. 

Bacteroidia sp. 22 was an “unclassified species”. The taxonomic assignment could not 

be improved neither by BLASTn search against the NCBI database, nor by aligning the 

sequence against other public databases, such as RDP Classifier or SILVA ribosomal 

RNA gene database. The best hit with 81% similarity was with an obligatory anaerobic 

asaccharolytic member of Porphyromonas genus (Porphyromonas circumdentaria). 

This uncharacterized OTU was previously found in other works dealing with biogas 

upgrading (Kougias et al., 2017; Chapter 6).  
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Although Bacteroidia sp. 22 was the most abundant OTU of the inoculum community, 

after the set-up period, its relative abundance dropped to 0-1% (Figure 60, Figure 61 

and Figure 62). 

The principal coordinate analysis (PCoA) results were consistent in the three replicates 

for each sample analyzed (which clustered together, Figure 63), and thus, all of them 

were maintained for the analysis. PCoA clearly indicated differences between the 

inoculum and all the samples from R1, R2 and R3, revealing a big distance in their 

microbial beta diversity, in agreement with the previously discussed specialization of 

the microbial community achieved during the set-up period (Figure 63).  

 

Figure 63. Principal coordinate analysis plot (PC1 vs. PC2) representing variations of 

the most abundant OTUs based on least squares method in samples of R1, R2 and R3 

during the different experimental periods (1-7) and inoculum. 

 

During the different experimental H2 stop/start periods, bacterial population covered 

on average 63%, 68% and 69% of the whole microbial community in R1, R2 and R3 

samples, respectively, whilst archaea accounted on average for 21%, 14% and 15%, 

respectively. The most abundant phyla in the samples from the reactors were 

Firmicutes (56-63%), Euryarchaeota (14-21%) and Synergistetes (2-3%) with lower 

abundance of Proteobacteria (1-2%) and Bacteroidetes (1%). 
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A decrease in the relative abundance of Methanothermobacter sp. 1 and M. 

formicicum was observed in the samples obtained at the end of the first and second 

H2-stop periods (samples 2 and 4) while an increase was obtained in the samples from 

the first and second H2 reinjection periods (samples 3 and 5), for all the reactors. 

However, similar relative abundance was showed in the samples from the last H2-stop 

and H2 reinjection periods (samples 6 and 7) compared to the values of the second H2 

reinjection (samples 5) for the three reactors (Figure 60, Figure 61 and Figure 62).  

These up and down oscillations in microbial relative abundance values can be observed 

more clearly in the samples from R2 (Figure 61) and especially R3 (Figure 62), due to 

the fact that the HRT of the systems was 40 d and these reactors operated with longer 

H2 stop periods (14 and 21 d) compared to R1 (7 d).  

All these behavior patterns were confirmed by PCoA (Figure 64) which clearly indicated 

differences between the samples from H2 stop periods and H2 reinjection periods for 

R1, R2 and R3 and their small or relative distance in their microbial beta diversity.  

Therefore, H2 lack and its subsequent injection produced a decrease and increase, 

respectively, in the relative abundance of the hydrogenotrophic archaea community 

during the first and the second periods. However, the archaeal community did not 

experience any significant change when the third H2 stop/start period was applied, 

maintaining similar relative abundance values in their two hydrogenotrophic members 

(which were the most abundant OTUs in the total community), thus showing their 

resilience against the different H2 conditions.  

Methanothermobacter sp. 1 was dominant compared to M. formicicum in R1 

throughout the experiment. Interestingly, this dominance disappeared in R2 and R3 as 

both hydrogenotrophic methanogens were present in close relative abundance (Figure 

60, Figure 61 and Figure 62), thus suggesting the higher resilience of M. formicicum to 

longer H2 lack periods and/or the higher adaptability of this species to different H2 

input rates and/or its faster growth after the H2 reinjections compared to 

Methanothermobacter sp. 1. Further studies should study deeply the dynamicity of the 

hydrogenotrophic methanogens during the intermittent provision of H2 to elucidate 

the possible dominance shift in a long-term observed in the present study.  
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Figure 64. Principal coordinate analysis plot (PC1 vs. PC3 and PC2 vs. PC3) representing 

variations of the most abundant OTUs based on least squares method in samples of 

R1, R2 and R3 during the different experimental periods (1-7) and inoculum. 

 

The existence of the potential syntrophic interaction between the hydrogenotrophic 

methanogen M. thermautotrophicus and Clostridia sp. 2 (H. ethanolica) (because of 

their concurrent remarkable high abundance as indicated by Kougias et al. (2017)) was 

observed during the experiment in R1, R2 and R3. Clostridia sp. 2 showed constant 

relative abundance (8-10%) throughout the experiment dealing with the H2 

intermittency in R1 (Figure 60), while up and down oscillations in relative abundance 
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were found in R2 and R3 following the same behavior of the two hydrogenotrophic 

archaea (Figure 61 and Figure 62) thus confirming the potential syntrophic interaction 

between these microbes. 

The potential homoacetogen Thermoanaerobacteraceae sp. was not affected by any of 

the H2 stop periods in the three reactors, remaining constant its relative abundance 

throughout the experiment (Figure 60, Figure 61 and Figure 62). 

Syntrophomonadaceae sp. 3 was an “unclassified species” and the best hit with 91% 

similarity was Dethiobacter alkaliphilus. This species has been reported to grow 

chemolithoautotrophically with H2 as electron donor (Sorokin et al., 2008). Although 

Syntrophomonadaceae sp. 3 was scarcely present in the inoculum (<1%, Figure 60) and 

after the set-up period (1-2%) in the reactors (Figure 60, Figure 61 and Figure 62), it 

was the most abundant OUT after the third (in R1, Figure 60) and second H2 

reinjections (in R2 and R3, Figure 61 and Figure 62). Therefore, it was hypothesized 

that Syntrophomonadaceae sp. 3 had a regulatory role in the process, maintaining the 

balance of the system to perform the biomethanation. Further studies should focus on 

this microbe in order to elucidate if this syntrophic bacteria is critical for maintaining 

the biogas upgrading efficiency of the system.  

8.4 CONCLUSIONS 

The present work demonstrates the technical feasibility of the system recovery to 

reach the initial steady-state during the intermittent provision of H2 in thermophilic 

up-flow reactors for ex-situ biogas upgrading.  

The investigated systems, after the H2-stop periods of 1, 2 and 3 weeks and the 

subsequent H2 reinjections, recovered efficiently their initial conditions of CH4 

production rate, CH4 content and CH4 yield showing that the biomethanation process 

was not affected by the H2 intermittency or the length of the H2 lack.  

The repeatability and long-term feasibility of these results was demonstrated with the 

two following H2 stop/start periods applied to the reactors, achieving the same 

outcomes regarding the recovery of the systems.  
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The repetition of the intermittent provision of H2 was shown to have a positive effect 

on the recovery time of the system for the experiments with H2-stop periods of 2 and 3 

weeks since the reactors recovered faster as more H2-stop periods were applied. 

However, any effect of the repetition was observed in the system working with H2-stop 

periods of 1 week, showing the same required time to reach its initial performance.  

This study proved at lab scale the potential of up-flow ex-situ biogas upgrading 

reactors as a robust biological methanation technology, which is suitable for dynamic 

on-demand operation. 

Archaeal microbial communities populating the upgrading reactors during the 

intermittent provision of H2 showed their plasticity against the lack of H2 regardless the 

length of the H2 lack, without affecting the biomethanation potential of the systems. 

After two H2 stop/start periods applied to the systems, hydrogenotrophic archaea 

showed their resilience against the different H2 conditions without significant changes 

in their relative abundance. 

Sequencing results revealed the predominance of Methanothermobacter sp.  on the 

archaeal community when 1 week H2 stop periods were applied. However, M. 

formicicum showed higher resilience to longer H2 stop periods compared to 

Methanothermobacter sp. Syntrophomonadaceae sp. seemed to have a process 

regulatory role during the intermittent provision of H2, maintaining the balance of the 

system to perform the biomethanation. 
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9.1 CONCLUSIONS 

The results obtained in the present thesis demonstrated the feasibility of H2-mediated 

biological biogas upgrading in both ex-situ and in-situ concepts, overcoming the 

challenges of the technology. Biological biogas upgrading is a promising way to extend 

biomethane utilization and reduce the dependence on fossil fuels, providing enhanced 

environmental and economic benefits of biogas technologies. 

The results verified that membrane modules can be employed to transfer H2 

efficiently, allowing the biological conversion to take place satisfactorily.  

The ex-situ systems transformed 95% of H2 fed at the maximum loading rates of 40.2 

LH2/LR·d (hollow-fiber MBR) and 30.0 LH2/LR·d (ceramic MBR) reaching CH4 production 

rates of 8.84 LCH4/LR·d and 6.60 LCH4/LR·d, CH4 contents of 76% and 81% and 𝑘𝐿𝑎𝐻2  

values of 430 h-1 and 268 h-1, respectively, both with CH4 yield of 0.22 LCH4/LH2. 

Ceramic membranes were proposed to address and solve the long-term bioconversion 

stability challenge of hollow-fiber membranes at thermophilic conditions.  

Nonetheless, it should be noted the high energy consumption of the MBR systems, 

which is dominated for the power required for gas recirculation, essential to transfer 

H2 to the liquid phase. 

The TBF systems, by means of a single-pass gas flow, upgraded biogas efficiently 

reaching a CH4 production rate of 1.74 LCH4/LR·d for a H2 loading rate of 7.2 LH2/LR·d 

showing 97% H2 utilization efficiency and CH4 yield of 0.24 LCH4/LH2, close to the 

maximum stoichiometric value (0.25 LCH4/LH2). CH4 content of 95% was reached, 

fulfilling the specifications to be used as substitute to natural gas or as transportation 

fuel. H2 mass-transfer was improved passively, without need of liquid stirring, diffusion 

devices or gas recirculation. 

The results demonstrated that the injection of the influent gas mixture with the 

directional flow of the liquid media greatly enhanced acetate production compared to 
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the injection in counter-flow to the trickling media, highlighting the convenience of 

working under H2 up-flow operation in TBF systems.  

TBF reactors resulted in attractive configurations with promising results for the overall 

biomethanation process. Higher CH4 yield and CH4 quality were achieved in TBFs with 

remarkable lower energy consumptions compared to the ex-situ MBRs.  

In the in-situ experiment, H2 injection resulted in a 42% increase in CH4 production rate 

in comparison with the conventional anaerobic digestion of sewage sludge and 73% 

CH4 content was achieved in the biogas. The biodegradation potential of the reactor 

was not compromised by H2 supply. Hollow-fiber MBR showed good H2 mass transfer 

capacity, reaching a 𝑘𝐿𝑎𝐻2
 value of 25 h-1 and 94% efficiency in H2 utilization.  

Gas recirculation was shown to improve the H2 gas-liquid mass transfer significantly, 

increasing the amount of H2 transferred from gas to the liquid phase thus raising the 

H2 utilization efficiency and improving the performance of the reactors. Moreover, gas 

recirculation seemed to have a positive effect on the in-situ biomethanation when the 

OLR increased. However, dewaterability of the digested sludge was negatively 

impacted by the turbulence caused by the high gas recirculation rate employed. 

The technical feasibility of the system recovery to reach the initial conditions of CH4 

(production, content and yield) during the intermittent provision of H2 was 

demonstrated, regardless of the length of the H2 lack. The repetition of the H2 

intermittent provision was shown to have a positive effect on the system recovery 

time, since the reactors recovered faster as more H2 stop/start periods were applied 

for the experiments with H2-stop periods of 2 and 3 weeks.  

The selection-effect of H2 on community composition over time was revealed by 

microbial analysis in the experiments with MBRs, in which hydrogenotrophic 

methanogens outcompeted homoacetogens, thus CH4 production was via 

hydrogenotrophic methanogenesis pathway. Methanothermobacter sp. was the 

hydrogenotrophic archaea found during the ex-situ experiments while Methanoculleus 

sp., Methanospirillum sp., Methanolinea sp. and Methanobacterium sp. were present 

in the in-situ process.  
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Sequencing results revealed a significant predominance of Methanothermobacter sp. 

in the biofilm, which was the most abundant methanogen populating the microbial 

community in the TBF. Unknown members of the class Clostridia were highly abundant 

in biofilm and liquid media, while acetate utilizing bacteria predominated in liquid 

samples.  

Archaeal microbial communities populating the upgrading reactors during the 

intermittent provision of H2 showed their plasticity against the lack of H2 regardless the 

length of the H2 lack, without affecting the biomethanation potential of the systems. 

 

9.2 FUTURE PERSPECTIVES 

In this PhD project, several reactors´ configurations were designed to study and 

optimize in-situ and ex-situ biogas upgrading processes. Despite the advances carried 

out in the present thesis, further research in the field of biogas upgrading should be 

necessary to gain a deeper knowledge of the technology.  

Based on the achieved results, one of the future perspectives in terms of pilot plant 

scale reactor configuration and process optimization is the innovative hybrid setup 

exploiting the findings of both in-situ and ex-situ biogas upgrading concepts. The 

proposed configuration would consist of a double-stage reactor composed of a first 

reactor, working as a conventional anaerobic digester of organic matter and where the 

H2 would be injected (in-situ biogas upgrading) and a second reactor, receiving the 

upgraded biogas from the first one, together with the unutilized H2, to be further 

upgraded (ex-situ biogas upgrading) in order to develop strategies targeting the 

optimization of the biogas upgrading technology.  

Other future perspective regarding the reduction of the H2 mass transfer limitations is 

the pressurization of the reactors instead of working at atmospheric pressure. In a 

pressurized anaerobic digestion process, methanogenic microorganisms increase the 

pressure of the gas autogeneratively, producing biomethane of natural gas quality 

inside the methane reactor, which could be fed directly into the gas grid. A study using 
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pressure in biogas upgrading technology would be useful to evaluate the process 

performance and their possible challenges. 

For full scale process applications, further investigations would be necessary:  

Firstly, the scale-up and optimization of the TBF reactors as they are attractive 

configurations for the biomethanation process. The tested TBF reactors could be 

considerably improved and optimized by enabling a faster process lowering the gas 

retention time (increasing the H2 loading rate) or by reducing the specific reactor 

volume. For instance, optimization of the H2/CO2 ratio, together with adoption of more 

suitable packed-bed elements would involve inexpensive performance improvements. 

Secondly, the feasibility of the intermittent H2 feeding of the hydrogenotrophic culture 

and the recovery capacity of the system to reach the initial steady conditions after the 

H2 stop periods and the plasticity of the microbial communities against the lack of H2 

have been assessed in this PhD thesis at lab scale ex-situ biogas upgrading reactors. 

However, further studies evaluating the H2 intermittency for biogas upgrading 

configurations at higher scale would be necessary to confirm the full-scale technical 

feasibility. 

In addition, a study evaluating the combination of intermittent provision of H2 and 

different gas retention times (H2 loading rates) would be interesting to evaluate the 

feasibility of the process for an industrial application not only addressing the H2 lack 

but also different H2 flow rates due to the fact that H2 assisted biogas upgrading 

technology is based on the surplus electricity generated by wind and solar power 

which experiment uncontrollable natural fluctuations resulting in variable H2 

production rates.  

Moreover, in order to implement biogas upgrading technology in a commercial 

application, an economic and environmental impact assessment of the proposed 

processes in the different chapters of the thesis would be beneficial.  

Finally, further investigations are needed to achieve a deeper insight into the 

fundamentals of the biological biogas upgrading process and acquire a clearer 

knowledge of the complexity of the microbial consortium populating biogas upgrading 
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reactors (in-situ and ex-situ configurations). The necessity for an analysis of the 

community going beyond the identification of the microbial species, but focused on 

their function in the biomethane production process is stressed by the intricate 

network of interactions among the microorganisms resulting either in syntrophic 

relations or in competition. This deeper analysis of the microbial community focused 

on their biogas production functions would provide the basis for future 

metatranscriptomic and metaproteomic studies.  
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A B S T R A C T

The performance of a pilot ceramic membrane bioreactor for the bioconversion of H2 and CO2 to bioCH4 was
evaluated in thermophilic conditions. The loading rate was between 10 and 30m3H2/m3

reactor d and the system
transformed 95% of H2 fed. The highest methane yield found was 0.22m3 CH4/m3 H2, close to the maximum
stoichiometric value (0.25m3 CH4/m3 H2) thus indicating that archaeas employed almost all H2 transferred to
produce CH4. kLa value of 268 h−1 was reached at 30m3 H2/m3

reactor d. DGGE and FISH revealed a remarkable
archaeas increase related to the selection-effect of H2 on community composition over time.Methanothermobacter
thermautotrophicus was the archaea found with high level of similarity. This study verified the successful ap-
plication of membrane technology to efficiently transfer H2 from gas to the liquid phase, the development of a
hydrogenotrophic community from a conventional thermophilic sludge and the technical feasibility of the
bioconversion.

1. Introduction

The production of biomethane is gaining attention within the
countries of the European Union, because of two reasons; firstly, it al-
lows to reduce reliance on natural gas imports (EurObserver, 2014) and

secondly, permiting its transport and utilization far from the place
where it is obtained. In this context, the bioconversion of H2 and CO2 to
biomethane by means of methanogenic archaea according to reaction

+ → +4H CO CH 2H O2 2 4 2 (1)
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has an important economic, environmental and energetic interest;
specially in the actual context of renewable energies implementation
because the bioconversion of CO2 (or biogas) into biomethane can
create a synergy between renewable energies. On the one side, H2

generation from water electrolysis from wind and solar power can be
the solution of the variable wind power production, site-specificity of
this source and electricity storage (Levene et al., 2007; Ni et al., 2006).
EU countries with high implementation of renewable energies, suffer of
seasonal surpluses where production exceeds demand and an appreci-
able portion of electricity production is lost in most cases. H2 obtained
from water electrolysis from excess electricity production from wind
and solar power allows long-term energy storage and avoids energy
squandering (Cruz, 2008), which is an important and remarkable point
nowadays in the idea of environmental conservation and responsible
use of energy. However, H2 limitations and drawbacks are linked to its
transportation and management (Granovskii et al., 2006) because of its
low density which requires high storage volumes and the technology for
direct utilization is not developed yet. Then, the direct transformation
of H2 into biomethane by coupling it with CO2/biogas permits renew-
able energy in the form of biomethane to be stored, injected and dis-
tributed through the natural gas grid or employed as fuel for vehicles
(Deublein and Steinhauser, 2011; Deng and Hägg, 2010). Additionally,
anaerobic digestion of biomass, organic wastes and by-products is an
effective and well-established renewable energy technology for bioe-
nergy production in the EU (EurObservER, 2013) which produces a
biogas with a typical content of 30–40% CO2 and 70–60% CH4. This
biogas can be upgraded by means of hydrogenotrophic archaeas and an
external source of H2 from water electrolysis from surplus wind and
solar power (according to Eq. (1) and then, the rate of biomethane
increased, increasing its heating value and its potential applications as
alternative to natural gas (Deng and Hägg, 2010). At the same time, this
technology fixs CO2 by means of its chemoautotrophic conversion with
H2 to biomethane, decreasing the CO2 emissions to the atmosphere and
then the greenhouse gases, reducing by this way its impact in the global
warming which can be translated into an effective CO2 mitigation
technology. Biomethane production from the synergy between the
above mentioned renewable energies is a promising and effective
method for bioenergy production. Commercial technologies (as PSA,
membrane separation, scrubbing, absorption, cryogenic separation or
chemical treatment) only separate CH4 from CO2 thus requiring further
steps to avoid CO2 emissions, the use of chemical substances, high
pressures and temperatures and energy input increasing process costs
(Bauer et al., 2013; Luo and Angelidaki, 2012). However, biological
biogas upgrading constitutes a cheaper and environmentally friendly
alternative technology moving towards sustainable energy production.

Two different approaches are shown in literature in order to remove
CO2 by hydrogenotrophic methanogenesis. The first approach is the
addition of H2 to conventional anaerobic digesters of organic matter
with the aim of removing CO2 from biogas while increasing the pro-
duction of biomethane named in-situ biogas upgrading (Luo et al.,
2012; Wang et al., 2013; Luo and Angelidaki, 2013; Bassani et al.,
2016). The second is ex-situ biogas upgrading, the supply of H2 and CO2

(or biogas) to an exclusively methanogenic bioreactor rich in metha-
nogenic archaeas (Burkhardt and Busch, 2013; Kim et al., 2013; Lee
et al., 2012; Luo and Angelidaki, 2012; Ju et al., 2008; Peillex et al.,
1990; Kougias et al., 2017; Bassani et al., 2017; Bassani et al., 2015).

The gas-liquid mass transfer of H2 was found to be the main con-
straint to the successful development of the technology in both ap-
proaches due to its low solubility (dimensionless Henry’s con-
stant= 55 g/LG/g/LH2O at 55 °C). Different methods of gas-liquid mass
transfer of H2 have been performed up to now. Gas diffusers on lab-
scale CSTR were shown to require high stirring speed employing a pure
culture of Methanobacterium thermoautotrophicum at 65 °C (Peillex et al.
1990) or mixed methanogens cultures at thermophilic conditions
(55 °C) (Luo and Angelidaki, 2012; Bassani et al., 2015). Lab-scale
packed columns bioreactors at mesophilic conditions (35 °C) with a

mixed culture were studied as well (Lee et al., 2012). Moreover, up-flow
reactors were experienced in lab-scale (Kougias et al., 2017; Bassani
et al., 2017). Membrane bioreactors (MBR) were also evaluated for the
transfer of H2 by gas diffusion through the membrane material (Díaz
et al., 2015; Strevett et al., 1995; Wang et al., 2013; Ju et al., 2008;
Bassani et al., 2016). Scant literature of reactors with volume higher
than 10 L has been found: Burkhardt and Busch (2013) used a trickled-
bed bioreactor in a 26.8 L of reactor working volume at 35 °C; Kim et al.
(2013) studied in a 100 L CSTR at moderate stirring speed at mesophilic
conditions and Díaz et al. (2015) performed the biogas upgrading in a
membrane bioreactor of 31 L working volume at 55 °C using a poly-
meric membrane as gas-liquid mass transfer method.

Polymeric membranes as the hollow-fiber experienced previously
have a temperature work range up to 40 °C (Suez Water Technologies –
GE, 2014) so in a long-term they can produce operating problems being
damaged on account of thermophilic conditions. However, ceramic
membrane modules are able to work with high temperatures up to 90 °C
(Atech Innovations, 2014). Therefore, from an industrial point of view,
the working temperature challenge present in polymeric membranes
can be solved with the use of ceramic MBRs allowing the biological
conversion to take place satisfactorily in a long-term. The utilization of
a ceramic membrane bioreactor (MBR) to convert H2 and CO2 to
bioCH4 in thermophilic conditions to overcome the limitations to mass
transfer of H2 and the long-term operability was evaluated in this study.
In addition, higher scale than which was used in previous studies of
literature was experienced moving towards industrial scale. The
ceramic membrane module was employed to create a large gas sparging
surface and the feasibility of the technology was assessed.

2. Materials and methods

2.1. Pilot plant

The experiment was performed using one insulated cylindrical
membrane bioreactor with a working volume of 60 L in which an
electric resistance was used to heat reactor walls. Reactor was equipped
with a ceramic tubular membrane module (ATECH, Germany) consisted
of 28 tubes of Al2O3 with 0.8 µm pore size and an area of approximately
1m2 which was used as gas sparging surface in order to generate fine
small bubbles. Hydrogenotrophic reactor was fed continuously with H2

and CO2 from gas cylinders and two mass-flow controllers (Aalborg,
USA) were used to regulate the rate of both gases. Feed and recircula-
tion lines were mixed and then preheated in a thermostatic bath at
55 °C. The gas mixture was injected in the reactor through upper part of
ceramic membrane as given in schematic representation of the reactor
in Fig. 1. The reactor counted with a compressor to recirculate biogas
from the reactoŕs headspace through the membrane module. A peri-
staltic pump was employed to avoid solids deposition at a rate of
1000mL/min.

2.2. Operating conditions

Anaerobic sludge from a thermophilic anaerobic digester at the la-
boratory treating activated sludge from the WWTP of Valladolid (Spain)
was used to inoculate the reactor in a total amount of 60 L. A set-up
period was performed at thermophilic conditions by supplying H2 and
CO2 in a ratio of 4:1 (according to the stoichiometric values of Eq. (1) at
a loading rate (LR) of 5.0 m3H2/m3

reactor d with a gas recirculation rate
(QR) of 11.6m3/d for 30 days (all values expressed at 55 °C and 1 atm).
Afterwards, the experiment started maintaining thermophilic condi-
tions in which a range between 10 and 30m3H2/m3

reactor d was studied
in four stages according to Table 1 with the objective of determining the
maximum LR that could be applied with a 95% conversion efficiency
for methane. In order to evaluate reactor performance and mass
transfer conditions different recirculation rates were applied in some
stages. Nutrients required for microbial activity and a phosphate buffer
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solution were supplied when the concentration of NH4
+ and PO4

3− fell
below 500mg/L as in Díaz et al., 2015, macronutrients and micro-
nutrients were added too. The macronutrient solution was prepared like
the stock solution A reported in Angelidaki and Sanders (2004), while
the micronutrients solution was a version that was modified (by adding
500mg/L of resazurine) from the trace-metal solution also from
Angelidaki and Sanders (2004). Both solutions were used during the
set-up period and stages 1-2a every 20 days approximately and the
centrate wastewater from the centrifugation of anaerobically digested
mixed sludge of the wastewater treatment plant of Valladolid (Spain)
was used as nutrient solution during stages 2b-3 at a flow of 143mL/
day with a HRT of 420 days. The phosphate buffer solution was pre-
pared with K2HPO4·3H2O and KH2PO4 to a final pH of 7.4 like in Díaz
et al. (2015).

2.3. Monitoring and analysis

Temperature was maintained at 55 ± 1 °C during the experiment
and was controlled with a PID and a PT100 probe. For this purpose the
walls of the insulated reactor were heated with an electric resistance.
Headspace pressure was monitored with an Endress Hauser Cerabar
PMC131 probe. A gas flowmeter was employed to measure the effluent
gas rate by liquid displacement and the composition of the obtained
biogas (dry basis) was determined by gas chromatography (GC-TCD) as
described in Díaz et al. (2010) on a daily basis using gas sample point to
obtain the biogas sample. A graduate cylinder was used to collect liquid
effluent daily. pH, total suspended solids (TSS), volatile suspended so-
lids (VSS), total solids (TS), volatile solids (VS) and NH4

+ values were
analyzed on a week basis according to Standard Methods (APHA,
2005). VFA concentration was analyzed weekly by gas chromatography
(GC-FID) following the method reported in Díaz et al. (2010). Liquid
sample was collected in liquid sample point in order to obtain above
physicochemical parameters.

2.4. Calculations

Calculations about efficiency of H2 utilization, methane yield, mass
flow rate of H2 transferred from gas to liquid phase, effluent mass flow
rate of CH4 gas as equivalent H2, kLaH2 and kLaCO2 values, maximum
specific utilization rate and fraction of H2 employed for methanogen
growth have been performed following calculations in Díaz et al.
(2015). CH4 and H2 in the liquid effluent can be neglected due to the
low solubility of CH4 in water (Adimensional Henrýs constant is 43 at
55 °C) and H2 is several orders of magnitude lower than the H2 mass
flow rates in gaseous streams. In steady state conditions, assuming all
the resistance to mass transfer is in the gas/liquid interphase, mass flow
rate of H2 transferred from gas to liquid phase was calculated. H2

concentration in the liquid phase is negligible as a result of H2 complete
consumption by methanogens in this phase.

To calculate the energy consumption of the system when upgrading
biogas (CH4/CO2, 60/40 %v.), a steady-state energy balance was per-
formed according to the scheme shown in Fig. 2. The reference state is
chosen to be T0=25 °C and P0=1 atm. The power (kW) required for
gas compression (W1 and W2) was determined with Eq. (2) (Perry et al.,
1999):

=
−W V P P

P
2.78·10 ̇ ln4

1
2

1 (2)

where V ̇ is the volumetric flowrate of the stream (m3/s) and P1 and P2

Fig. 1. Diagram of the MBR studied in the experiment.

Table 1
Operating conditions studied during the experiment.

Stage 1 Stage 2 Stage 3

2a 2b

t (d) 0 26 86 137
LR (m3H2/m3

reactor d) 10 20 20 30
QR (L/min) 8.0 8.0 12.3 12.3

Fig. 2. Diagram of energy streams.
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the absolute inlet pressure and absolute discharge pressure (kPa) re-
spectively.

Hi (kW), the specific enthalpy of the stream i, is given by Eq. (3):

= −H m C T Ṫ · ( )i l p i 0i (3)

where ṁl is the mass flow rate (kg/s) of stream i, Cpi the specific heat
(kJ/kg K) of stream i, and Ti the temperature (K) of the stream. The
values of Cp for the substances involved are 14.3, 0.8, 2.2, 2.08 and
4.184 kJ/kg K for H2, CO2, CH4, H2O vapor and H2O liquid corre-
spondingly (NIST Chemistry WebBook, NIST Standard Reference Da-
tabase Number 69).

Heat losses in the vessel (QL) are defined by Eq. (4):

= −Q UA T T( )L IN OUT (4)

where U is the global heat transfer coefficient (0.5 · 10−3 kW/m2 K),
A the specific heat transfer surface (m2) considering a 10m length
column (the diameter was adjusted to mass flow rate to fit a loading
rate of 30m3H2/m3

reactor d), TIN the temperature inside the vessel
(328 K) and TOUT the minimum ambient temperature (273 K).

The heat rate (kW) released by the biological reaction was ap-
proximated by Eq. (5), assuming that free enthalpy G(Δ R

0) is the amount
of enthalpy that can be employed by microorganisms (Madigan and
Brock, 2009):

= −Qr n H G0.88
4

(Δ Δ )H
R R

̇ 2 0 0
(5)

where 0.88 is the efficiency of substrate conversion to CH4, n H
·

2 is molar
flow rate of H2 supplied (mol/s), 4 the stoichiometric coefficient for H2

in Eq. (1), and HΔ R
0 and GΔ R

0 the enthalpy and Gibbs free energy var-
iations in Eq. (1), −165.0 and −113.6 kJ/mol correspondingly.

Then, the total energy consumption (kW) of the system shown in
Fig. 2 can be calculated as (Eq. (6):

= + + + + + +Total Energy Consumption H H H Q Q W W( ) ( )A B C L r 1 2

(6)

where the terms within the first parenthesis correspond to enthalpy/
heat rates andW1 andW2 the amount of work required for compressors.

2.5. Microbial analysis

In order to evaluate the evolution of the population during the ex-
periment, samples during the different stages were collected in sterile
polypropylene tubes and immediately stored at −20 °C. Extraction of
genomic DNA, polymerase chain reaction (PCR) amplification and de-
naturing gradient gel electrophopresis (DGGE) analysis were per-
formed. The protocol described in the Fast® DNA Spin Kit for Soil (MP
Biomedicals, LLC) handbook was used to extract DNA. The V6–V8 re-
gion of the bacterial 16S rRNA genes was amplified by PCR using the
universal bacterial primers 968-F-GC and 1401-R (Sigma-Aldrich, St.
Louis, MO, USA). The DGGE analysis of the amplicons was performed
with a D-Code Universal Mutation Detection System (Bio Rad
Laboratories) using 8%(w/v) polyacrylamide gels with a urea/for-
mamide denaturing gradient of 45 to 65%. DGGE running conditions
were applied according to Roest et al. (2005). The gels were stained
with GelRed Nucleic Acid Gel Stain (biotium) and the most relevant
bands were excised from the DGGE gel in order to identify the micro-
organisms present in the samples. Using the GelCompar IITM software
(Applied Maths BVBA, Sint-Martens-Latem, Belgium) DGGE profiles
were compared. After image normalization, bands were defined for
each sample using the bands search algorithm within the program. Si-
milarity indices were calculated from the densitometric curves of the
scanned DGGE profiles by using the Pearson product–moment corre-
lation coefficient (Häne et al., 1993). The peak heights in these densi-
tometric curves were also used to determine the Shannon–Wiener di-
versity index (H). This index reflects the relative number of DGGE
bands (sample richness) and relative intensity of every band (evenness).

It ranges from 1.5 to 3.5 (low and high species evenness and richness,
respectively) according to McDonald (2003). The taxonomic position of
the sequenced DGGE bands was obtained using the RDP classifier tool
(50% confidence level) (Wang et al., 2007). The closest cultured and
uncultured relatives to each band were obtained using the BLAST
search tool at the NCBI (National Centre for Biotechnology Information)
(Mc.Ginnis and Madden, 2004). Sequences were deposited in GenBank
Data Library under accession numbers MG692444-MG692471 (ar-
chaeas) and MG692472-MG692496 (bacteria).

In addition, Fluorescence in situ hybridization (FISH) was per-
formed. First of all, samples were centrifuged during 5min and
10000 rpm at 4 °C removing the supernatant. Paraformaldehyde (4%
w/v) was used to fix biomass samples (250 µL) during 3 h. Then, they
were washed three times with phosphate-buffered saline (PBS).
Aliquots of 10 µL of samples were deposited on the wells of gelatin-
coated, acid-washed, glass microscope slides and dehydrated by passing
through a 50%, 80% and 100% (v/v) ethanol series. Hybridization with
formamide (30% v/v) and the oligonucleotide probes was at 46 °C for
2 h. The following probes were used: EUB338 I (for most of bacteria,
5′-GCTGCCTCCCGTAGGAGT-3′), EUB338 plus (for Planctomycetales
and Verrucomicrobiales, 5′-GCWGCCACCCGTAGGTGT-3′) and
ARCH915 (for most of archaea, 5′-GTGCTCCCCCGCCAATTCCT-3′)
(Daims et al., 1999). After hybridization step, and once the slides were
washed and dried, the specimens were counter-stained for 5min at
room temperature with the DNA stain DAPI to quantify the total
number of cells. 28 images were randomly acquired from inside each
well on the slides using a Leica DM4000B microscope (Leica Micro-
systems, Wetzlar, Germany) for quantitative FISH analysis. Archaea
appear red due to hybridization with the ARCH915 probe (red) while
bacteria appear green due to hybridization with the EUB338 I and
EUB338 plus probes (green) and DAPI (cyan). DAIME software was
used to calculate the relative biovolumes of total archaea and total
bacteria from the total DAPI-stained biomass. They were split into in-
dividual colour channels before image segmentation (Daims et al.
2006).

3. Results and discussion

3.1. Conversion of H2 and CO2 to CH4

Biomass adaptation to the substrate took place during the set-up
period when the feed mass flow rate of H2 gas (mH , IN2 ) was 25.2 g/d (LR
of 5.0m3 H2/m3

reactor d) and QR 8.0 L/min. A large part of the H2 fed in
these first days was transferred to the liquid phase and consumed but
was not employed for CH4 production, probably due to biomass adap-
tation to the substrate. Then, first stage started with a mH2,IN of 49.9 g/d
(Fig. 3) and the same QR than set-up period. The mass balance per-
formed to the gas phase showed that the average efficiency of H2 uti-
lization (ƞH2) was 95% and an average methane yield (YCH4) of
0.18m3 CH4/m3 H2 was observed. Average mass flow rate of H2 trans-
ferred from gas to liquid phase (mH2, G→ L) obtained was 44.6 g/d and
an effluent mass flow rate of CH4 gas as equivalent H2 ((mCH4, OUT)H2eq)
according to Eq. (1) in average of 35.0 g/d. On day 26 mH2,IN was raised
to 99.9 g/d (Fig. 3) while QR was maintained at 8.0 L/min (stage 2a).
The increase in the mass flow rate provoked a slightly decrease in
average ƞH2 until 85.7% thus indicating that mass transfer conditions
were still acceptable even when the LR was doubled. However, the
average YCH4 obtained was slightly higher than in the previous stage,
0.19m3 CH4/m3H2. The difference between mH2, G→ L and (m CH4,

OUT)H2eq was almost exactly the same in stage 1 and 2a and the values
obtained were 82.2 g/d and 72.5 g/d respectively (Fig. 3). Biogas re-
circulation rate was increased to 12.3 L/min with the purpose of raising
ƞH2 and the stage 2b started. Under this conditions, the performance of
the MBR improve significantly, reaching an average ƞH2 value of 95%
and YCH4 reached of 0.21m3 CH4/m3 H2, the highest obtained up to
then. In this case, mH2, G→ L observed was 89.2 g/d and 80.1 g/d of (m
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CH4, OUT)H2eq. The difference between them was in the same order of
magnitude than the others (Fig. 3). This values were somewhat higher
than the ones obtained in stage 2a, thus indicating that recirculation
improved the amount of H2 transferred from gas to liquid phase and the
amount of CH4 produced. Due to the high QR used in this stage, some
foaming appeared in the reactor. This foaming disappeared naturally
(without the use of antifoaming agents) after some weeks of the in-
crease in the QR. At this point, mH2,IN was augmented to 149.8 g/d in
combination with a maintained QR of 12.3 L/min (stage 3). During this
stage, ƞH2 was 95% in average while YCH4 increased until 0.22 m3CH4/
m3H2, much closer to the maximum stoichiometric value of
0.25m3CH4/m3H2. The same methane yield was obtained previously
on a similar pilot-scale bioreactor (Díaz et al., 2015). The difference
between mH2, G→ L and (m CH4, OUT)H2eq was lower than in previous
stages meaning that archaeas employed almost all H2 transferred to
produce CH4 (Fig. 3).

The MBR successfully transformed at least 95% of the H2 fed at LR
between 10 and 30m3H2/m3

reactor d adjusting the gas recirculation rate.
This highest LR is similar than that achieved on a similar pilot-scale
bioreactor (40m3H2/m3

reactor d in Díaz et al., 2015) with a hollow fiber
membrane module and higher than those found in packed column
bioreactors (4.5 m3H2/m3

reactor d) (Burkhardt and Busch, 2013) or CSTR
(18m3H2/m3

reactor d) (Kim et al., 2013). Therefore, this membrane

module can be employed to transfer H2 at a high rate, allowing the
biological conversion to take place satisfactorily in a long-term which is
a challenge to polymeric MBRs because of the operating problems re-
lated with the damage on account of thermophilic conditions in the
polymeric materials.

3.2. MBR mass transfer capacity

The average kLaH2 values observed during the different stages in the
experiment for the total gas flow thorough the membrane and the es-
timated kLaCO2 values are shown in Table 2. It should be draw attention
to the fact that this maximum kLaH2 value is similar than those found in
bioreactors with traditional gas diffusers (at equivalent gas rates),
within the range of CSTR with high agitation speeds as 700 rpm
(Kreutzer et al., 2005) and higher than the kLaH2 value achieved on a
similar pilot-scale bioreactor (Díaz et al., 2015) to the LR of 30m3H2/
m3

reactor d. In general, this is the result of the large sparging area of the
membrane module employed, which produces a good gas-liquid mass
transfer interfacial area. On the other side, between the two MBRs, this
can be explained as a result of the higher pore of ceramic module
(0.8 µm versus 0.4 µm of polymeric module) and higher recirculation
rate to transfer H2.

3.3. Biological activity

It is very important the fact that the adaptation of an unspecific
anaerobic thermophilic sludge to H2 and CO2 was accomplished. As a
result, a methanogenic archaeas population was developed, which was
capable of the bioconversion of H2 and CO2 into bioCH4. The methane
yield of 0.22m3 CH4/m3 H2 is larger than the yields achieved em-
ploying specific strains of M. thermoautotrophicum (Jee et al., 1988;
Peillex et al., 1990: 0.19 and 0.18m3 CH4/m3 H2 respectively) or Me-
thanococcus thermolithotrophicus (Peillex et al., 1988) at high efficiency
of H2 utilization values. From an industrial point of view, it can be
translated into lower acquisition costs of specific hydrogenotrophic
methanogens because an unspecific anaerobic sludge could be used as
inoculum. The maximum specific utilization rate (U) and the fraction of
H2 employed for methanogen growth (fraction of H2 consumed but not
transformed to CH4, fx) are shown in Table 3. The maximum average
specific utilization rate obtained was 7.7 gCOD/gVSS d within the range
of typical design value suggested from methanogens growing on H2 and
CO2 (Rittman, 2001). At equivalent gas rates, the specific utilization
rate obtained with this ceramic membrane bioreactor was always
higher than the U value obtained on a similar pilot-scale bioreactor
(Díaz et al., 2015) with hollow-fiber module.

Fig. 3. Bioconversion performance during the experiment.

Table 2
Average kLa obtained in the different stages during the experiment of H2 and CO2.

Stage 1 Stage 2 Stage 3

2a 2b

kLaH2 (h−1) 77 87 166 268
kLaCO2 (h−1) 54 61 117 190

Table 3
Maximum average specific utilization rate (U), average fraction of H2 employed for
methanogen growth (fx), average Total Suspendid Solids (TSS) and average Volatile
Suspended Solids (VSS) in the different stages during the experiment.

Stage 1 Stage 2 Stage 3

2a 2b

U (gCOD/gVSS·d) 6.0 7.7 4.7 3.53
fx 0.22 0.12 0.11 0.09
TSS (g/L) 0.73 2.0 1.01 1.13
VSS (g/L) 0.44 1.6 0.91 1.02
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According to the results shown in Table 3, it could be stated that the
highest value of fx was obtained during the first stage. This fraction has
dropped along the experiment, and in the last stage a decrease of more
than 50% appeared. Then, this fraction was higher when mass flow rate
of H2 transferred from the gas to the liquid phase was low and vice
versa thus indicating an uncoupling of microbial growth (anabolism)
and H2 conversion to CH4 (catabolism). In addition, in the first stage of
the experiments, the population of archaeas in the sludge was not likely
to be plentiful as a result of the characteristics of conventional sewage
sludge about microbial population and the limitation of this sludge in
hydrolysis step. As was described in Díaz et al. (2015) previously, this
fact took place because at the beginning of the experiment, especially in
the set-up period, an important fraction of H2 was utilized for microbial
growth but when the sludge was completely adapted to the gas sub-
strates, only a small fraction of H2 was used for methanogen growth,
almost all H2 transferred was used to produce CH4. At equivalent gas
rates, the obtained fx value with this ceramic MBR was always lower
than the value obtained on a similar pilot-scale bioreactor (Díaz et al.,
2015) with hollow-fiber membrane module.

VFA concentration was very low during the experiment: acetic acid
concentration was under 100mg/L and propionic acid was below
50mg/L as it was in Díaz et al., 2015. pH was over the experiment
between 6.8 and 7.9 and it was observed that the use of centrate as a
nutrient solution helped to balance the pH.

The initial content of SST and SSV in the inoculum was 5.63 and
3.13 g/L respectively. After the set-up period, these values experienced
a high decrease as a consecuence of the biomass adaptation to the new
substrate. Average total and volatile suspended solids concentration
analyzed during the experiment in the several stages of the experiment
are shown in Table 3. These values showed an increasing trend from
Stage 1 to Stage 2a. However, a decrease was produced in stage 2b
when the recirculation rate was increase. This fact can be explained
firstly, as a result of the high turbulence produced on account of the
high recirculation rate employed and secondly, because of the ap-
pearance of foaming. This recirculation rate generated an obstacle to
the growth of microorganisms being a breaking way for their and/or
some losses of solids with the foaming. In the stage 3 of the experiment,
it was observed an slightly increase in the content of VSS.

3.4. Consumption of energy

The total energy requirements for the upgrading process are
0.44 kWh per m3 of biogas upgraded (Fig. 4). Energy consumption is
dominated by the work required for gas recirculation (W2=0.37 kWh/
m3 biogas), essential to transfer H2 to the liquid phase at a high rate,
while heat requirements (Qreq) are very low (0.025 kWh/m3 biogas).
These energy requirements are larger than those reported for the most
used commercial technologies such as pressure-swing adsorption or
water scrubbing (Bauer et al. 2013) in the range of
0.20–0.30kWh perm3 of biogas. Nonetheless, it should be noted that
0.35m3 of new CH4 can be formed per m3 of biogas supplied to the
system according to the maximum methane yield observed
(0.22 m3 CH4/m3 H2). Since the enthalpy of combustion of CH4 is
9.95 kWh/Nm3 (802 kJ/mol), the equivalent energy stored in new CH4

would be 3.5 kWh perm3 of biogas upgraded. Therefore, the total en-
ergy requirements represent approximately 13% of the energy that
could be obtained from the combustion of new CH4 formed, hence the
energetic benefit of the hydrogenotrophic upgrading process.

From a different angle, the potential energy stored as CH4 increases
from ∼6 kWh perm3, in the standard biogas plant (without upgrading)
to ∼9.5 kWh perm3after the upgrading process. When discounted the
total energy requirements of the upgrading process (0.44 kWh perm3 of
biogas), it can be observed an increase of ∼50% in potential energy
generation from CH4. In this context, it is always worth mentioning that
water electrolysis to produce H2 for the upgrading process requires
7.2 kWh perm3 of biogas, hence employing excess electricity produc-
tion from wind and solar power, when they are in surplus, is a must in
order that hydrogenotrophic upgrading can be applied. During these
seasonal surpluses, the H2 and CO2 bioconversion processes, such as the
studied, will be energetically beneficiaries.

Total energy consumption is slightly higher than the equivalent
calculated for hollow-fiber membrane modules (Díaz et al., 2015),
0.3 kWh perm3 of biogas, as a result of the higher pressure drop within
the ceramic module. Conversely, ceramic membranes are more re-
sistant, long-lasting and easy cleaned than polymeric though its high
economic cost. Additionally, ceramic membrane modules can withstand
higher rates than hollow-fiber modules because a higher pressure can
be applied for gas sparging.

Fig. 4. Energy balance of the upgrading process. Energy rates are normalized by the rate of the upgraded biogas.
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3.5. Microbial community

From the archaeal DGGE gel (Fig. 5a), twenty-eight bands were
sequenced. According to the RDP classifier (confidence threshold of
50%), all of them belonged to the Euryarchaeota phyla and they were
ascribed to two classes, almost all to Methanobacteria (band 1–27) and
only one band to Methanomicrobia (band 28). The BLAST search tool

provided consistent results with those given by the RDP classifier.
Methanothermobacter, Methanobacterium and Methanobrevibacter were
the three genus assigned to Methanobacteria class and Methanosarcina
genus to Methanomicrobia class. After the biomass adaptation to the
substrate during the set-up period, some new archaeas appeared and
were present since then: band 14, 22 and 26 corresponding with three
uncultered archaeon (KJ209721 and KF630660) with an identity of
100% and 99% respectively. Other new appeared achaeas (bands 2, 5,
9, 11, 15, 17, 20 and 24) were present only in some stages but not in all
of them. However, as a result of the set-up period, some archaeas dis-
appeared but later they appeared again and were present during the
different stages of the experiment (band 6, 10, 25 and 28) and other
disappeared completely (band 27). As is showed in Fig. 5a, Metha-
nothermobacter thermautotrophicus was the archaea found with high
level of similarity in all the stages of the experiment after the initial
acclimation to H2 and CO2. This archaea was used previously in pure
culture studies as in Peillex et al. (1990).

From the bacterial DGGE gel (Fig. 5b) and according to the RDP
classifier (confidence threshold of 50%), twenty-five bands belonging to

Fig. 5. a) Archaeal DGGE profiles and b) Bacterial DGGE profiles of the 16S rRNA amplicons of the samples with their respective diversity indices. Samples: Inoculum (I), set-up period (0)
and stages 1–3 (1, 2a, 2b and 3).

Table 4
The abundances of archaea and bacteria related to the total biomass and ratio archaea/
bacteria, in percentages. Samples: Inoculum (I), set-up period (0) and stages 1–3 (1, 2a,
2b and 3).

Sample Archaea content (%) Bacteria content (%) Archaea/bacteria (%)

I 25.86 24.47 51.37
0 1.76 0.015 99.15
1 11.14 0.07 99.37
2a 22.29 0.035 99.84
2b 9.03 0.00 100.00
3 10.70 0.02 99.86
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three different phyla were sequenced: Firmicutes (band 1–18), Proteo-
bacteria (band 19–23) and Actinobacteria (band 24) while one band
remained unclassified (band 25). In general, the BLAST search tool
provided consistent results with those given by the RDP classifier. Fir-
micutes was the predominant phylum with seven different genera. Two
genera were assigned to Proteobacteria phylum and unclassified bacteria
to Actinobacteria phylum. After the biomass adaptation to the substrate
during the set-up period, some new bacteria appeared and were present
during the whole experiment (band 7, uncultured bacterium
JF417907), others disappeared but they were founded again in other
stages (band 1, 8 and 16, all of them uncultured bacterium) and other
ones were maintained (bands 4, 10 and 11). From the Proteobacteria
Phylum, the Blast search tool assigned the DGGE band 21 to the genus
Tepidiphilus with an identity of 100%, which was appeared after the set-
up period and maintained during the different stages of the experiment.
Although Tepidiphilus thermophilus could be a potential homoacetogen,
acetoclastic methanogens (Methanosarcina) were not present in most of
experiment stages and there was no VFA accumulation. Therefore,
hydrogenotrophic pathway seems to be the main one to methane pro-
duction.

A moderately high archaea richness and evenness was found with
Shannon-Wiener diversity index range between 2,2 and 3,3 having the
maximum value after the set-up period of the experiment (Fig. 5a). The
diversity index calculated from the bacterial DGGE gel were in the
range of 2,5 to 2,9 showing a moderate bacterial richness and evenness
(Fig. 5b). The samples presented lower similarity index of archaeas
during the experiment in comparison with the inoculum (similarity
index values between 12.5 and 27.3), which can be linked with the
development of a hydrogenotrophic community from a conventional
thermophilic sludge with the new substrates (H2 and CO2). After the
set-up period and during the different stages with several LR the simi-
larity index was not so different (61.7–69.6) even when the recircula-
tion rate was increased in stage 2b.

Archaea and bacteria were detected by FISH in all samples tested
(Table 4). In the inoculum, archaea accounted for 25.86% of the mi-
crobial population, while bacteria represented 24.47% with ratio ar-
chaea/bacteria of 51.37%. After the set-up period, both archaea and
bacteria content experienced a high decrease (being almost 0 the % of
bacteria content) which can be linked with the decrease in the SSV
above mentioned. Although the archaea content decreased in this
period, the ratio archaea/bacteria was 99.15 joining with the acclima-
tion process of the biomass previously explained to the new substrates
(H2 and CO2) and the development of a methanogenic archaeas popu-
lation. When the LR was augmented to 10m3H2/m3

reactor d (stage 1)
took place an increase in the content of archaea in comparison with the
previous stage (more than 6 times). When this LR was doubled (stage
2a) the archaea content was doubled too. However, when an increased
in the recirculation rate was performed (stage 2b) with the purpose of
raising the efficiency of H2 utilization, the content of archaea decreased
(9.03%). This could be explain as a result of the previously mentioned
high turbulence produced on account of the high recirculation rate
employed which could be an obstacle to the growth of microorganisms
or a breaking way for their. The content of archaea experienced a
slightly increase in stage 3. All this results are in agreement with the
SSV results showed previously. Otherwise, bacteria content had no
significative changes since the set-up period. As is showed in Table 4,
after the acclimation biomass period, archaea were predominant against
bacteria.

4. Conclusions

The bioconversion of H2 and CO2 into bioCH4 was feasible using an
unspecific anaerobic thermophilic sludge as an inoculum after an
adaptation period. The maximum loading rate of 30m3 H2/m3

reactor d
had a 95% efficiency in H2 utilization and a methane yield of
0.22m3 CH4/m3 H2. Gas sparging through the ceramic MBR showed a

high capacity of H2 mass transfer. kLa value of 268 h−1 was reached at
30m3H2/m3

reactor d. Methanothermobacter thermautotrophicus was the
archaea found with high level of similarity in all the experiment stages
after the initial acclimation to H2 and CO2.
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� A hollow-fiber MBR was evaluated for the bioconversion of CO2 and H2 to biomethane.
� Gas sparging resulted in kLa values up to 430 h�1for H2.
� Biomethane yield reached 0.22–0.23 m3 per m3 of H2 supplied.
� Biogas could be upgraded up to a 95% CH4 concentration.
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a b s t r a c t

In this study, the potential of a pilot hollow-fiber membrane bioreactor for the conversion of H2 and
CO2 to CH4 was evaluated. The system transformed 95% of H2 and CO2 fed at a maximum loading rate
of 40.2 m3

H2
=m3

Rd and produced 0.22 m3 of CH4 per m3 of H2 fed at thermophilic conditions. H2 mass
transfer to the liquid phase was identified as the limiting step for the conversion, and kLa values of
430 h�1 were reached in the bioreactor by sparging gas through the membrane module. A simulation
showed that the bioreactor could upgrade biogas at a rate of 25 m3=m3

Rd, increasing the CH4 concentra-
tion from 60 to 95%v. This proof-of-concept study verified that gas sparging through a membrane module
can efficiently transfer H2 from gas to liquid phase and that the conversion of H2 and CO2 to biomethane
is feasible on a pilot scale at noteworthy load rates.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The emissions of greenhouse gases are a major concern for
environmental conservation as they are directly linked to climate
change; most of the recent global warming can be attributed to
the release of CO2 and other heat-trapping gases from human
activities (NRC, 2010). Decreasing CO2 emissions can be achieved
by reducing the amount of CO2 produced and by managing the uti-
lization of CO2 or the storage and fossilization of CO2 (Yang et al.,
2008). Although technology that can increase the efficiency of
combustion processes and hence reduce the amount of fossil fuels
burnt is evolving, only the development of mitigation technologies
can decrease the actual CO2 concentration from its current value
(370 ppm) to the pre-industrial concentration (280 ppm). For this
reason, several technologies are subject of ongoing research to

better capture, transform, utilize and storage CO2 (Mikkelsen
et al., 2010), with a particular focus on biological alternatives, as
these can achieve carbon fixation with low or none use of chemical
products, while also avoiding extreme operational conditions, such
as high pressure or temperature (Burkhardt and Busch, 2013; Lam
et al., 2012).

The technology to fix CO2 by means of the chemoautotrophic
conversion of CO2 and H2 to biomethane (Eq. (1)) by methanogenic
archaea is still undeveloped because most of the H2 production
worldwide comes from steam reforming of CH4 (Ullman, 2000).
However, it is gaining attention in the actual context of renewable
energies implementation. On the one hand, H2 production from
wind and solar power through water electrolysis has been pro-
posed in order to circumvent the limitations of intermittency and
site-specificity associated with these sources (Levene et al.,
2007). Furthermore, the low density of H2 requires high storage
volumes, and the technology for transportation and direct utiliza-
tion is still under development. As a consequence, its trans-
formation to biomethane, which can be injected into natural gas
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(NG) grids or employed as fuel for vehicles, is very attractive
(Deublein and Steinhauser, 2011). On the other hand, biogas pro-
duction, with a typical content of 60% CH4 and 40% CO2 from the
anaerobic digestion (AD) of organic wastes and by-products, is a
well-established renewable energy technology in the EU
(EurObservER, 2013). Incentives and feed-in tariffs initially boosted
electricity generation from biogas, despite the low engines effi-
ciency when using this feed, however recent cuts and European
policies to develop alternative fuels which reduce energetic depen-
dence are leading to the fast development of biogas upgrading
plants that remove CO2 and produce biomethane (Petersson
et al., 2007). By upgrading biogas with hydrogenotrophic archaeas
through Eq. (1), and an external source of H2 from wind or solar
power, a synergy could be reached due to the fact that commercial
upgrading plants are based on physical/chemical processes (i.e.
absorption, adsorption and membrane separation) that only sepa-
rate CH4 from CO2, thus requiring further steps to avoid carbon
emissions (Bauer et al., 2013):

CO2 þ 4H2 ! CH4 þ 2H2O ð1Þ

Literature shows two different approaches when considering
the development of a technology that takes advantage of hydroge-
notrophic methanogenesis to remove CO2. Firstly, the addition of
H2 to anaerobic digesters of organic matter in order to remove
CO2 from biogas while increasing the production of biomethane
(Luo and Angelidaki, 2013; Luo et al., 2012; Wang et al., 2013)
and, secondly, the supply of H2 and a CO2 (or biogas) to an exclu-
sively methanogenic bioreactor rich in hydrogenotrophic archaeas
(Burkhardt and Busch, 2013; Ju et al., 2008; Kim et al., 2013; Lee
et al., 2012; Luo and Angelidaki, 2012; Peillex et al., 1990). Both
lines of research found that the barrier to the successful develop-
ment of the technology on an industrial scale is the gas–liquid
mass transfer of H2, due to its low solubility (dimensionless
Henry’s constant, HH2 = 50 and 55 g=LG=g=LH2O at 35 and 55 �C,
respectively). Studies with gas diffusers on lab-scale CSTR were
shown to require high stirring speed; Peillex et al. (1990) attained
an organic loading rate (OLR) of 1488 m3

H2
=m3

Rd with a methane

yield of 0.19 m3
CH4
=m3

H2
employing a pure culture of

Methanobacterium thermoautotrophicum at 65 �C. More modest
loads were found when employing mixed methanogens cultures
at thermophilic conditions (55 �C) (Luo and Angelidaki, 2012),
increasing the content of CH4 in biogas from 60% to 90% at a rate

of 14.4 m3
H2
=m3

Rd. Another experiment with packed columns bior-

eactors reported a load of 5.7 m3
H2
=m3

Rd with a mixed culture at

mesophilic conditions obtaining a yield of 0.23 m3
CH4
=m3

H2
(Lee

et al., 2012) (close to the stoichiometric maximum). Membrane
bioreactors (MBR) were also evaluated for the transfer of H2 by
gas diffusion through the membrane material, reaching a final con-
centration of biomethane in upgraded biogas of more than 95%
(Strevett et al., 1995; Wang et al., 2013), as well as high methano-
genic activity even at low pH values or high concentrations of reac-
tion intermediates (Ju et al., 2008).

Literature on reactors with a working volume larger than 10 L is
scarce, and limited to mesophilic temperature. Employing a 26.8 L,
Burkhardt and Busch (2013) found a yield of 0.26 m3

CH4
=m3

H2
in a

trickled-bed bioreactor at a rate of 4.52 m3
H2
=m3

Rd and in Kim

et al. (2013) a load of 18 m3
H2
=m3

Rd was reached in a 100 L CSTR
at moderate stirring speed, showing a slightly lower yield
(0.23 m3

CH4
=m3

H2
). Consequently, applied research should focus on

developing viable bioreactor configurations that achieve both a
high load and a high CH4 yield on larger scales. This paper aims
to study the feasibility of producing CH4 from H2 and CO2 at ther-
mophilic conditions on a pilot scale MBR.

2. Methods

2.1. Pilot plant description

One 40 L cylindrical reactor (176 mm � 1200 mm) with a work-
ing volume of 31 L was taken. The reactor was insulated and the
walls were heated with electric resistance. Feed gas was obtained
from gas cylinders, and the rate was regulated with rotameters.
Feed line was preheated in a thermostatic bath (55 �C), mixed with
the recirculation, filtered by 0.45 lm (Millex, Millipore) and con-
nected to the upper part of the membrane module as shown in
Fig. 1. The hollow-fiber membrane module (Porous fibers, Spain)
was placed in the bioreactor to generate gas bubbles. The module
consisted of 232 polymeric fibers (PVDF) with a pore size of
0.4 lm and fiber length of 550 mm. The total membrane surface
was 0.93 m2 and the module occupied 2.6 L. The bioreactor was
equipped with a gas pump to recirculate biogas from the head-
space through the membrane module, and one peristaltic pump
to mix the liquid at a constant rate of 700 mL/min.

Notation

cGmemH2
concentration of H2 in the stream supplied to
the membrane (g/m3)

cIN;GH2
concentration of H2 in the feed gas (g/m3)

cLH2
concentration of H2 in the liquid phase (g/m3)

cOUT;GH2
concentration of H2 in the effluent gas (g/m3)

fX fraction of H2 employed for microorganisms
growth

HCH4 dimensionless Henry’s law constant for CH4

HH2 dimensionless Henry’s law constant for H2

kLaCO2 liquid film mass transfer coefficient for CO2

(h�1)
kLaH2 liquid film mass transfer coefficient for H2 (h�1)
_mG!LH2

mass flow rate of H2 transferred from gas to liq-
uid phase (g/d)

_mIN;GH2
feed mass flow rate of H2 gas (g/d)

_mOUT;GCH4
effluent mass flow rate of CH4 gas (g/d)

_mOUT;GCH4

� �
H2eq

effluent mass flow rate of CH4 gas as equivalent
H2 according to Eq. (1) (g/d)

_mOUT;GH2
effluent mass flow rate of H2 gas (g/d)

_mOUT;LH2
effluent mass flow rate of dissolved H2 (g/d)

gH2
efficiency of H2 utilization (%)

OLR organic loading rate (m3
H2
=m3

Rd)

Q IN;GH2
gas feed rate of H2 (m3/d)

QRC,G gas recirculation rate (m3/d)
QOUT,G gas effluent rate (m3/d)
QOUT;GH2O

gas effluent rate of water vapor (m3/d)
rutH2

H2 utilization rate (g/h)
U specific substrate utilization rate (gCOD/gVSSd)
VmCO2

molecular volume of CO2 (mL/mol)
VmH2

molecular volume of H2 (mL/mol)
VR working volume of the bioreactor (L)
X concentration of microorganisms (gVSS/L)
xCH4 molar fraction of CH4

YCH4 methane yield (m3
CH4

=m3
H2

)
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2.2. Operating conditions

The reactor was inoculated with 31 L of anaerobic sludge from a
thermophilic pilot plant anaerobic digester at our laboratory treat-
ing activated sludge from Valladolid WWTP. We set up the reactor
by supplying H2 and CO2 (ratio according to Eq. (1)) at an organic
loading rate of 5.03 m3

H2
=m3

Rd with a gas recirculation rate (QRC,G)
of 0.10 m3/d for 30 d. All the values of volumetric flow rates from
the study are expressed at 55 �C and 1 atm.

After the set-up period, the experiment started. The experiment
was performed at thermophilic conditions (55 ± 1 �C) and divided
into 6 stages (I–VI), each corresponding to a certain gas load rate,
in order to determine the maximum OLR that could be applied
with a 95% conversion efficiency for H2 (gH2

). Different QRC,G were
applied for some stages (Table 1) in order to evaluate mass transfer
conditions and reactor performance. Nutrients required for micro-
bial activity, and a phosphate buffer solution, were supplied when
the NH4

+ concentration fell below 500 mg/L, specifically, during day
19, 52, 82 and 108. 200 mL of macronutrients solution, 20 mL of
micronutrients solution diluted in 180 mL of distilled water and
200 mL of buffer solution were added on the days mentioned.
The macronutrient solution was prepared like the stock solution
A reported in Angelidaki and Sanders (2004), while the micronutri-
ents solution was a version that was modified (by adding 500 mg/L
of resazurine) from the trace-metal solution also from Angelidaki
and Sanders (2004) and the phosphate buffer solution was pre-
pared with K2HPO4�3H2O and KH2PO4 to a final pH of 7.2 with a
concentration of 1 mol/L PO4

3�.

2.3. Monitoring and experimental analysis

Headspace pressure was monitored with a Cerabar PMC131
probe (Endress Hauser) and temperature was controlled with a
PID and a PT100 probe. Effluent gas rate was measured daily by liq-
uid displacement, and gas composition (dry basis) was determined

by gas chromatography (GC–TCD) as described in Díaz et al. (2010).
The liquid effluent was collected and measured daily in a gradu-
ated cylinder.

Volatile fatty acids concentration was measured weekly by gas
chromatography (GC–FID) following the method reported in
Alcántara et al. (2014).

Dissolved H2 concentration (cLH2
Þ was measured periodically by

gas–liquid partition with a modified version of the method
described in Yu et al. (2006). 8 mL of liquid were sampled from
the reactor and subsequently injected into a 10 mL gas-tight sero-
logical bottle. The bottles contained 200 lL of concentrated H2SO4

in order to prevent any biological activity in the sample. They were
closed with butyl septa, sealed with aluminum caps and degassed
with helium prior to the sample injection. H2 in the headspace of
the bottles was measured 8 h after sample injection by GC–TCD
and liquid concentration was estimated through mass balances. A
higher variability between replicates is expected in this modified
version since analyses were only performed in duplicate in com-
parison to the original method where triplicate aqueous samples
were withdrawn. Due to the nature of the GC detection limit for
H2 (1% in volume), the minimum cLH2

that can be measured is

0.022 mg/L.
pH, TSS (total suspended solids), VSS (volatile suspended solids)

and NH4
+ concentration were measured weekly according to stan-

dard methods (APHA et al., 2005).

3. Calculation

Methane yield (YCH4 ) was defined as the volume of CH4 gener-
ated per volume of H2 fed to the bioreactor, and was calculated
with Eq. (2). CH4 in the liquid effluent can be neglected due to
the low solubility of CH4 in water (HCH4 = 43 at 55 �C) and the
low liquid effluent rate:

YCH4 ¼ Q OUT;G � Q OUT;GH2O

� �
� xCH4=Q IN;GH2

ð2Þ
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Fig. 1. Pilot plant diagram.

Table 1
Operating conditions applied during the study.

I II III IV V VI

a b c d e a b a b

t (d) 0 3 7 13 19 27 40 58 75 98 111 124
OLR (m3

H2
=m3

Rd) 10.1 20.1 30.2 45.2 25.1 40.2

QRC,G (m3/d) 0.10 0.20 0.40 0.80 1.61 1.61 1.61 2.41 4.83 2.17 4.43 4.83
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where QOUT,G is the volumetric gas effluent rate, QOUT;GH2O
the volu-

metric flow rate of water in the gas effluent (calculated with vapor
pressure given by Antoine equation), xCH4 the molar fraction of CH4

(dry basis) in gas effluent and Q IN;GH2
volumetric gas feed rate of H2.

In a similar way, the efficiency of H2 utilization was defined by
Eq. (3):

gH2
¼ 100 � _mIN;GH2

� _mOUT;GH2

� �
_mIN;GH2

.
ð3Þ

where _mIN;GH2
is the mass flow rate of H2 fed and _mOUT;GH2

the mass

flow rate of H2 in the effluent gas. H2 in the liquid effluent can be
neglected as well as it is several orders of magnitude lower than
the mass flow rates of H2 in gaseous streams.

A mass balance to the gas phase in the bioreactor (Eq. (4)) was
performed to calculate the mass transfer coefficient for H2, kLaH2 :

_mIN;GH2
¼ _mOUT;GH2

þ _mG!LH2
ð4Þ

where _mG!LH2
is the mass flow rate of H2 transferred from the gas to

the liquid phase in the bioreactor. In steady-state conditions, _mG!LH2

is given by Eq. (5) assuming that all the resistance to mass transfer
is in the gas/liquid interphase:

_mG!LH2
¼ VR � kLaH2 cGmemH2

HH2 � cLH2

.� �
ð5Þ

where cLH2
� 0 when the high turbulence provoked by gas sparging

rate prevents a concentration gradient in the liquid phase and dis-
solved H2 is consumed completely by methanogens. Then, combin-
ing Eqs. (4) and (5), kLaH2 can be obtained (Eq. (6)):

kLaH2 ¼
_mIN;GH2

� _mOUT;GH2

VR cGmemH2
HH2

� �� ð6Þ

where VR is the reactor working volume (31 L). cGmemH2
is given by

Eq. (7):

cGmemH2
¼

cIN;GH2
� Q IN;G þ cOUT;GH2

� Q RC;G

Q IN;G þ Q RC;G
ð7Þ

cIN;GH2
and cOUT;GH2

are the H2 concentrations in feed and effluent gas

respectively, QIN the volumetric gas feed rate and QRC,G the volumet-
ric gas recirculation rate.

Yu et al. (2006) demonstrated that the mass transfer coefficient
for a given gaseous substrate can be estimated when the coefficient
for a reference gas is known in the same reactor and under the
same operating conditions (Eq. (8)); thus, the mass transfer coeffi-
cient for CO2 (kLaCO2 ) was estimated:

kLaCO2 kLaH2

�
¼ 1=VmCO2

� �0:4
1=VmH2

� �0:4
�

ð8Þ

where VmH2
and VmCO2

are the molecular volume of H2 and CO2 (14.3

and 34 mL/mol, respectively) (Wilke and Chang, 1955).
From _mG!LH2

, some parameters of the biological kinetics and

stoichiometry were calculated performing a mass balance to H2

in the liquid phase of the bioreactor (Eq. (9)):

_mG!LH2
¼ _mOUT;LH2

þ rutH2
ð9Þ

where rutH2
is the H2 utilization rate. From rutH2

, U, the specific sub-

strate utilization rate, was obtained with Eq. (10) including the con-
version factors: 8 gCOD=gH2

and 24 h/d:

U ¼ 0:33 � rutH2
=ðXVRÞ ð10Þ

where X is the microorganisms concentration.
Finally, fX, the fraction of H2 employed for microorganisms

growth (anabolism), was estimated (Eq. (11)) given the fact that

the mass flow rate of H2 consumed to produce energy (catabolism)
can be obtained from the methane production rate ( _mOUT;GCH4

)

according to Eq. (1):

f X ¼
rut;H2 � _mOUT;GCH4

=2
� �
rut;H2

ð11Þ

where the term _mOUT;GCH4
=2 is defined as the mass flow rate of CH4

as equivalent H2 _mOUT;GCH4

� �
H2eq

according to Eq. (1).

4. Results and discussion

4.1. Performance of the conversion of H2 and CO2 to CH4

The experiment started (stage Ia) with a _mIN;GH2
of 22.9 g/d and a

QRC,G of 0.10 m3/d. The mass balance performed to the gas phase
(Fig. 2a) showed that less than 90% of the H2 fed was converted
during these first days. Next, biogas recirculation rate was
increased stepwise according to Table 1 until 1.61 m3/d, with the
purpose of raising gH2

. The bioreactor presented an unstable
behavior until day 20, gH2

varied between 65% and 90% (Fig. 2b),
and a we found a significant difference between _mG!LH2

and

_mOUT;GCH4

� �
H2eq

until day 9, which indicates that a large part of

the H2 fed in these first days was transferred to the liquid phase
and consumed, but was not employed for CH4 production, probably
due to biomass adaptation to the substrate. The bioreactor con-
verted at least 95% of the H2 fed only after day 20. During stage
Ie, the average gH2

was 97% and the average YCH4 was 0.20

m3
CH4

=m3
H2

.
On day 27, _mIN;GH2

was raised to 45.7 g/d while QRC,G was main-

tained at 1.61 m3/d (stage II). The increase in the mass flow rate
provoked a slightly decrease in gH2

, which remained around 95%
for this period, thus indicating that mass transfer conditions were
still acceptable even when the OLR was doubled. Besides, the aver-
age YCH4 was 0.19 m3

CH4
=m3

H2
, somewhat lower than at the end of

the previous period. Given the fact that the conversion efficiency
did not substantially fall during stage II, we increased _mIN;GH2

to

68.6 g/d on day 40 (stage IIIa) and maintained QRC,G. In this case,
gH2

decreased to an average 93% but the average YCH4 was not
altered.

On day 58, QRC,G was augmented to 2.41 m3/d (stage IIIb). Under
these conditions, the performance of the bioreactor improved sig-
nificantly, gH2

reached 95% while YCH4 increased to 0.23 m3
CH4

=m3
H2

,
much closer to the stoichiometric value. Furthermore, the differ-

ence between _mG!LH2
and _mOUT;GCH4

� �
H2eq

was drastically lower

than in previous stages (Fig. 2a) thus indicating that archaeas
employed almost all H2 transferred in order to produce CH4.

The maximum _mIN;GH2
supplied to the bioreactor was 103 g/d

during stage IV, in combination with a recirculation flow rate of
4.83 m3/d, the maximum capacity of gas pump. Throughout this
period, gH2

never reached the targeted 95%, instead averaging

91% while YCH4 was 0.21 m3
CH4
=m3

H2
. On day 98 (at the end of stage

IV), the operation was stopped and the bioreactor opened in order
to observe the state of the membrane. There was no biomass
attachment to the membrane, in contrast to the biofilm found on
the MBRs employed for H2 conversion to CH4 in the literature (Ju
et al., 2008; Wang et al., 2013), which operated without gas bub-
bles, probably due to the turbulence provoked by the high recir-
culation rates employed here to form bubbles while in Ju et al.
(2008) and Wang et al. (2013) gas diffusion through the membrane
was the transference mechanism.
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The operation was restarted a few hours later with _mIN;GH2
of

57.2 g/d (stage V). This lower rate was chosen because during the
technical stop some liquid was lost and replaced with approxi-
mately 2 L of distilled water. gH2

reached 96% after 2 days and

YCH4 was 0.23 m3
CH4
=m3

H2
, similar values to those found on stage

IIIb with a comparable OLR. In stage VIa, the rates of feed and recir-
culation were raised to 91.5 g/d and 4.43 m3/d, respectively on day
111 and the maximum recirculation capacity was applied from day
124 (stage VIb). During stage VIb, gH2

was 95% in average while the

CH4 yield was 0.22 m3
CH4

=m3
H2

. In brief, the bioreactor successfully
transformed at least 95% of the H2 fed at OLR between 10 and
40.2 m3

H2
=m3

Rd adjusting the gas recirculation rate and

40.2 m3
H2
=m3

Rd is the maximum OLR that could be supplied to the
system while converting 95% of the H2 fed since the application
of a higher loading rate (as in stage IV) failed to achieve a such a
conversion at the maximum recirculation rate provided by the
gas pump.

This OLR is higher than that achieved on similar pilot-scale bior-
eactors, such as packed column bioreactors (4.5 m3

H2
=m3

Rd)

(Burkhardt and Busch, 2013) or CSTR (18 m3
H2
=m3

Rd) (Kim et al.,
2013); on the other hand, YCH4 was somewhat lower than in those
experiments, which found 0.26 and 0.23 m3

H2
=m3

Rd, respectively.
Nevertheless, OLR during stage VIb was more than double that
applied in Kim et al. (2013), while the reactor yield decreased only
slightly. Hence, a membrane can be employed to transfer H2 at a
high rate, allowing the biological conversion to take place satisfac-
torily. Further research should focus on the long-term stability of
the bioconversion rates found during this study.

4.2. Mass transfer capacity in the MBR

The concentration of dissolved H2 in the liquid phase was below
the detection limit during the whole experiment (Fig. 3). As a con-
sequence, the assumption that all the resistance to mass transfer is
in the gas/liquid interphase was correct. The correlation coefficient
between the experimental data and the predicted values (Eq. (12))
was 0.990, thus confirming that H2 mass transfer to the liquid
phase can be described accurately by Eq. (6) for the range of volu-
metric flow rates tested:

kLaH2 ¼ 0:0645ðQ IN;G þ Q RC;GÞ þ 1:1866 ð12Þ

The kLaH2 values observed (Fig. 4) ranged from 30 h�1 for the
lowest total gas flow through the membrane (QIN,G + QRC,G) to
430 h�1 (for the highest) and the estimated kLaCO2 from 20 to
300 h�1.

It should be pointed out that this maximum kLaH2 value is
higher than kLa values found in bioreactors with traditional gas dif-
fusers (at equivalent gas rates), and in the range of CSTR with high
agitation speeds (700 rpm) (Kreutzer et al., 2005). This is a conse-
quence of the large sparging area of the membrane module
employed (sparging area to reactor working volume ratio is
30 m2/mR

3), however, this ratio is lower than employed by Wang
et al. (2013) when membranes were used to transfer H2 by diffu-
sion only (62 m2/mR

3). Conversely, gas sparging implies power con-
sumption on gas recirculation to achieve a high kLaH2 while this
power input is prevented when H2 is transferred only by diffusion
through the membrane.

Conversely, much higher kLa values, as high as 3600 h�1, were
found in Peillex et al. (1990) using H2 diffusion through porous

(a) (b)

Fig. 2. Performance of the bioconversion throughout the experiment. H2 and CH4 as equivalent H2 mass flow rates (a). Efficiency of H2 utilization and CH4 yield (b).

Fig. 3. VSS and dissolved H2 concentrations in the bioreactor.

Fig. 4. Linear fitting of experimental kLaH2 and estimated kLaCO2 values.
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glass and a Rushton impeller; however, the stirring speeds
employed (over 1000 rpm) would presumably result in an extre-
mely energy-consuming system on a larger scale.

A comparison between the maximum potential transfer rates
(kLa(cGmem/H)) from the gas to the liquid phase showed that the

ratio kLaH2 cGmemH2
=HH2

� �
=kLaCO2 cGmemCO2

=HCO2

� �
is around

0.01 gH2
=h=gCO2

=h under the experimental conditions. This is
another indicator of H2 transfer limitations in the bioreactor
because 0.18 g of H2 is required per g of CO2 to perform the conver-
sion according to stoichiometry (Eq. (1)).

4.3. Biological activity

The maximum specific utilization rate (U) observed during the
study was around 7 gCOD/gVSSd (Fig. 5). This experimental value is
close to the typical design value suggested for methanogens grow-
ing on H2 and CO2 (8.8 gCOD/gVSSd) (Rittman, 2001). Nevertheless, a
review of kinetic parameters for different pure cultures of hydroge-
notrophic archaea showed that U ranges from 2 to 90 gCOD/gVSSd
depending on the specific strain (Pavlostathis and Giraldo-
Gomez, 1991). The higher the U, the larger the H2 rate that can
be converted to CH4 in a specific bioreactor before the reaction’s
limiting factors overtake the H2 mass transfer. Therefore, U values
found during this experiment appear not to be the potential maxi-
mum, and are limited by H2 mass transfer in the system, since cLH2

was always below the detection limit, indicating a lack of lim-
itations for the biological reaction.

A high cLH2
inhibits propionate and butyrate conversion to acet-

ate or H2 and CO2 during anaerobic digestion occasioning lower
yields or the whole process breakdown (Speece, 2008). Therefore,
the fact that H2 could be transferred at a high rate without any
accumulation in the liquid phase is an important advantage of
the technique studied, since it might be applied to the own anaero-
bic digester, thus avoiding additional units for biogas upgrading. In
fact, in situ biogas upgrading was found feasible by Wang et al.
(2013) where H2 was transferred only through diffusion and H2

and CO2 were partly consumed in the biofilm developed over the
membrane surface. Conversely, gas sparging impedes biofilm for-
mation and methanogenesis takes place totally in the bulk phase;
then, additional research is required to evaluate if cLH2

would

remain as low as in this experiment if anaerobic digestion and
upgrading were combined.

From another point of view, the adaptation of an unspecific
anaerobic sludge to H2 and CO2 led to the development of an accli-
mated population for the production of biomethane with yields of
0.22 m3

CH4
=m3

H2
at 40.2 m3

H2
=m3

Rd and 0.23 m3
CH4
=m3

H2
at

30.2 m3
H2
=m3

Rd. These yields are larger than the yields achieved

employing specific strains of M. thermoautotrophicum (Jee et al.,
1988; Peillex et al., 1990) (0.19 and 0.18 m3

CH4
=m3

H2
) or

Methanococcus thermolithotrophicus (Peillex et al., 1988)
(0.16 m3

CH4
=m3

H2
) at high gH2

values. This fact implies that the acqui-
sition costs of specific strains of hydrogenotrophic methanogens
could be avoided on an industrial scale by employing unspecific
anaerobic sludge as inoculum instead, since higher yields could
be reached, and given the fact that the current process is limited
by H2 mass transfer.

The fraction of H2 employed for methanogen growth (fX) calcu-
lated with Eq. (11) was larger during the first stages of the experi-
ment than in the latter (Fig. 5). fX dropped progressively from
values around 0.7 at the beginning of the experiment to below
0.1 after day 60. This result is supported by the fact that VSS con-
centration increased from 2.5 g/L, at the beginning of the study, to
3.6 g/L the day 58, and remained around this value during the rest
of the experiment (Fig. 3). This was also the reason underlying the
fact that YCH4 was always below 0.20 m3

CH4
=m3

H2
until day 58, in

spite of high gH2
values, because an important fraction of H2 was

utilized for microbial growth. Then, fX was higher when _mG!LH2

was low (also pointed by the important difference between

_mG!LH2
and _mOUT;GCH4

� �
H2eq

in the first stages) whereas it was lower

when _mG!LH2
rose, thus indicating an uncoupling of microbial

growth (anabolism) and H2 conversion to CH4 (catabolism). This
finding is in agreement with Fardeau and Belaich (1986) and with
Schönheit et al. (1980), where this phenomenon had already been
reported. An extensive discussion about not fixed stoichiometry in
methanogenic environments from a biochemical point of view can
be found in Kleerebezem and Stams (2000). Additionally, since the
inoculum employed in this study was adapted to the treatment of
activated sludge prior to the beginning of the study, only a small
fraction of the original microbial community was employed for
the transformation of H2 and CO2 during the experiment. This fact
may influence stoichiometry as well, especially on the first stages,
and molecular biology tools should be considered in further
research in order to elucidate how the evolution of the microbial
community influences the methane yield obtained.

From a technological point of view, the repercussions that arise
from uncoupled growth and conversion are, at least initially, posi-
tive. A bioreactor can be inoculated and biomass adapted from an
anaerobic sludge (treating a different substrate) directly inside the
methanogenic bioreactor in a short period (as in this study). A low
OLR can be used, and an important fraction of H2 and CO2 will be
employed for methanogens growth. Once the desired biomass con-
centration is achieved, OLR can be raised, while most of the sub-
strate will be employed for CH4 production.

VFA concentration was very low during the whole experiment.
Acetic acid concentration was under 100 mg/L, propionic acid was
below 50 mg/L, and only traces of butyric acid were found. These
concentrations are probably the result of microbial decay and
endogenous activity. Acetate might also be produced, to some
extent, by homoacetogenic bacteria, which use H2 to reduce CO2

to produce acetate. However, methanogenesis outcompeted
homoacetogenesis in the present study, in contrast to Ju et al.
(2008), where a VFA concentration over 4000 mg/L was found in
combination with acetoclastic and hydrogenotrophic
methanogenesis.

4.4. Application of the MBR for biogas upgrading

The biomethane concentration in upgraded biogas was simu-
lated by assuming that the MBR studied here were employed for
the upgrading of biogas under the following conditions:

Fig. 5. Specific H2 utilization rate (U) and fraction of H2 employed for microbial
growth during the experiment.
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(i) kLaH2 values at similar volumetric flow rates through the
membrane are the same when feeds of biogas and H2, and
of pure CO2 and H2 are fed, since kLa is not dependent on
the concentration of each compound.

(ii) QIN,G + QRC,G must fall within the range of studied rates so
that the kLaH2 values can be calculated with Eq. (12)
(QIN,G + QRC,G < 6.6 m3/d).

(iii) fX is the same for biogas feed because the additional CH4

supplied to the system will not alter the microbial activity
(the concentration of dissolved CH4 is that corresponding
to the equilibrium in both cases).

(iv) The CO2 rate supplied as biogas and the H2 rate are the same
than those in stage VI of the experiment (the maximum OLR
that could be applied while achieving a 95% bioconversion
efficiency of H2).

The simulation was carried out using the mass balance equa-
tions for gas (Eqs. (4) and (5)) and liquid phases (Eqs. (9) and
(11)), where the unknown variables are _mOUT;GCH4

and cOUT;GH2
. fX

employed was 0.07, the average value found in the experiment
after day 60 and kLaH2 was calculated with Eq. (12).

The volumetric flow rates of biogas that could be upgraded with
an equivalent CO2 content to that of stage VI were 20 m3=m3

Rd (50/
50 CH4/CO2), 25 m3=m3

Rd (60/40) and 34 m3=m3
Rd (70/30). The final

CH4 concentration as a function of recirculation to feed ratio was
represented in Fig. 6. Ratios between 1.75 and 2.25 were required
to reach a 95%v. concentration of CH4 and this was the maximum
concentration achievable to comply with condition (ii). However,
this upgraded biogas fulfills the requirements for grid injection
or for utilization as vehicle fuel in most European countries accord-
ing to Petersson et al. (2007).

5. Conclusions

The bioconversion of H2 and CO2 to CH4 was feasible at a maxi-
mum loading rate of 40.2 m3

H2
=m3

Rd while achieving a 95% effi-
ciency in H2 utilization. Gas sparging through the membrane
resulted in a large capacity of H2 mass transfer in the range of
high-speeds-stirring lab-scale bioreactors. Methanogens showed
higher ratios of conversion when the load rate was increased,
which entails a technological advantage when developing an effi-
cient methanogenic population during the start-up, at low load
rates, while increasing energy conservation at high load rates.
The system could upgrade biogas efficiently reaching a final con-
centration of biomethane of 95%v.
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