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Abstract 
 

Climate change is one of the major challenges of the 21st century. The energy sector represents the 
main contributor to global greenhouse gas emissions, due to its reliance on fossil fuels. 

Renewable energies arise as current solutions. Nevertheless, they are still facing two central 
difficulties: the lack of large-scale energy storage technologies to deal with their intermittent 
nature (e.g. wind and solar power), and the absence of energetically dense fuel alternatives for the 
transportation sector. 

Additionally, biogas technologies are indispensable for achieving sustainable societies. They result 
in energy and nutrients recovery from waste, mitigating greenhouse gas emissions and other kinds 
of pollutions. These technologies are required in circular economies, characterised by the non-
production of disposable wastes. However, biogas needs to be upgraded to optimise its properties 
as energy carrier. Indeed, biogas upgrading results in a broader use for the gas, besides combined 
heat and power generation; enabling its efficient transport, large-scale storage, and use as vehicle 
fuel. 

This project shows how electricity and gas systems can be integrated through an innovative 
Power-to-Gas technology which is able to partially solve these problems. The technology is based 
on the synergy of coupling biogas plants to hydrogen generation systems powered by off-peak 
electricity surpluses from intermittent renewable energies (e.g. solar and wind power), and 
subsequent biological methanation of the CO2 from the biogas and the produced H2 in an ex-situ 
anaerobic reactor. 

At first, this thesis presents a detailed definition of the overall innovative system and its different 
components. 

Subsequently, focus is put on the search for the most suitable biological methanation technology 
for industrial purposes. Through experimental work, this thesis examines and compares four 
different anaerobic reactor configurations, aiming to determine the most effective technology 
among the ones studied.  

Expressly, the experiment investigated different diffusion techniques for injection of the gases in 
the liquid media, together with diverse pore-sizes for the mentioned diffusers. The leading reactor 
configuration transformed 98.4% of the injected H2 at the highest loading rate tested (3.6 LH2/LR.d), 
upgrading biogas from a CH4 concentration of 60% to 96% in volume. 

The performance of the different setups is examined, and origins for the biological efficiency 
variations are elucidated, in order to help with the selection of subsequent experimental 
prototypes. 

Given its early stage of development, this biomethanation unit process forms the pivotal 
technology of the overall system. As soon as this technique is developed, a fully commercial 
system will be available to initiate major environmental and socio-economic benefits.  
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1.  Introduction 

The world evolves rapidly. It is of vital priority that climate change and resources scarcity issues 
are tackled today, in order to mitigate future deterioration of living conditions (IPCC, 2015). 

All societies need energy to ensure economic and social progress and improve human welfare. 
Given the continual development of our industrial activities and the spread of the modern-
consumption model worldwide; the scenario considered as most probable for 2100, is the one in 
which CO2 atmospheric concentration will have doubled (to 560 ppm) compared to in the pre-
industrial era. Within those circumstances, the average global temperature is expected to increase 
by 3°C by 2100, compared to the pre-industrial period (IPCC, 2015). 

Coal and oil have been the main reasons for human prosperity since the beginning of the Industrial 
Revolution in the eighteenth century. Today, over 80% of the energy we consume in the world is 
generated by coal, oil and gas (IEA, 2015). This explains why the energy sector is responsible for 
60% of the greenhouse gas (GHG) emissions worldwide (IEA, 2014). 

Western countries’ energy systems are particularly dependent on fossil fuels. In the EU for 
instance, these imports account for around 55% of total gross inland energy use (EEA, 2010). Apart 
from being a direct economical drawback due to its high cost, the dependency on foreign fossil 
fuel imports results in geopolitical risks, and represents a threat for a region’s energy security 
(Aslani et al., 2014). 

Furthermore, modern agriculture relies heavily on chemical fertilisers to boost yields in soils 
frequently impoverished by intensive farming. Therefore, enormous amounts of fertilisers are 
increasingly needed. The global chemical fertiliser consumption in 2011 was estimated at 173 
million tonnes (IFA, 2013). Production of these fertilisers is the largest source of anthropogenic 
nitrous oxide (N2O), the third most important GHG after carbon dioxide and methane (ADBA, 
2010). They are typically composed by three main macronutrients: nitrogen (ammonia NH3), 
phosphorus (PO4

3−) and potassium (potash K2O). To obtain these elements energy-intensive 
processes, mining and purification steps are needed. Consequently,  chemical fertiliser production 
are responsible for approximately 1.2% of the global energy use, and account for nearly 1.2% of 
anthropogenic GHG emissions (FAO, 2012). 

  

However, the worst consequences of climate change can still be avoided. Among the current 
solutions are found renewable energies and actions happening upon the circular economy 
concept, an approach resulting in human activities producing no waste or pollution. These 
solutions reduce both GHG emissions and pressure on natural resources (IPCC, 2012). 

In this R&D context, new technologies are developed every day to bring new solutions, but not 
without leading to inherent new complications as well. Therefore, the situation follows a recurrent 
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behaviour: interdependent technologies must be conceived in parallel, in order to technically 
complement each other and obtain an overall workable scenario in the end (REN21, 2015). 

 

Some relevant examples of the mentioned solutions are wind and solar power. These technologies 
are moving from a subsidy-driven model to an investment one, abundantly spreading throughout 
the globe. However, one major drawback of these technologies is their intermittent nature. 
Indeed, for a given region, it is not possible to predict with certainty when the wind is blowing or 
the sun is shining (REN21, 2013). 

Furthermore, for the adequate operation of the grid, the supply and demand of electricity must be 
matched. Therefore, if the objective is to cover a large proportion of the electricity needs while 
keeping the productivity of the installations at its maximum, a need for energy storage arises 
(Mathiesen et al., 2015). 

 

Biogas technologies are found within the renewable energy and circular economy concepts. They 
involve energy and nutrients recovery from organic waste, resulting in an optimized waste 
management that minimises GHG emissions and other forms of pollution (EBA, 2015).  

The energy recovery is performed by means of methane production. Methane is a substance with 
high chemical specific energy, responsible for the energy content of the biogas. Methane forms 
about 60% of the raw biogas. However, the gas is composed by other substances as well, which 
dilute its energy density (Al Seadi et al., 2008). 

After minor gas-cleaning steps (desulphurisation and drying), biogas can be used in its raw form, 
for heat or heat and power generation. However, in order to broaden the range of uses for  
biogas, it is necessary to upgrade it until achieving natural gas quality; namely, incrementing its 
methane proportion to about 96%, obtaining a final gas commonly called biomethane (SGC, 2012). 

A few biogas upgrading technologies exist. However, all of them involve high investment costs and 
energy needs; hindering an expansive adoption of biogas technologies (Bauer et al., 2012). 

 

The present thesis explores an innovative technology, which aims to provide simultaneously 
energy storage and biogas upgrading solutions. This is feasible by coupling a biogas plant to an 
onsite hydrogen generator (water electrolyser) powered by off-peak electric production from 
intermittent renewable energies (e.g. solar panels or wind turbines). 

By combining these two technologies, it is possible to upgrade the biogas to biomethane, via 
biological methanation: the CO2 from the biogas and the produced hydrogen are converted into 
methane by the activity of microorganisms. This results in reduced costs and energy demand for 
the biogas upgrading process, when compared to current purification technologies (Persson et al., 
2015).  

Simultaneously, given the simplicity of methane storage and the possibility of its injection into the 
natural gas network, the scheme functions as an energy storage system, offering grid-balancing 
services, i.e. helping the power grid with meeting the supply of electricity to the demand. 
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All the components forming the above mentioned system are proven and mature technologies, 
except for one: the biological upgrading process itself. In fact, different reactor configurations 
performing the mentioned biological conversion have been investigated in  recent years (Bassani 
et al., 2015; Díaz et al., 2015; Luo and Angelidaki, 2013a). However, further research and 
development is still required, in order to identify and ascertain the most suitable technology for 
industrial scales (Persson et al., 2015). 

The biological upgrading unit constitutes the cornerstone of the considered overall system. It is 
the only missing technological component needed to achieve a commercially available system with 
highly valuable environmental and socio-economic impacts (ADEME, 2014). 
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2.  Aims and limitations 

2.1. Aims 

The primary intention of this thesis is to assist, through laboratory work, in the search for the most 
suitable biological biogas upgrading technology for industrial purposes; aiming at developing that 
specific element of the overall system, without which the coupling of technologies (biogas plant 
and onsite hydrogen generator) would not be feasible. 

 

Specifically, this project aims at determining the system achieving the highest biological efficiency 
(see chapter 4.4 Biological efficiency) among four different reactor configurations for biological 
biogas upgrading by means of hydrogen addition. All the investigated configurations are based on 
upflow anaerobic reactors, and present different characteristics. All components and parameters 
of the studied setups are precisely described in chapter 6 Experimental setup. 

In order to allow analysis and comparison of the studied systems and achieve the mentioned 
objectives, the following research questions must be answered: 

 Which reactor configuration among the ones studied leads to the most beneficial 
biochemical kinetics? 

 Which of the investigated setups produces the best outflow-gas quality? 

 What are the origins of the variations in biological efficiency for biogas upgrading for the 
setups studied? 

 

 

2.2. Limitations 

Within the frame of development of the innovative overall technical system considered in this 
project (coupling of a biogas plant to an onsite hydrogen generator powered by off-peak electricity 
from RE), this thesis is limited to the investigation of the biological biogas upgrading process itself.  

The remaining aspects of the overall system, such as life-cycle assessment of the scheme and its 
components, and investigation of the environmental and socio-economic effects of its 
implementation in a given territory, are undertaken by different partners of a larger project 
named SYMBIO (see 3 Case study). 

 

The justification for the selection of the four reactor configurations considered in this study 
originates in the ongoing research of the SYMBIO project. Indeed, after four years investigating 
diverse biological biogas upgrading systems through H2-addition, the exploration of the present 
four reactor configurations forms the logical following step within the research project. 
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It is worth noticing that energy efficiency is not considered as element of comparison in this thesis. 
Since energy efficiency measures were not considered during the conception process of the 
experimental setups, assessment of their energy use and efficiency was considered inappropriate.  

Indeed, energy efficiency should be estimated during conception and experimentation of 
subsequent pilot-scale systems, and particularly commercial-scale systems. However, it is not a 
requirement for laboratory experimentation of prototypes of biological reactor configurations, 
where biological efficiencies are sufficient for decision-making and experimental assessment (see 
5.1 Experimental validation). 
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3.  Case study 

This chapter defines the analytical frame within which this thesis is conducted. The present study 
is part of a larger project named SYMBIO, based on the Danish territory and its technological 
context. Both frames are concisely exposed. 

 

3.1. The Danish case 

Denmark is undoubtedly one of the European countries adopting the most ambitious goals for the 
transition to a carbon-neutral energy system. For 2050, the country aims at being fossil fuel free 
and at reducing by 50% its total energy use (Danish Government, 2011). Table 1 summarises the 
main steps to achieve these goals. 

 

 

Table 1. Summary of Danish energy transition goals. 

Year Target Validation policy 

2020 
50% of the electricity supplied by 
wind energy 

Target approved by 95% of the 
Danish Parliament 

2030 
100% of the electricity and heat 
must be supplied by renewable 
energies 

Determination of the government 

2050 All energy 100% renewable 
Target approved by 95% of the 
Danish Parliament 

Source: (Danish Government, 2011). 

 

 

 

Denmark is the European country with the highest wind electricity penetration in its electric 
system, with 42% of the demand being covered by wind power in 2015 (Energinet.dk, 2015a). 

In addition to major reduction of GHG emissions when compared to fossil-fuel power generation, 
such high electricity penetrations from variable REs involve a need for energy storage, load 
balancing services and/or interconnections between regions and countries (Energinet.dk, 2014). 
This is due to the need for matching power generation to power demand, in order to obtain a 
stable electricity grid (see Figure 1). 
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Figure 1. Typical load curve for a winter weekend. Source: (Energinet.dk, 2013). 

 

 

 

 

Currently, Denmark tackles this issue with large interconnections, especially with Norway (1 GW) 
and Sweden (see Figure 2). Norway generates 99% of its electricity from hydropower, and is able 
to stop hydropower generation when Danish wind power is to be used. In this way, Norwegian 
hydropower serves as electricity storage not only for Norway, but also for Denmark (Energinet.dk, 
2013). 

However, as shown in Table 1, Danish wind electricity penetration will further increase (Olesen, 
2010), and foreign storage capacities are uncertain in the long run. Development of national 
energy storage is considered to be needed for ensuring system flexibility and security of supply, 
essential qualities for the obtaining of a robust energy system (Energinet.dk, 2015b). 
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Figure 2. High voltage interconnections in Denmark. Source: (Energinet.dk, 2013). 

 

 

In the frame of the Green Growth initiative, in 2009 the Danish government agreed that 50% of 
the livestock manure is to be used for green energy in 2020 (IEA Bioenergy, 2015). This resolution 
will accelerate significantly the deployment of biogas technologies. In fact, Danish biogas 
production is expected to rise from approximatively 5 PJ in 2013 to 14.5 PJ in 2025 (Energinet.dk, 
2015c). 

 

In the last 50 years, several natural gas networks have been built in many countries. More 
recently, the transition to greener gas networks through integration of gas from REs is getting 
growing interest, and many gas companies are involved in projects aiming at injection of large 
amounts of biogas into natural gas networks (IPCC, 2012). 

 

Denmark possesses an extensive natural gas network (see Figure 3), consisting of a north-south 
and an east-west transmission pipelines, distribution networks, two subterranean natural gas 
storage facilities, one natural gas treatment plant, and pipelines in the Danish region of the North 
sea (Energinet.dk, 2015c). 
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Figure 3. Danish natural gas network. Source: (Energinet.dk, 2015c). 

 

 

3.2. The SYMBIO project 

This thesis work is performed as part of an ongoing project named “SYMBIO − Integration of 
biomass and wind power for biogas enhancement and upgrading via hydrogen assisted anaerobic 
digestion”. The SYMBIO project, founded by the Danish Council for Strategic Research, is 
undertaken by collaboration of different universities and industry. The SYMBIO project aims at 
exploiting the synergy of technologies considered in this thesis, achieving commercial stage of the 
biological methanation system. 

Concretely, the experimental work of this thesis has been performed in the bioenergy laboratory 
affiliated with the Bioenergy Group of the Department of Environmental Engineering (DTU-
Environment) at the Technical University of Denmark (DTU), from where the coordination of the 
SYMBIO project is undertaken. 

 The SYMBIO project aims at proposing a commercial design of an optimized version of the 
renewable energy system considered in this thesis. Additionally, the system projected should be 
able to decouple biogas production from biomass availability; i.e. waste-CO2 from sources such as 
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exhaust gas from combustion gas motors, or from ethanol production should be accepted as CO2-
source, in order to produce CH4 without the need for a biogas plant as CO2-source. 

The different partners of the SYMBIO project are: 

 DTU-Environment. 

 SDU-BIOTEK: Group with considerable experience in gas separation and general gas 
handling. 

 SDU-Life Cycle Group: Wide system analysis expertise as well as large proficiency on the 
environmental aspects of manure and biogas systems. 

 Energinet.dk: Danish national transmission-system operator for electricity and natural gas. 

 Måbjerg BioEnergy: One of the world's largest biogas plants. 

 University of Montreal, Department of Microbiology and Immunology: Group dedicated to 
R&D and contractual activities in the field of biomass-to-energy, with a multidisciplinary 
expertise ranging from engineering to molecular microbiology, from lab to pilot-scale. 

 

DTU-Environment, in addition to being in charge for the coordination of the project, has the role 
of developing the technical solution for the biological methanation process itself. Thus, different 
reactor configurations have been investigated in the recent years, in order to determine the most 
suitable biological system for industrial purposes. 

The present thesis is allocated as a collaboration with the SYMBIO project; aligning completely 
with its research plan, with the intention of supporting the development of such an intelligent 
system. 
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4. Theory 

This section aims at revealing and clarifying the environmental, technological, and socioeconomic 
factors that define the frame of the technologies here investigated. 

 

4.1. Biogas production 

4.1.1. Biogas technologies 

The biogas is the gas produced by the decomposition of any kind of organic matter under 
anaerobic conditions (absence of oxygen), by means of microbiological activity (AD). That 
decomposition takes place normally in nature (in swamps for example), but can be provoked 
artificially in biogas plants, where maximized biogas yields are sought. 

The most common feedstock for biogas plants are (Al Seadi et al., 2008; Reith and Wijffels, 2003): 

 Agricultural wastes: animal manure and slurries, and vegetable residues and by products. 

 Sludge from wastewater treatment (WWT) plants: primary and secondary sludge. 

 Organic waste from municipal solid waste (MSW) treatment plants. 

 Industrial wastes: different industrial wastes and wastewaters from activities like food-
processing or pharmaceutical industries. 

 Energy crops: crops specifically conceived for energy purposes. 

 Landfills: because of the organic waste disposed, AD occurs naturally in landfills, and the 
biogas produced can be collected, resulting in major environmental benefits by avoiding 
methane and other landfill gases emissions to the atmosphere. 

 

In addition to renewable gas with high energy content, biogas plants result in a second main 
product: biofertiliser. Indeed, the production of biofertiliser and substitution of chemical fertilisers 
is estimated to account for between 45% and 60% (if the biogas is used as vehicle fuel or for 
cogeneration of heat and electricity, respectively) of the total environmental benefits of AD plants 
(Schott, 2012). 

 

The technical complexity of biogas plants differ greatly depending on their purpose and function. 
In countries like China or India there are millions of family-scale biogas plants which operate with 
the households’ residues and the ones from small farming activities. The systems are simple, 
cheap and easy to operate; and the biogas is used for cooking and lighting purposes. They can be 
built with local materials and they typically do not need control equipment or process heating 
(Heegde and Sonder, 2007; REN21, 2016). 
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However, advanced systems are required in order to achieve high efficiencies and biogas yields, or 
if the intention is to produce upgraded biomethane.  

Each biogas plant is unique, in the sense that they are individually designed, and every single sub-
process unit is selected according to the quantity and physicochemical properties of the substrate 
used. Many sub-processes are optional. However, they result in enhanced biogas yields, faster 
processes and/or improved quality of the end-product gas (Montgomery and Bochmann, 2014; 
Thrän et al., 2014). 

Nevertheless, these systems are structured in three fundamental units (see Figure 4), and one or 
more of the elements listed in each of the units bellow are implemented within a given biogas 
plant (Al Seadi et al., 2008): 

 

 Pre-treatment: reception/storage of substrate, separation of non-biodegradable 
compounds, dilution of substrate, hygienisation (usually at 70°C for 1h), mechanical 
treatment (grinders, ultrasound), chemical treatment (alkali/acid hydrolysis), thermal 
treatment (thermal hydrolysis, steam explosion) and biological treatment (fungal growth, 
enzymatic addition). 

 

 Anaerobic digestion: There are different kinds of anaerobic digesters, each one associated 
with, among other features, one range of substrate water content, hydraulic retention 
time and temperature. The most common anaerobic digesters are Completely Stirred Tank 
Reactors CSTR (Total Solids (TS) between 3 and 10%), Plug Flow Reactors PFR (TS > 10%), 
Upflow Anaerobic Sludge Blanket reactors UASB (TS < 3%). Industrial biogas plants require 
stirring systems for optimized biogas production; which can be mechanical, pneumatic 
(biogas is recirculated and blown from the bottom of the digester) or hydraulic (liquid is 
pumped inside the digester to force its stirring). 

 

 Gas post-processing: Gas conditioning (removal of water content and hydrogen sulphide 
H2S), upgrading (see chapter 4.2.2. Commercially available upgrading technologies) and 
compression (for use as a vehicle fuel or for injection into natural gas network). 
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Figure 4. Flowchart of an example biogas plant with biomethane production for natural gas grid 
injection or vehicle-fuel use. 

 

 

 

4.1.2. The biogas process 

The purpose of this section is to present an introduction to the biogas process and its biochemical 
kinetics. This is done in order to reveal the basic knowledge needed for the understanding of the 
microbiology backing the experiments of this thesis, and the biological biogas upgrading concept 
itself. 
 

Anaerobic digestion is a biological process in which organic matter, in absence of oxygen and 
through the action of anaerobic microorganisms, is decomposed into gaseous products or biogas 
(CH4, CO2, H2, H2S, etc.) and digestate. Digestate is a mixture of mineral products (N, P, K, Ca, etc.) 
resulting from the mineralization of organically bounded nutrients, in particular nitrogen, 
contained in the digested matter (Weiland, 2010). 

The biochemistry and microbiology of anaerobic processes is more complicated than for aerobic 
processes, due to the large number of different possible pathways an anaerobic community can 
follow for the bioconversion of organic substances (Bryant, 1979). All these pathways are not 
known in detail, but extensive progress has been made in recent years, and is being made by 
means of the complimentary research performed by the scientific community (Sterner, 2009). 
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4.1.2.1. Main phases of the biogas process 

The biogas process is characterized by the presence of several distinct consecutive biochemical 
reactions during the degradation of the substrate. However, the anaerobic digestion process can 
be subdivided into four main phases, each one involving its own specific group of microorganisms 
(Al Seadi et al., 2008; Campanaro et al., 2016; Reith and Wijffels, 2003): 

1. Hydrolysis: Conversion of complex polymers (proteins, polysaccharides and fats) to 
monomers and oligomers (amino acids, sugars and higher fatty acids). These 
decompositions are performed by hydrolytic microorganisms, which excrete hydrolytic 
enzymes that break down the undissolved material. 

2. Acidogenesis: Acidogenic (or fermentative) bacteria convert the products of hydrolysis 
(amino acids, sugars and higher fatty acids) to acetate, CO2 and H2 (about 70%), and to 
Volatile Fatty Acids (VFAs) and alcohols (about 30%). 

3. Acetogenesis: Acetogenic bacteria convert VFAs and alcohols (which cannot be directly 
turned into methane) from the previous phase to acetate, H2 and CO2. 

4. Methanogenesis: This is the last phase in the biogas process. It can be divided in two: 
acetoclastic methanogenesis and hydrogenotrophic methanogenesis. The first bioreaction 
converts acetate into CH4 and CO2 (accounting for around 70% of the total CH4); the 
second one converts CO2 and H2 to methane (around 30% of the total CH4). 
Hydrogenotrophic methanogenesis is the decisive step enabling the biological biogas 
upgrading investigated in this project. 

 

A simplified schematic representation of the biogas process is shown in Figure 5, where 
hydrogenotrophic methanogenesis can be found with the label 5b. 
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Figure 5. Simplified schematic representation of the biogas process. 1) Hydrolysis. 2) Acidogenesis.  
3) Acetogenesis. 4a) Acetate oxidation. 4b) Homoacetogenesis. 5a) Acetoclastic methanogenesis. 

5b) Hydrogenotrophic methanogenesis.  Adaptation from (Weiland, 2010). 

 

 

The different populations of microorganisms differ in terms of growth rates and of sensitivity 
regarding inhibition to each one of the intermediate compounds present along the anaerobic 
digestion process (especially H2, acetic acid or ammonia produced during acidogenesis of amino 
acids (Chen et al., 2008)).  

This implies that each phase presents different reaction rates according to the composition of the 
substrate, and that the desirable steady development of the overall process requires a delicate 
balance of bioreactions to avoid the accumulation of inhibitory intermediate compounds or the 
accumulation of VFAs, which could result in a drop of pH (Appels et al., 2008). 

 

 

4.1.2.2. Process parameters and inhibitors 

Since anaerobic digestion is a biological process, it is highly influenced by environmental factors. 
Therefore, it is crucial to measure different parameters in order to monitor and control the 
process, given that the involved microorganisms are sensitive to minor changes of their 
environment (Schnurer and Jarvis, 2010).  

It is worth noticing that each one of the groups of microorganisms has different optimum values 
for the parameters stated hereafter. However, since the biogas process is a sequence of 
bioreactions, optimum overall values that maximize the production of biogas exist. The mentioned 
parameters are listed below. 

1 

2 

3 3 

 

5b 

 

5a 

 

2 2 

4a 

 4b 
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 Temperature: The temperature is usually kept constant at optimal values of about 37°C in 
the mesophilic range and about 55°C in the thermophilic range (Bryant, 1979). 
Temperature stability is crucial for the biogas process, since fast fluctuation of +/-3°C may 
perturb reaction kinetics (Pind et al., 2003).  

 pH: The pH value of a given sample is found by measuring the concentration of hydrogen 
ions (H+), and indicates its acidity or basicity. Optimum pH values for AD are found 
between 6.5 and 7.5, and pH values below 6 or above 9 are very restrictive. The VFAs 
produced during the biogas process decrease the pH, but utilisation by methanogenic 
archaea avoids this response. In addition, the presence of carbon dioxide, ammonia and 
bicarbonate increments the alkalinity of the liquid (Appels et al., 2008). 

 Total solids (TS) and Volatile solids (VS): TS account for the suspended and dissolved 
solids in a given sample and its analysis is important for the control and conception of AD 
systems and other microbiological processes. Differently, VS are those solids lost on 
ignition at 550°C, providing a rough approximation of the amount of organic matter 
present in the solid fraction of the sample (Khanal, 2008). 

 Total Kjeldahl Nitrogen (TKN) and ammonia nitrogen: Nitrogen is a basic building block 
for microorganisms. For this reason, determination of TKN is an important parameter to 
measure, in order to verify if enough nitrogen is available for the appropriate growth of 
anaerobes. In addition, ammonium and ammonia are formed during hydrolysis of protein-
rich substances. It is well-known that high ammonia concentrations (values depend on the 
strain but usually above 5 g of N/L) inhibit methane formation (Ferry, 1993), conforming a 
motivation for ammonia nitrogen analysis.  

 Micronutrients and trace elements: The microorganisms involved in the anaerobic 
digestion require the presence of micronutrients such as iron, nickel, cobalt, sodium, 
potassium, calcium and magnesium for their growth and living conditions (Weiland, 2010). 

Most of the organic materials needed such as B-vitamins, fatty acids, or amino acids for 
growth are supplied by other microorganisms (Bryant, 1979). However, even if the 
substrate may contain sufficient mineral nutrients, in some cases addition of minerals 
is necessary to ensure good process conditions (Ferry, 1993). 

 Inhibition and toxicity: Although the nutrients mentioned above are essential for the 
biogas process, depending on their concentration, these substances can have inhibitory or 
even toxic effects. Accumulation of these has been reported as the primary cause of 
anaerobic digester upset or failure (Chen et al., 2008). Despite the fact that considerable 
research efforts have been made in order to identify the controlling factors of inhibition, 
literature shows considerable variation in the inhibition and toxicity concentration ranges 
reported for the substances. This is due to the vast complexity of the anaerobic digestion 
process, where mechanisms such as synergism or acclimation affect the inhibition and 
toxicity phenomena (Weiland, 2010). 
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In order to maintain a steady biogas process, it is crucial to measure periodically the highest 
number of the cited environmental parameters, together with intermediate compounds (VFAs, 
ammonia, etc.) and final products of the AD process (biogas yields, methane content, Volatile 
Solids reduction, etc.). With more data collected, more information is available for analysis, 
resulting in greater understanding of a given process, and eventually higher corrective-response 
capacity in front of disturbances. 

 

4.1.2.3. Low cell yields 

The microorganisms involved in the anaerobic digestion process obtain little energy from the 
bioreactions they catalyze and thus, low cell yields are achieved (0.02–0.2 gcells/gsubstrate for 
anaerobes, in front of 0.4–0.7 gcells/gsubstrate for aerobes (Ferry, 1993)). 

The energy from the substrates is therefore only partially used by the microorganisms and a 
relevant amount is conserved in the process products like ethanol, H2 and ultimately methane 
(Angelidaki et al., 2011). This low cell biomass production and relative higher yields of energy 
storing carriers is very convenient from an engineering point of view: it results in high energy 
recovery from digested waste and reduced transport of digestate. 

 

 

4.2. Conventional biogas upgrading 

4.2.1. Reasons for upgrading biogas 

Biogas is typically composed by 50-70% methane, 30-50% CO2, and smaller amounts of hydrogen 
sulphide (H2S) and ammonia (NH3). The gas is always saturated with water vapour. Occasionally, 
trace amounts of hydrogen (H2), nitrogen (N2), oxygen (O2), and silicon compounds (e.g siloxanes) 
are present in the biogas (Rutz et al., 2012). 

The energy content of the biogas is determined by the heating value of its methane fraction. 
Therefore, the approximately 40% of CO2 forming the biogas dilutes almost by half its energy 
density. This low energy density limits the use of biogas (to heat or CHP generation), since it 
cannot be injected in the natural gas grid; nor be transported or used as vehicle fuel, because of 
volume requirements of the gas tanks (Persson et al., 2006). 

In order to overcome these limitations, biogas can be upgraded to natural gas quality, i.e. to 
biomethane (see Table 2). This requires removal of the CO2 and water vapour, as well as typical 
contaminants found in the raw biogas (such as sulphur gases, siloxanes, dust and particles). Biogas 
upgrading enables the gas to be injected into the natural gas network if nearby existent, to be 
compressed and transported to places where the energy is needed, or to be used as vehicle fuel, 
resulting in direct substitution of fossil natural gas by RE (Benjaminsson et al., 2013). 
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In addition, efficient conversion of the biomethane back to electricity is available through 
combined-cycle technologies, transforming the natural gas grid into a vast energy storage system 
(ADEME, 2014). 

 

Table 2. Composition and parameters of gas from different origins. 

 Biogas Landfill 
gas 

Natural gas 
(Danish)* 

Natural gas 
(Dutch) 

Methane (vol-%) 60-70 35-65 89 81 

Other hydrocarbons (vol-%) 0 0 9.4 3.5 

H2 (vol-%) 0 0-3 0 - 

CO2 (vol-%) 30-40 15-50 0.67 1 

N2 (vol-%) < 0.4 5-40 0.28 14 

O2 (vol-%) 0 0-5 0 0 

H2S (ppm) 0-4000 0-100 2.9 - 

Ammonia (ppm) 100 5 0 - 

Lower heating value (kWh/Nm3) 6.5 4.4 11.0 8.8 

*Average during 2007 (Energinet.dk). Source: (Petersson and Wellinger, 2009). 

 

In summary, biogas upgrading presents several advantages: 

 Territorial and temporal decoupling of energy generation and use. 

 Possibility of large-scale storage. 

 Flexibility of use: efficient heat/heat and power generation, vehicle fuel, and/or base 
product for the chemical industry. 

Combination of these characteristics result in biomethane being an energy carrier with exceptional 
features, which could become a key element in future renewable-based energy systems (Köppel et 
al., 2009). 

 

4.2.2. Commercially available upgrading technologies 

Because of the very attractive advantages involved (see 4.2.1 Reasons for upgrading biogas), 
biogas upgrading is becoming increasingly demanded as valorisation path for produced biogas 
(Murphy et al., 2011) 

Currently, there are four commercially available technologies for biogas upgrading, and another 
one in developing phase. These are described below, according to (Bauer et al., 2012; Köppel et 
al., 2009; Petersson and Wellinger, 2009; Thrän et al., 2014). 
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 Water physical scrubbing:  

1. The biogas is first pressurized (5–10 bar), before entering an absorption column from 
the bottom, where the CO2 is dissolved in water at counter current flow.  

2. The water is then circulated into a flush column where the pressure is decreased (2.5–
3.5 bar). This enables separation of most of the methane and some of the CO2 
dissolved in the water.  

3. Then, the water enters a desorption column from the top, while air is entering from 
the bottom at atmospheric pressure, allowing the CO2 to be released from the water 
(air stripping).  

Both absorption and desorption columns are filled with packing material in order to maximize the 
contact surface between the water and the gases. 

 

 Organic solvent physical scrubbing:  

This technology uses the same principle than water scrubbing, with the difference that it uses an 
organic solvent (most commonly a mixture of dimethyl ethers of polyethylene glycol) instead of 
water. The solubility of CO2 in the organic solvent is much higher than in water (about five times). 
Therefore, the liquid flow required is lower than for water scrubbing, resulting in smaller 
diameters of the columns. However, the organic solvent has to be cooled (around 20°C) before 
absorption, and heated (40-80°C) before desorption. 

 

 Amine chemical scrubbing:  

The technology works with a water solution of amines that chemically binds to the CO2 molecules 
of the biogas. The most common amines used today are a mixture of monoethanolamine (MEA) 
and piperazine (PZ), usually named activated MDEA (aMDEA). Amine scrubbing mainly consists of 
two modules: an absorber, where the CO2 (and H2S) is removed from the biogas; and a stripper, 
which regenerates the amine solution by releasing the CO2 into the atmosphere.  

1. In the absorber column, the biogas is injected at 1–2 bar from the bottom and the amine 
solution from the top. The chemical reaction is exothermic, heating the amine solution from 
20–40°C to 45–65°C.  

2. In the stripper (1.5–3 bar), heat is added by means of steam and an internal boiler, attaining 
the 120–160°C needed for regeneration of the amine solution. The steam containing CO2 and 
H2S is cooled in a condenser, allowing the condensate to recirculate to the stripper and the 
contaminants to be released.  

Various heat exchangers are implemented in the system in order to minimize heating and cooling 
demands. Both absorber and striper are filled with packing material in order to maximize gas-
liquid contact surfaces. 
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 Pressure swing adsorption (PSA):  

This system separates the different gases according to their physical properties, by means of an 
adsorbent material. The adsorbents used are porous solids with high specific area to maximize the 
contact between the gas and the adsorbent. Usually, activated carbon, natural/synthetic zeolites, 
silica gels, or carbon molecular sieves are used as adsorbent materials, given their appropriate 
stability and selectivity for CO2. The upgrading process typically follows a four-phase cycle 2–10 
minutes long: 

1. The biogas is pressurised (4–10 bar). 

2. The biogas is fed into an adsorption vessel; where the CO2 is adsorbed, but only the methane 
is able to flow through the adsorbent material. 

3. Once the adsorbent is saturated with CO2, the pressure is decreased and the CO2-desorption 
phase starts, in order to regenerate the adsorbent material. 

4. A purge gas (commonly biomethane) is then fed backwards, and the off-gas stream rich in CO2 
is pumped out of the column. Now the adsorbent is regenerated, ready for a new cycle.  

In order to achieve a continuous operation, multiple columns are needed (usually four), so that 
there is always one in adsorption phase. The different columns and other equipment are 
interconnected, in order to minimise energy use and maximise methane yields.  

A drawback of this technology is that some methane is lost within the off-gas stream (< 4% total 
methane). 

 

 Membranes:  

Membrane upgrading technology is based on dense fine filters able to separate the different 
biogas components in accordance with their molecular size. Selected membrane materials (such as 
glassy polymeric hollow fibres or carbon membranes) have the peculiarity of being more or less 
permeable to different compounds: most of the methane is retained; while most of the CO2, 
together with water vapour, and some H2S and oxygen permeate through the membrane. The 
driving force for the process is the pressurisation of the raw biogas to 6–20 bar.  

In order to protect both the compressor and the membranes, the biogas is firstly cleaned by 
means of a particle filter, followed by water and H2S removal.  

Current research focusses on development of more selective membrane materials and process 
designs minimising methane slips. 

 

 Cryogenic separation:  

Cryogenic technologies for biogas upgrading are on developing stage, and there was only one 
plant in operation at the end of 2012.  

The technology employs the fact that all elements composing the biogas have different boiling 
temperatures. It is therefore possible to separate each one of them by gradually cooling the gas. 
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Several cooling techniques are investigated, testing different combinations of compressors, heat 
exchangers and expansion devices. 

 

An overview of the characteristics of the different technologies mentioned is shown in Table 3. 

 

Table 3. Overview of properties and performance of the commercial biogas upgrading technologies. 

Parameter 
Water 

physical 
scrubbing 

Organic 
solvent 
physical 

scrubbing 

Amine 
chemical 
scrubbing 

PSA Membranes 

CH4 in product gas 96 – 98 % 96 – 98 % 96 - 99 % 96 – 98 % 96 – 98 % 

Availability 95 – 98 % 95 – 98 % 95 – 98 % 95 – 98 % 95 – 98 % 

Methane slip < 2 % 2 – 4 % < 0.1 % < 4 % < 0.6 % 

Annual maintenance 
cost (% of 
investment cost) 

2 – 3 % 2 – 3 % 2 – 3 % 2 – 3 % 2 – 4 % 

Pre-cleaning needed No No Yes Yes Yes 

H2S removal 
Yes, but air 
stream needs 
H2S removal 

External 
Yes, but air 
stream needs 
H2S removal 

External External 

H2O removal External External External Yes Yes 

N2 and O2 separation No No No No/partly Partly (O2) 

Working pressure 
(bar) 

5 – 10 5 – 8 1 – 3 4 – 10 5 – 20 

Electricity parasitic 
use (product gas > 4 
bar) (kWh/Nm³ raw 
biogas) 

0.2 – 0.3 0.2 – 0.3 0.10 – 0.15 0.2 – 0.3 0.2 – 0.3 

Heat parasitic use 
(kWh/Nm³ raw 
biogas) 

None (40–80°C) 
0.5–0.6 (120–
160°C) 

None None 

Pure CO2 outflow No No Yes Yes Yes 

Source: (Bauer et al., 2012; Petersson and Wellinger, 2009; Thrän et al., 2014). 
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Currently, three technologies dominate the biogas upgrading market, i.e. water physical scrubbing, 
PSA and amine chemical scrubbing (see Figure 6). However, membranes and cryogenic separation 
technologies might have an increasing role if some operational issues get to be resolved (Bauer et 
al., 2012). 

 

 

 

 

Figure 6. Technologies used in the different biogas upgrading plants currently in operation. Data 
from IEA Task 37. Source: (Bauer et al., 2012). 

 

 

 

 

In addition, as shown in Figure 7, most of the biogas upgrading facilities are located in the EU 
(mainly in Germany and Sweden). 
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Figure 7. Location of the 277 biogas upgrading plants in operation at the end of 2012. Source: 
(Thrän et al., 2014). 

 

Because of the physicochemical properties required for the operation of the upgrading 
technologies defined in this chapter, investment costs (see Figure 8) and operational costs due to 
energy demand (see Table 3) remain high. Energy demand is mainly driven by the use of 
compressors, pumps and heating/cooling devices (Bauer et al., 2012). Investment costs increase 
importantly for upgrading units treating biogas flows smaller than 500 Nm3/h. 

 

 

Figure 8. Specific investment cost for different upgrading technologies. Source: (Bauer et al., 2012). 
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All the mentioned upgrading technologies present considerable disadvantages in terms of 
technical complexity, heavy initial investment costs, energy-intensive processes and significant 
methane losses to the atmosphere that reduce the environmental benefits of biogas production. 

This hinders expansion of biogas technologies, given that upgrading is a mandatory step to access 
the entire range of advantages that biogas has to offer (see 4.2.1 Reasons for upgrading biogas). 
 

 

4.3. Innovative biological biogas upgrading 

4.3.1. Biological biogas upgrading with hydrogen addition 

The novel biological upgrading system investigated in this study proposes an alternative to the 
prevalent technologies presented in the previous chapter 4.2.2 Commercially available upgrading 
technologies.  

For this purpose, the new technology employs the bioreaction corresponding to the last step 
within the biogas process: hydrogenotrophic methanogenesis (see 4.1.2 The biogas process).  

In practice, this is performed by feeding biogas (mixture of 60% CH4 and 40% CO2) and H2 in the 
reaction’s stoichiometric proportions (see Eq.1) into an anaerobic reactor containing biogas 
process microorganisms (i.e. digester liquid from a biogas plant).  

The microbial community naturally adapts to the new conditions by means of natural selection 
(some species prosper and multiply and others weaken and decline), provoking proliferation of the 
hydrogenotrophic methanogens contained in the inoculated liquid, given that these suddenly 
encounter optimal feeding conditions. 

Hydrogenotrophic methanogens use H2 as a reducing agent to convert CO2 into CH4 according to 
Eq.1. This reaction induces an electrochemical gradient across their cell membrane, allowing the 
formation of ATP through a process named chemiosmosis. This constitutes their energy source. 
Additionally, some of the H2 and CO2 are used as elemental sources for cell growth (Bryant, 1979). 

 

4 𝐻2  +  𝐶𝑂2 →  𝐶𝐻4  +  2 𝐻2𝑂   [Eq. 1] 

 

By supplying biogas and H2 in the right proportions, the CO2 and H2 provided are converted to 
supplementary CH4, which is added to the CH4 pre-existing in the biogas.  

This results in an increment of the CH4-total volume finally produced. In fact, for a biogas 
composed by 60% CH4 and 40% CO2, and according to reaction Eq.1, the total volume of CH4 
increases by 67%. However, this remains the theoretical maximum increment, without taking into 
account process efficiencies (see 4.4 Biological efficiency). 

 



25 
 

 

 

In recent years (mostly in the last four years), hydrogenotrophic methanogenesis has been 
investigated for biogas-upgrading purposes. 

The simplest way to perform enhanced hydrogenotrophic methanogenesis is through the so-called 
“in-situ” systems. In these cases, hydrogen is directly injected (by means of diffusers) into a regular 
AD reactor (e.g. the CSTR of a biogas plant). This is a very attractive possibility, given its simplicity 
and the reduced costs involved for implementation of the system on biogas plants. However, 
these systems present significant inconveniences: 
 

 It is known that the CO2 produced during AD reacts with hydroxide ions (OH-) within the 
liquid, forming bicarbonate ions (HCO3

-) that increase the buffering capacity of the 
medium (Schnurer and Jarvis, 2010). However, if extra H2 is introduced during AD, it reacts 
with the CO2, reducing the CO2-partial pressure, and provoking a loss of buffering 
capacity. This results in an increase of the pH, which affects negatively the kinetics of the 
biogas process (Luo et al., 2012; Luo and Angelidaki, 2013a). 

 Another issue is that VFA-degradation requires low hydrogen partial pressure (Fukuzaki et 
al., 1990); but when introducing additional H2, its partial pressure increases, hindering 
VFA-degradation and disturbing the biogas process in its entirety (Luo et al., 2012). 

 

Indeed, the optimal conditions for enhanced hydrogenotrophic methanogenesis are different to 
those for AD. Therefore, a natural solution arose for this problem: the adoption of “ex-situ” 
biomethanation systems, aiming at the optimisation of the upgrading process in dedicated 
external reactors. 

During their investigation of “ex-situ” methodology, (Luo and Angelidaki, 2012) concluded that 
hydrogenotrophic-methanogens-enrichment at thermophilic temperature (55°C) performed 60% 
better than at mesophilic temperature (37°C). This was latterly confirmed by (Bassani et al., 2015). 

At 60°C, hydrogen is about 500 times less soluble in water than CO2 (Ahern et al., 2015). 
Therefore, transferring the H2 into the liquid phase, in order to make it available for the 
microorganisms, is the limiting factor in both in-situ and ex-situ systems (Díaz et al., 2015; Luo and 
Angelidaki, 2013b; Martin et al., 2013). Consequently, it is crucial to investigate different 
technologies that tackle the mentioned H2 gas-liquid transfer limitation, in order to achieve 
suitable biomethanation systems. 
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Different key factors improving H2 gas-liquid transfer have been identified: 

 Mixing intensity (Martin et al., 2013). However, excessive mixing results in high energy use 
and would reduce the life-cycle efficiency for industrial-scale systems. 

 Gas-liquid contact time (Díaz et al., 2015). This factor can be improved with gas 
recirculation within the reactor. 

 H2 partial pressure (Luo et al., 2012). This can be increased by pressurising the reactors, 
according to the relation shown in Appendix A. 

 Diffusion of the H2 into the liquid (Luo and Angelidaki, 2013b), aiming at reducing the size 
of the H2 bubbles and optimizing the gas-liquid contact. 

 

The reactor configurations investigated in this project mainly approach the H2 gas-liquid transfer 
limitation through improvement of the gas-liquid contact time (gas recirculation) and H2 diffusion 
systems (see 6.1 Reactors’ setup and operation). 

 

 

4.3.2. The source of hydrogen 

Hydrogen gas can be produced from RE sources in different ways; including biomass gasification, 
reforming of biomethane, biological hydrogen production, or through electrolysis of water. 

The best option in the context of this study is to produce hydrogen with electrolysers powered by 
off-peak electricity surplus (i.e. when electricity production is high but demand is low) from 
intermittent RE such as wind and/or solar power.  

 

Electrolysis of water (or water splitting) consists of breaking water into H2 and O2 with direct 
electric current (DC) passing through two electrodes and a membrane, according to Eq. 2. 

 

2 𝐻2𝑂 (𝑙) →  2 𝐻2(𝑔) + 𝑂2 (𝑔)  Eq. 2 

 

The reaction takes place in an electrochemical cell, containing two electrodes (anode and cathode, 
interconnected through an external circuit), an electrolyte (substance increasing the electrical 
conductivity between the electrodes) and a membrane that prevents the produced gases from 
recombining back into water. The reduction reaction occurs at the cathode (negative charge), 
whereas the oxidation takes place at the anode (positive charge). Ions act as charge carriers and 
are transported through the membrane to close the circuit between the two electrodes. These 
ions can be OH-, H3O

+, or O2- depending on the technology (see Table 4). Electrolysis of water is an 
endothermic reaction, requiring energy input to maintain the reaction. 
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In order to produce systems of sufficient power, the cells should be as thin and as wide as possible 
(ADEME, 2014). However, this is not possible in practice, and this limitation is overcome by 
connecting in series several single cells (tens to hundreds), forming a cell stack. Depending on the 
capacity required, an electrolyser consists of one or several stacks (Persson et al., 2015). 

 

 

 

Figure 9. Commercial Alkaline electrolyse 515 kW HySTAT™60. Source: Hydrogenics. 

 

 

Currently, there are three electrolysis technologies in either commercial or pre-commercial 
development state, named according to the electrolyte used (Table 4 summarises the 
characteristics of the technologies): 

 

 Alkaline Electrolysis: 

With the first installations being implemented in the beginning of the 20th century, this technology 
is the most mature and widely used of the three (ADEME, 2014). This technique has the lowest 
investment costs and presents the most reliable operation. However, it usually also involves the 
lowest efficiency. 
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 Polymer Electrolyte Membrane (PEM) electrolysis: 

PEM electrolysis is a less mature technology, but more efficient than alkaline electrolysis. 
Installation costs are higher, given the expensive materials used for manufacturing of the 
electrodes (noble metals such as platinum or iridium) and membrane, typically Nafion foil with 
thickness lower than 0.2 mm (Persson et al., 2015). In addition, it responds better to variable 
power sources (such as wind and solar power), due to the ability of the protons transported 
through the membrane to react quickly in front of power fluctuation. In alkaline electrolysers 
instead, the transportation of ions through the liquid electrolyte present a higher inertia (Bhandari 
et al., 2014). 

 

 Solid Oxide Electrolysis Cells (SOEC): 

This promising technology has to offer a theoretical conversion efficiency of 100%. An important 
share (up to 40%) of the energy required for operating the electrolyser is supplied as heat, 
lowering the more expensive electricity needs. However, it is the least developed of the 
technologies, and still has to face significant technical issues (Holladay et al., 2009). 
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Table 4. Key operational parameters of Alkaline, PEM and Solid oxide electrolysis. 

 Alkaline electrolysis PEM electrolysis Solid oxide electrolysis 

Development state Commercial Commercial Laboratory 

Conversion efficiency 60 - 75% 60 - 80% 90 – 95% 

System power use (kWh/m3 
H2) 

4 - 7 4 - 7 3 – 3.3 

Type of electrolyte 20 – 30% KOH in H2O 
Solid polymer 
membrane, e.g. 
NAFION® 

Yttrium (ZrO2) ceramic 
doped with zirconia 
(Y2O3) 

Type of electrodes Ni-based Pt/C-based 
Ni-based (H2) Perovskite 
(O2) 

Type of membrane 
Asbestos or asbestos-
free polymer 

Same as the 
electrolyte 

Same as the electrolyte 

Charge carrier OH- H3O+/ H+ O2- 

H2 purity > 99.9% > 99.99% - 

Cell temperature 40 – 90°C 20 – 100°C 700 – 1000°C 

Part load/overload range 
(compared to design 
capacity) 

20 – 150% 5 – 200% - 

Cold start up time 
10 – 20 min (except if 
maintained at 30°C) 

< 10 min - 

Lifetime > 30 years 
5 - 10 years 
(improving) 

- 

Source: (ADEME, 2014; Bhandari et al., 2014; Götz et al., 2015; Persson et al., 2015). 

 

 

Since hydrogen is an energy carrier that can easily be transformed into electricity through efficient 
fuel cells, the obvious procedure would be to store the hydrogen itself, and to use it for electricity 
generation when required, or as vehicle fuel. However, hydrogen is very volatile due to its low 
density and small molecular size, resulting in storage limitations and high costs due to technical 
complications (Holladay et al., 2009). 

Mixture of hydrogen into the natural gas network is possible up to 15% in volume (IPCC, 2012). In 
the EU, the amount of H2 in the gas network is limited by country specific standards, within the 
range 0-12 vol.% (Götz et al., 2015). In the long term, however, it would be possible to adapt the 
natural gas network for transportation and storage of pure hydrogen (ADEME, 2014).  
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The main cost of an industrial biological upgrading system is allocated to hydrogen production 
(Götz et al., 2015). These costs would be overcome by incomes from providing energy storage and 
load balancing services, bringing stability and security to a grid facing an increasing penetration of 
intermittent REs (Persson et al., 2015). 

 

 

4.3.3. Advantages of the biological biogas upgrading system 

The biological biogas upgrading system considered in this thesis present several advantages. 

 

In order to make use of biomass in an optimal manner, it is necessary to evaluate, through a 
holistic approach, possible synergies from the implementation of different processes. It is only by 
having a system perspective that it is possible to conceive advanced structures and apply industrial 
symbiosis, resulting in consequent environmental and socio-economic benefits. This is precisely 
the approach employed for the conception of the technology considered in this project. 

 

Firstly, if purely regarded as a biogas upgrading system, and as long as the electricity powering 
hydrogen generation originates in low-priced off-peak electric surplus from REs, the present 
alternative system has the potential of lowering the costs associated with biogas upgrading (Götz 
et al., 2015).  

Indeed, the system not only upgrades the biogas, but also increases the methane final volume 
during the process (see reaction Eq.1). In addition, the biological reactor configuration presents 
lower technological requirements than for current techniques, given that it operates at lower 
temperatures and pressures (see 4.2.2 Commercially available upgrading technologies and 6.1 
Reactors’ setup and operation), likely resulting in reduced energy-related operational costs and 
implementation costs (Götz et al., 2015). 

 

Additionally, the presented system would not involve methane emissions to the atmosphere, 
which are inherent to most biogas upgrading technologies currently used (see 4.2.2 Commercially 
available upgrading technologies), resulting in enhanced life-cycle environmental benefits of 
biogas technologies. 

 

More holistically, the first service provided by the biological upgrading system is the use of off-
peak electricity generation for electrolysis of water; electricity that could be lost if intermittent 
renewable power sources have to be switched off, in order to secure the operation of the grid. 
This is the case when technical circumstances prevent produced electricity from being used, 
stored or transport elsewhere; ensuring the stability of the grid. This practice, usually termed 
curtailment, involve both economic and environmental losses (Bird et al., 2014). 
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From a biological viewpoint, intermittent feed of methanogens has been proven feasible, and it is 
known that dormant cultures are able to reactivate rapidly in large-scale AD systems (Martin et al., 
2013). 

Conversion of surplus electricity to gas energy carriers is commonly named Power-to-Gas. As 
shown in Figure 10, this technology constitutes potentially the biggest energy storage system in 
terms of storage capacity (ADEME, 2014; Persson et al., 2015; Sterner, 2009). 

 

 

 

Figure 10. Comparison of energy storage systems regarding discharge time and storage capacity. CAES: 
Compressed air energy storage. PHS: Pumped hydroelectric storage. Source: (Persson et al., 2015). 

 

 

 

As an example, in France, where gas and electricity are use in the same proportions (around 500 
TWh/year), gas storage capacity is more than 300 higher than electric storage capacity (137 TWh 
vs. 0.4 TWh); the former providing enough storage for 100 days of normal use (ADEME, 2014). 

When surplus electricity is converted to methane and injected into the natural gas network, not 
only the energy can be massively stored, but also conveniently transported across long distances, 
in order to be used elsewhere for heating, CHP generation, as vehicle fuel, and/or as a base 
product for the chemical industry (EurObserv’ER, 2015). 
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It has been estimated (Götz et al., 2015; Martin et al., 2013) that the overall efficiency of the 
system, from electricity to CH4, is between 60% and 80%, depending on whether or not the waste 
heat of the different processes is used. Given the complexity of the system, further research 
should be done for obtaining a detail life-cycle assessment and energy balance of the holistic 
scheme. 

 

Figure 11 shows a representation of the overall system considered in this thesis, together with the 
main direct advantages involved. 

 

 

 

 

Figure 11. Flowchart of the system with ex-situ biological methanation. 
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In this thesis work, the biological methanation system is mainly approached as a biogas upgrading 
system that, furthermore, has the advantage of proving the cited important additional benefits. 
For this purpose, the CO2-source for the process is the CO2-fraction of raw biogas produced in a 
separate process, i.e. in a regular biogas plant. 

However, the source of CO2 for the biomethanation process can perfectly be of fossil origin, if 
coming from industrial waste gases with fossil-fuel origin. Alternatively, the CO2 can derive from 
different industries such as ethanol plants, or even from current biogas upgrading facilities that 
generate CO2 off-gas. 

 

 

4.4. Biological efficiency 

4.4.1. Description 

In order to perform the intended comparison of the four reactor configurations investigated in this 
project, it is necessary to define comparability parameters. 

Since assessment of energy efficiency is inappropriate in the case of the present lab-scale 
experiment (see chapter 2.2 Limitations); the focus is placed on the systems’ relative capability of 
performing the methanation bioreaction considered, i.e. hydrogenotrophic methanogenesis. 

Expressly, for evaluation of the biological efficiency, two factors are of major importance: the 
composition of the outflow gas (proportion of CH4 achieved, remaining H2 and CO2 shares), and the 
gas yields the system is able to sustain. 

Additionally, analysis of the proportions of inflow H2 and CO2 converted in the systems (i.e. H2 and 
CO2 conversion efficiencies) results in deeper understanding of the process, forming adequate 
elements of comparison. 
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4.4.2. Calculations 

This section presents and defines the different parameters required for understanding and 
analysis of the experimental results. 

 

Table 5. Notation. 

    

%𝐶𝐻4,𝐼𝑁 Volumetric percentage of CH4 in feed gas 𝑄𝐶𝐻4,𝐼𝑁 CH4 loading rate [LCH4/LR.d] 

%𝐻2,𝐼𝑁 Volumetric percentage of H2 in feed gas 𝑄𝐻2,𝐼𝑁 H2 loading rate [LH2/LR.d] 

%𝐶𝑂2 ,𝐼𝑁 Volumetric percentage of CO2 in feed gas 𝑄𝐶𝑂2,𝐼𝑁 CO2 loading rate [LCO2/LR.d] 
    

%𝐶𝐻4,𝑂𝑈𝑇  Volumetric percentage of CH4 in output gas 𝑄𝐶𝐻4,𝑂𝑈𝑇  CH4 effluent rate [LCH4/LR.d] 

%𝐻2,𝑂𝑈𝑇  Volumetric percentage of H2 in output gas 𝑄𝐻2,𝑂𝑈𝑇 H2 effluent rate [LH2/LR.d] 

%𝐶𝑂2 ,𝑂𝑈𝑇 Volumetric percentage of CO2 in output gas 𝑄𝐶𝑂2,𝑂𝑈𝑇  CO2 effluent rate [LCO2/LR.d] 
    

𝜂𝐻2 Efficiency of H2 utilisation [%] 𝑄𝐼𝑁 Total gas loading rate [L/LR.d] 

𝜂𝐶𝑂2  Efficiency of CO2 utilisation [%] 𝑄𝑂𝑈𝑇  Total gas effluent rate [L/LR.d] 
    

𝑃𝐶𝐻4 CH4 production rate [LCH4/LR·d] 𝑄𝐵𝑖𝑜𝑔𝑎𝑠  Biogas (60-40%) loading rate [L/LR.d] 

𝑌𝐶𝐻4 CH4 yield [LCH4/LH2] 𝑄𝑅𝐶  Gas recirculation rate [L/LR.d] 

𝐻2𝑢𝑠𝑒𝑑  H2 utilisation rate [LH2/LR·d] 𝑄𝐶𝐻4,𝑉𝐹𝐴 CH4 from VFA degradation [L/LR.d] 
    

Where: L = total liters, Lr = L of reactor’s working volume, d = day. 

 

 

 VFA degradation: 

Ideally, this experiment would have started with inoculum free from organic matter, since it is not 
needed for hydrogenotrophic methanogenesis, if H2 and CO2 are externally supplied. This would 
have the advantage of producing unambiguous results, since no extra biogas would form in the 
reactors, and no extra CH4 and CO2 would interfere the calculations. 

However, even if the inoculum was treated in order to minimize the amount of organic matter 
supplied within the liquid (see 6.2 Characterisation of inoculum and liquid and gas feedings), a non- 
negligible amount of VFAs was still present at the time of inoculation. 

Therefore, the CH4 and CO2 produced by degradation of the media’s acetate (accounting for 
around 70% of total VFAs) and propionate (around 15% of total VFAs) was calculated, and 
respectively subtracted to the output CH4 and CO2 flows. 
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The inaccuracy involved by disregarding the degradation of the 15% remaining VFAs (such as iso-
butyrate, butyrate, iso-valerate, valerate or 1-Hexanoate) and alcohols (ethanol, 1-Propanol, 1-
Butanol, iso-amylalcohol or 1-Hexanol) was considered acceptable for the present study. 

Firstly, the daily molar quantities of acetate and propionate degraded in the liquid media were 
calculated out of the variation of their concentration in the four reactors over time. 

Additionally, the daily molar quantities of acetate and propionate provided by the liquid feeding 
(see 6.2 Characterisation of inoculum and liquid and gas feedings) were calculated, by multiplying 
their respective concentration to the daily fed volume. 

By summing these two amounts, the total daily molar quantities of acetate and propionate were 
determined; and subsequently used to calculate the moles of CH4 and CO2 produced by their 
degradation, according to Eq. 3 and Eq. 4 (Hrapovic and Rowe, 2002; Mucha et al., 1988). 

Acetate degradation: 

𝐶𝐻3𝐶𝑂𝑂− + 𝐻+ → 𝐶𝐻4 + 𝐶𝑂2  [Eq. 3] 

Propionate degradation: 

𝐶𝐻3𝐶𝐻2𝐶𝑂𝑂− + 2𝐻2𝑂 → 𝐶𝐻3𝐶𝑂𝑂− + 3𝐻2 + 𝐶𝑂2  [Eq. 4] 

Nevertheless, it can be observed that propionate degradation produce not only acetate, but also 
H2 and CO2. Assuming that the acetate will be degraded as well, and that the H2 and CO2 produced 
can in turn undergo hydrogenotrophic methanogenesis, propionate degradation can be rewritten 
as: 

𝐶𝐻3𝐶𝐻2𝐶𝑂𝑂− + 2𝐻2𝑂 + 𝐻+ → 7
4
𝐶𝐻4 + 5

4
𝐶𝑂2 + 3

2
𝐻2𝑂   [Eq. 5] 

Then, the total daily moles of CH4 and CO2 produced by degradation of acetate and propionate 
were converted into volumes using the ideal gas law; knowing that at the experimental-systems’ 
outlet there are room temperature (25°C) and atmospheric pressure (101 325 Pa). 

Finally, the calculated volumes of CH4 and CO2 produced from acetate and propionate were 
subtracted to the output CH4 and CO2 daily volumes. 

 

 

 𝜼𝑯𝟐: 

The H2 effluent rate 𝑄𝐻2,𝑂𝑈𝑇 was calculated as follows: 

𝑄𝐻2,𝑂𝑈𝑇 = 𝑄𝑂𝑈𝑇 ∙ %𝐻2,𝑂𝑈𝑇  [Eq. 6] 

All effluent rates and loading rates were calculated in the same way. 

The H2 utilisation rate 𝐻2𝑢𝑠𝑒𝑑 was calculated as follows: 

𝐻2𝑢𝑠𝑒𝑑 = 𝑄𝐻2,𝐼𝑁 − 𝑄𝐻2,𝑂𝑈𝑇  [Eq. 7] 

Finally, H2 utilisation efficiency was determined with Eq. 8. 

𝜂𝐻2 = 𝐻2𝑢𝑠𝑒𝑑
𝑄𝐻2,𝐼𝑁

∙ 100  [Eq. 8] 
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 𝜼𝑪𝑶𝟐: 

The CO2 utilisation efficiency was calculated in the same way than 𝜂𝐻2: 

𝜂𝐶𝑂2 = 𝐶𝑂2𝑢𝑠𝑒𝑑
𝑄𝐶𝑂2,𝐼𝑁

∙ 100  [Eq. 9] 

 

 𝑷𝑪𝑯𝟒: 

The CH4 production rate was determined with Eq. 10. 

𝑃𝐶𝐻4 = 𝑄𝐶𝐻4,𝑂𝑈𝑇 − 𝑄𝐶𝐻4,𝐼𝑁 − 𝑄𝐶𝐻4,𝑉𝐹𝐴   [Eq. 10] 

 

 𝒀𝑪𝑯𝟒: 

The CH4 yield per H2 introduced was determined with Eq. 11. 

𝑌𝐶𝐻4 = 𝑃𝐶𝐻4
𝑄𝐻2,𝐼𝑁

   [Eq. 11] 
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5. Methods 

5.1. Experimental validation 

The experimental research is based on investigation using empirical evidences. It is an approach 
adopted aiming at the acquisition of new knowledge by means of direct and indirect experimental 
observation. 

The approach usually follows a sequential procedure: 

1. Determination of an investigation problem. 

2. Formulation of hypothesis based on theoretical background and previous investigations. 

3. Experimentation. 

4. Evaluation of results and outcomes. 

 

In the context of the present study, the objective of such a process is to gain the sufficient 
knowledge allowing the determination of the subsequent experiment; or ideally, the validation of 
a given technology. 

Once a lab-scale technology is validated, the experimental process continues for the subsequent 
pilot-scale, and finally for the industrial-scale; where a given technology is verified over time, 
gaining commercial maturation. 

 

 

5.2. System boundaries 

The experimental investigation of this thesis was limited to the biological methanation system of 
the overall scheme considered in the study. 

Indeed, the gas (H2 and biogas) and liquid components (inoculum and liquid media) required for 
operation of the process were directly obtained from third sources (see chapter 6.2 
Characterisation of inoculum, liquid media and gas feeding).  

The upgraded biogas produced was evacuated through a fume hood when outflowing from the 
reactor systems, and the liquid effluent resulting from the process was stored in a 55°C-incubator 
for future use.  

 

The system boundaries of this thesis’ experimental part are illustrated in Figure 12. 
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Figure 12. System boundaries of the thesis experimental part. 

 

 

 

 

5.3. Analytical methods 

This chapter concisely describes the methods employed for the different analysis required for the 
experimentation. 

 

 Gas metering: 

Output gas flows were measured and recorded daily by means of automated cylindrical water 
displacement gas-metering systems developed by Angelidaki et al. (1992). 

 

 Analysis of pH: 

The pH was measured directly after taking the samples from the liquid-sampling port of the 
reactors (see Figure 13), in order to avoid pH changes due to gasification of dissolved CO2. It was 
measured with a digital PHM210 pH meter with gel pH-electrode (pHC3105–8, Radiometer 
analytical). 
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 Total solids (TS) and volatile solids (VS): 

TS and VS quantities were determined according to the Standard Methods for the Examination of 
water and Wastewater (APHA, 2005), and by means of Eq. 12 and Eq. 13. Triplicates of the samples 
were dried in a 105°C oven for 24h. After weighting, the dried samples were ignited in a 550°C 
oven for 2h and weighted again. 

𝑇𝑆 (%) =  (𝑤𝑒𝑖𝑔ℎ𝑡;𝑑𝑟𝑖𝑒𝑑 𝑎𝑡 105℃)
(𝑤𝑒𝑖𝑔ℎ𝑡;𝑤𝑒𝑡)

× 100   [Eq. 12] 

 

𝑉𝑆 (% 𝑜𝑓 𝑇𝑆) = (𝑤𝑒𝑖𝑔ℎ𝑡;𝑑𝑟𝑖𝑒𝑑 𝑎𝑡 105℃)−(𝑤𝑒𝑖𝑔ℎ𝑡;𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑒𝑑 𝑎𝑡 550℃)
(𝑤𝑒𝑖𝑔ℎ𝑡;𝑑𝑟𝑖𝑒𝑑 𝑎𝑡 105℃)

× 100   [Eq. 13] 

 

 

 Total Kjeldahl Nitrogen (TKN) and ammonia nitrogen (NH4–N): 

TKN and ammonia nitrogen were determined according to the Standard Methods for the 
Examination of water and Wastewater (APHA, 2005).  

The total nitrogen content of a sample can be determined by measuring the TKN, where organic 
nitrogen is converted to ammonia nitrogen to enable its quantification. To do so, the samples (2 
mL in triplicates) were boiled (at 185°C for 1h, then at 270°C for 1h, and then at 350°C for 1h) in 
the presence of sulphuric acid (10 mL) and a catalyst (Kjeldahl catalyst). 

After that, the samples were distilled to an acid solution containing 50 mL of distilled water, 4 mL 
of boric acid and 3 drops of acid-base indicator; where the ammonia was absorbed. 

Finally, the ammonia was quantified by dropping Hydrochloric acid until colour change 
(neutralisation). 

 

For determination of the ammonia nitrogen, the same procedure was undertaken, but the boiling 
step for organic-nitrogen degradation was omitted. 

 

 Volatile Fatty Acids (VFAs): 

For preparation of VFAs analysis, 1.5 mL of sample (in duplicates) was introduced in a 2 mL 
Eppendorf, where 100 μL of a solution of 34% H3PO4 was added, and centrifuged at 13 400 rpm for 
10 min. Then, 1 mL of supernatant was transferred into a GC vial where 100 μL of internal 
standard (4-methyl-valeric acid) were added.  

The vials were then loaded onto the auto sampler of a gas chromatograph GC (Shimadzu GC-2010, 
Japan), equipped with a flame ionization detector (FID) and a FFAP fused-silica capillary column 
(30 m x 0.53 mm I.D., film thickness 1.0 μm), using nitrogen as a carrier gas. The injection port 
temperature was 150°C and the temperature of the detector was 230°C. 
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 Output gas composition: 

Output gas samples were taken with a lock-gastight syringe from sample ports located at the 
outlet of the systems. CH4, H2 and CO2 composition of the samples was measured with a GC with 
thermal conductivity detector (TCD) equipped with a packed column of 1.1 m × 3/16” Molsive 137 
and 0.7 mx 1/14” Chromosorb 108. 

 

 Trace elements analysis 

To quantify the trace elements contained in the inoculum, a liquid sample (in duplicates) was 
firstly freeze-dried. After that, a thermochemical pretreatment (microwave assisted acid digestion) 
took place to break down all matter in the sample into elemental compounds.  

This was done by adding 9 mL of nitric acid 65%, 3 mL of hydrochloric acid fuming 37% and 0.5 mL 
of hydrogen peroxide 30% to 0.25 g of freeze-dried sample; and placing the mixture in a sealed 
vessel that was heated in a microwave unit. After cooling, the vessel content was centrifuged, and 
then diluted into specific volumes to allow the quantification of trace elements. 

Quantification of trace elements was done through inductively coupled plasma optical emission 
spectrometry (ICP-OES). 
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6.  Experimental setup 

Most of the time required for this thesis work was allocated to its experimental part.  

Indeed, construction of the experimental setup, calibration of pumps, tuning of the equipment, 
solving of unanticipated technical problems, and routine analysis and reporting involve daily tasks 
and supervision. 

 

6.1. Reactors’ setup and operation 

This chapter presents in detail the different reactor configurations, and the procedure of their 
operation. 

 

Continuous-mode experiments were performed using four identical 1L upflow reactors operated 
at thermophilic temperature (55°C) and atmospheric pressure (1atm).  

In order to produce CH4, CO2 and H2 were injected into the reactors’ liquid phase through diffusion 
systems and by means of peristaltic pumps, in order to enhance hydrogenotrophic 
methanogenesis and perform the biomethanation. The process performance was monitored 
during the whole experimental period. 

All four systems presented different characteristics; however, two sets of reactors can be 
discerned: 

 Two anaerobic reactors (R1 and R2) injecting the feeding gas through 3 diffusers located at 
the bottom part of the reactor; with a porous ceramic sponge placed over the diffusers, in 
order to maintain the gases within the liquid for a longer time, thus enhancing gas-liquid 
mass transfer and increasing their availability for the methanogens (see Figure 15). 

 Two anaerobic reactors (R3 and R4) injecting the feeding gas through porous ceramic 
membranes, which discharge the gas throughout their entire surface (see Figure 15). 

 

 

Schematic representations illustrating both sets of reactor configurations are shown in Figure 13 
and Figure 14. 
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Figure 13. Schematic representation of the first set of reactors: diffusers and ceramic sponge          
(R1 and R2). 

 

Table 6. Technical features of setup components. 

Component Technical data 

Reactors Plexiglas jacketed upflow reactor, thermophilic (55°C), working 
volume: 850mL. 

Diffusers Stainless steel, pore-size 0.5 or 2 µm, Maltbazaren. 

Ceramic membrane Aluminium oxide (Al2O3), L·D=20·2.54 cm (37 internal 2mm-
channels), pore-size 0.4 or 1.2 µm, Atech Innovations (37/2). 

Ceramic sponge Al2O3, surface area: 0.3 m2/g (total 65 m2/reactor), Drache 
(Cerapor). 

Pumps Peristaltic, Ole Dich. 

Tubes Thermoplastic elastomer, Watson Marlow (Marprene). 
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Figure 14. Schematic representation of the second set of reactors: ceramic membrane (R3 and R4). 

 

 

 

The difference between the two reactors from each set was the pore-size utilised. These sizes are 
presented in Table 7. 

 

 

Table 7. Pore-sizes of the different reactors. 

Reactor number R1 R2 R3 R4 

Diffusive pore-size 0.5 µm 2 µm 0.4 µm 1.2 µm 
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1a 

 

 

1b 

 

2a 

 

2b 

Figure 15. Detail of the two reactor types, filled with water. 1a) Upflow reactor with three diffusers and 
ceramic sponge. 1b) Diffusers. 2a) Upflow reactor with ceramic membrane. 2b) Ceramic membrane. 
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As introduced in chapter 4.3.1 Biological biogas upgrading with hydrogen addition, the intention 
backing the conception of this experiment was to approach the H2 gas-liquid transfer limitation 
through improvement of the gas diffusion system and the gas-liquid contact time (by means of gas 
recirculation). 

 

Indeed, with regard to the gas diffusion system, experimentation with these four reactor 
configurations, when operated in parallel, allowed comparison and evaluation of two key 
diffusion-system parameters: 

 Diffuser type (small metallic diffusers with ceramic sponge vs. ceramic membrane). 

 Diffusive pore-size (smaller vs. bigger pore-sizes). 

 

On the other hand, regarding the enhancement of the gas-liquid contact time, the internal gases 
were recirculated within the reactor configurations. This aiming at improving the rate of 
dissolution of the gases in the liquid media, according to Noyes-Whitney equation (see Appendix 
B). The feeding gases were recirculated from the headspace of the reactors back to the respective 
diffusive elements, by means of peristaltic pumps (see Figure 13 and Figure 14). 

The various feed-gas loading rates 𝑄𝐼𝑁 and gas recirculation flows 𝑄𝑅𝐶  operated during the 
investigation determined the different experimental phases. These phases are specified in Table 8. 

Experimental operation was moved from one phase to the next one when steady state was 
established. Steady state was primarily determined when minor variations of the output-gas 
composition was observed. 

 

Table 8. Phases of the experimental plan. 

Phase 
Gas RT 
(hours) 

𝑸𝑰𝑵   
[L/LR.d] 

𝑸𝑩𝒊𝒐𝒈𝒂𝒔  
[L/LR.d] 

𝑸𝑯𝟐,𝑰𝑵  
[LH2/LR.d] 

𝑸𝑹𝑪 
[L/LR.d] 

Phase 

I 
15 1.6 0.6 1.0 

62 I 

II 125 II 

III 
7 3.4 1.3 2.1 

125 III 

IV 250 IV 

V 
4 5.8 2.2 3.6 

250 V 

VI 500 VI 

 

All reactors contained 850 mL of liquid media (i.e. of working volume); of which 50 mL were daily 
renewed (see 6.2 Characterisation of inoculum and liquid and gas feeding), in order to provide a 
suitable amount of micronutrients to the methanogens (Huang and Pinder, 1995). This was done 
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automatically by means of timers and a peristaltic pump feeding all four reactors. The 50 mL 
surplus were evacuated by gravity to four effluent bottles (see Figure 16). 

 

 

Figure 16. Overview of the experimental setup. 1) Reactor 1. 2) Reactor 2. 3) Reactor 3. 4) Reactor 4. 
5) Liquid influent container. 6) Liquid feeding pump. 7) Effluent bottles. 8) Gas bags. 9) Gas feeding 
pump. 10) Pressure gauges. 11) Diffuser. 12) Ceramic sponge. 13). Gas recirculation pumps 14) Gas 
meters. 15) Ceramic membrane. 16) Water trap. 17) Gas sampling ports. 18) Liquid sampling ports. 

19) Connections to the 55°C heating water system. 

 

Thermophilic conditions (55°C) were ensured by circulating continuously 55°C water through the 
reactor jackets. The warm water was provided by connection to the laboratory’s 55°C heating 
water system (see Figure 16). 

 

Operation of the reactors required daily maintenance and undertaking of routine analysis.  

Output gas flows 𝑄𝑂𝑈𝑇 were measured and recorded daily by means of automated displacement 
gas-metering systems developed by Angelidaki et al. (1992). 

Three days a week, samples of output gas and reactor liquid media were taken for gas-
composition, pH and VFAs analysis (see 5.2 Analytical methods). Gas samples were taken with lock-
syringe from gas-ports located at the outflow opening of the reactors, just preceding the gas 
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meters; and liquid media samples were taken with syringe from a sampling port at the top of the 
reactors. 

The liquid effluent bottles were emptied periodically. The liquid was stored in a 55°C incubator for 
use in future experiments (given that enriched with hydrogenotrophic methanogens); and the 
emptied bottles were flushed with nitrogen before put back in place, in order to ensure anaerobic 
conditions. 
 

6.2. Characterisation of inoculum and liquid and gas 
feedings 

 Inoculum: 

To start the experiment the reactors were filled with 850 mL of inoculum consisting of 600 mL of 
degassed digestate from a biogas plant in operation, and 250 mL of hydrogenotrophic-
methanogen enriched reactor liquid from a parallel thermophilic experiment in the laboratory 
(Bassani et al., 2015). The first fraction ensured a micronutrients rich environment for microbial 
growth; and the second provided a great number of hydrogenotrophic methanogens from day 
one, ensuring a faster acclimation phase. 

The digestate came from Snertinge biogas plant in Denmark, operating at 55°C. It was stored in a 
55°C incubator for four weeks and degassed regularly. This aimed at completely digesting its 
organic matter, in order to minimize the VS supplied in the inoculum and avoid its inherent 
additional biogas production, which would interfere with the goals of this investigation. The 
digestate was sieved through a metallic net with opening size 2 mm to avoid clogging from large 
particles.  

The characteristics of the produced liquid are shown in Table 9. 

 

                         Table 9. Inoculum characterisation 

 Parameter Units Value 

 TS % 4.50 ± 0.05 

 VS % of TS 46.4 ± 0.5 

 Total VFAs g/L 1.89 ± 0.04 

 pH  8.48 ± 0.11 

 TKN g of N/L 5.14 ± 0.04 

 Ammonia nitrogen g of N/L 4.27 ± 0.05 

 

As expected (Al Seadi et al., 2008; Chen Haitao et al., 2012), the used digestate turned out to 
contain all essential micronutrients needed for appropriate AD (see Table 10), and these within the 
suitable concentration ranges found in literature (Appels et al., 2008; Chen et al., 2008; Huang and 
Pinder, 1995; Weiland, 2010). 
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            Table 10. Micronutrients content of the inoculated digestate. 

 Micronutrients   

 Al mg/g TS 1.10 ± 0.07 

 Ca mg/g TS 40.73 ± 1.74 

 Co mg/g TS 2.04 ± 0.14·10^-3 

 Cu mg/g TS 0.10 ± 0.01 

 Fe mg/g TS 10.76 ± 0.65 

 K mg/g TS 108.17 ± 7.94 

 Mg mg/g TS 5.42 ± 0.61 

 Mn mg/g TS 0.18 ± 0.01 

 Na mg/g TS 58.37 ± 4.80 

 Ni mg/g TS 5.28 ± 0.03·10-3 

 P mg/g TS 24.02 ± 1.12 

 S mg/g TS 8.08 ± 0.44 

 Zn mg/g TS 0.24 ± 0.01 

 

 Liquid feeding: 

In order to maintain suitable micronutrient conditions in the reactors, 50 mL out of the 850 mL 
total liquid media were daily renewed. The liquid influent container (see Figure 13 and Figure 16) 
was refilled every 5 days with a mixture of degassed digestate, hydrochloric acid (HCl) 1M and 
water in proportions 1:0.7:0.3; resulting in a liquid feed with neutral pH. In fact, after observation 
of a steady increase of pH in the reactors over time (see Figure 17), acidification of the liquid 
feeding with HCl was undertaken as countermeasure. 

 

 Gas feeding: 

The feeding gas, replicating a mixture of biogas (60% CH4 and 40% CO2) and H2 in stoichiometric 
proportions (see Eq. 1), had a composition of 23% CH4, 15% CO2 and 62% H2. It was delivered from 
AGA’s industrial facilities at 250 bar in 50 L bottles. Atmospheric 15 L gasbags were filled out from 
the bottles and connected to the experimental setup. The gasbags were refilled frequently to 
avoid stratification of the gases within the bag, which had been observed in previous experiments 
of the research group. 
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7. Results and discussion 

In this chapter, experimental results from the measured parameters over time are presented and 
discussed, aiming at the exploration of performances and reaction kinetics of the biological-
biogas-upgrading systems investigated. 

In order to properly compare the different reactor configurations, and following the basis of the 
biological efficiency exposed in chapter 4.4 Biological efficiency, the results are discussed in three 
steps.  

 The first part gathers those observations common to all reactors and that do not directly 
provide elements of comparison, but which are relevant for the biological processes (see 
7.1 Experimental progression). 

 The second part studies and compares the four reactors with regard to the composition 
achieved by the produced gas, i.e. the output gas quality (see 7.2 Output gas quality). 

 The third part presents and discusses the results related to bioreactions’ effectiveness and 
specific methane yields achieved by the reactors (see 7.3 Conversion performance and 
methane yields). 

A closure section aims at combining these different parts, enabling an appropriate comparison of 
the systems (see 7.4 Comparison of the reactors). 

 

 

7.1. Experimental progression 

Once the experimental setup assembled, a start-up week followed, where Phase I settings were 
applied (see Table 8). During that week, technical inspection of the equipment was performed, 
resulting in fine calibration of pumps and solving of some unanticipated mechanical problems. 

After the start-up week, the experiment officially started, and routine analysis begun. 

As expected, the pH increased in the reactors during the first 5 days, as a result of the removal of 
media’s dissolved CO2 used for hydrogenotrophic methanogenesis (see Figure 17). In fact, previous 
studies (Bassani et al., 2015; Luo et al., 2012; Luo and Angelidaki, 2013a, 2013b) experienced the 
same effect, mainly due to the loss of buffering capacity involved in AD media receiving extra H2, 
given that the later reacts with CO2 that would otherwise be used to form bicarbonate ions 
(Schnurer and Jarvis, 2010). 

As countermeasure, and aiming at maintaining suitable environmental conditions in the reactors 
(knowing that pH values over 9 hinder AD kinetics (Appels et al., 2008)); neutralisation of the daily 
liquid feed with HCl (see 6.2 Characterisation of inoculum and liquid and gas feedings) was 
undertaken from day 5. 
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This corrective action turned out to be effective. The awaited steady pH-reduction can be 
observed on Figure 17. 

 

 

 

Figure 17. Evolution of the pH in the four reactors. 

 

 

Homoacetogenic H2 consumption (see Figure 5) presents lower energetics compared to 
methanogenic H2 consumption. Thus, homoacetogenesis requires higher H2 concentrations to be 
performed; otherwise, hydrogenotrophic methanogenesis is the naturally undertaken pathway 
(Cord-Ruwisch et al., 1997). 

For this reason, the acetate initially provided by the inoculum decreased along the entire 
experimental period, producing CH4 and CO2 according to Eq. 3. The largely predominant VFA was 
acetate (accounting for about 70% of total VFAs). Thus, the decrease in VFAs observed in Figure 18 
is actually due to decrease of acetate concentration, and correlates to a great extent with the 
mentioned acetate reduction. 

Total VFA concentrations decreased up to day 70, from where an average of 215 mg/L was 
maintained. This steady and low total VFAs concentration observed after day 70 is attributed to 
VFAs provided by the daily liquid feed and to VFAs naturally arising from AD of the media’s 
perished microorganisms. 

The extra CH4 and CO2 produced from VFA’s were calculated (see 4.4.2 Calculations) and 
respectively subtracted to the output CH4 and CO2 flows, in order to provide unambiguous results. 

 

This being said, during the start-up week of the experiment (thus not presented in these results), 
raise of acetate concentrations was observed, from the 1026 mg/L in the inoculum to an average 
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1547 mg/L in the reactors. An initial non-acclimatised microbial community, relatively rich in 
homoacetogenic bacteria and poor in hydrogenotrophic methanogens, can explain this 
occurrence. During the first days, the community was unable to process such a high input of H2 
(𝑄𝐻2,𝐼𝑁 = 1.0 LH2/LR.d) and thus, homoacetogenesis took place, up to dominance of 

hydrogenotrophic methanogens. 

 

 

 

Figure 18. Total VFA concentration in the reactors. 

 

 

 

7.2. Output gas quality 

As shown in Figure 19, the microbial communities rapidly started to convert the input H2 and CO2 
to CH4, bringing the later from 23% in the input gas, to an average 91% in Phase I. 

For all reactors, the upgrading was performed to averages above 91% and above 94% for bigger 
pore-sizes. 

Indeed, bigger pore-sizes (R2 and R4) seemed to perform better than smaller ones. In particular, 
R2 achieved the highest CH4 content in output gas; with an average above 96% during Phase VI, 
the period with highest 𝑄𝐼𝑁. 

However, the diffusing technique did not involve appreciable performance distinctions throughout 
the experiment, since the gas quality outcomes were divergent in that regard: the reactors 
containing membranes (R3 and R4) presented both the highest and lowest average values of CH4 
content in output gas (see Table 11). 
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The gas quality achieved experienced declines when 𝑄𝐼𝑁 was increased, given that those 
incidences induced a shock to the living conditions of the microbial community (Schnurer and 
Jarvis, 2010). This phenomenon was notably visible during the move to Phase V, when the 
microorganisms could not process all the feed-gas entering the systems (see Figure 19). 

However, in all cases the output gas quality was regained after some days of steady operation; 
evidencing the complex nature of anaerobe communities, where mechanisms such as synergism, 
antagonism or acclimation occur (Chen et al., 2008). 

All output gas compositions were improved after increment of gas recirculation flows  
𝑄𝑅𝐶  (see Table 11), demonstrating that lengthened gas-liquid contact time enhances H2 and CO2 
availability and hence, the quality of the output gas. 
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Figure 19. Output gas composition of the four reactor configurations. 
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Table 11. Reactors' steady-state average values of output-gas composition. 

  
Phase 

 
I II III IV V VI Average 

CH4 [%] 

R1 90.8 ± 1.4 93.7 ± 1.2 93.1 ± 1.2 94.8 ± 0.1 90.4 ± 2.3 92.7 ± 1.9 92.6 ± 1.6 

R2 93.1 ± 2.5 94.9 ± 0.8 93.9 ± 0.6 94.8 ± 0.9 91.6 ± 2.4 96.4 ± 0.8 94.2 ± 1.7 

R3 89.5 ± 0.6 95.1 ± 0.1 93.3 ± 0.7 90.4 ± 1.5 87.6 ± 0.7 92.5 ± 0.6 91.5 ± 0.8 

R4 92.0 ± 1.3 96.3 ± 0.2 96.0 ± 0.6 95.9 ± 0.5 91.6 ± 0.5 94.9 ± 1.4 94.5 ± 0.7 

CO2 [%] 

R1 5.1 ± 0.3 4.7 ± 0.6 3.0 ± 0.8 2.4 ± 0.4 2.7 ± 0.4 2.4 ± 0.7 3.4 ± 0.5 

R2 4.4 ± 0.6 4.0 ± 0.2 2.6 ± 0.5 2.6 ± 0.3 2.3 ± 0.4 1.2 ± 0.5 2.9 ± 0.5 

R3 6.4 ± 0.4 3.2 ± 0.2 2.3 ± 0.4 2.7 ± 0.2 2.7 ± 0.4 2.0 ± 0.5 3.2 ± 0.4 

R4 5.9 ± 1.9 2.8 ± 0.4 1.4 ± 0.5 2.0 ± 0.3 2.0 ± 0.3 1.5 ± 0.4 2.6 ± 0.6 

H2 [%] 

R1 4.0 ± 1.7 1.6 ± 0.7 3.9 ± 0.9 2.8 ± 0.3 7.0 ± 2.1 4.9 ± 1.5 4.0 ± 1.2 

R2 2.5 ± 1.9 1.2 ± 0.6 3.5 ± 0.6 2.6 ± 0.7 6.1 ± 2.0 2.4 ± 0.5 3.1 ± 1.0 

R3 4.1 ± 0.7 1.7 ± 0.2 4.5 ± 0.9 6.9 ± 1.4 9.6 ± 0.6 5.6 ± 0.6 5.4 ± 0.9 

R4 2.1 ± 1.0 0.8 ± 0.3 2.6 ± 0.4 2.2 ± 0.3 6.4 ±  0.6 3.6 ± 1.0 3.0 ± 0.9 

 

 

7.3. Conversion performance and methane yields 

As shown in Figure 20, the experiment started with low H2 and CO2 utilisation efficiencies (𝜂𝐻2  and 

𝜂𝐶𝑂2), but both increased rapidly within the first 10 days, achieving very high values in the end: all 

𝜂𝐻2  had average values above 96% (above 98% for bigger pore-sizes) and 𝜂𝐶𝑂2 above 91% (above 

93% for bigger pore-sizes, see Table 12).  

This improvement in performance is attributed to an important acclimation of the microbial 
community, at least, up to around day 15 (see Figure 20). 

Nevertheless, 𝜂𝐶𝑂2 continued to increase up to around day 50, precisely the same period in which 

degradation of the VFAs provided in the inoculum occurred. This suggests that some CO2 was 
produced during degradation of the inoculated VFAs, other than acetate and propionate (see 4.4.2 
Calculations), and indirectly added to the reactors, resulting in lower 𝜂𝐶𝑂2 during this period. 

As can be observed in Figure 20, also in this case performance decline was noticed at phase 
changes, here involving drops of utilisation efficiency. This was especially the case for those 
changes where 𝑄𝐼𝑁 was increased, and very recognisable during the move to Phase V. 

Bigger pore-sizes (R2 and R4) seemed to perform better than smaller ones; with an average  
𝜂𝐻2  of 98.3% vs. 97.2%, and average 𝜂𝐶𝑂2 of 94.0% vs. 92.0%; respectively. 

The diffusing technique did not involve appreciable performance distinctions throughout the 
experiment, since the gas quality outcomes were divergent in that regard: the reactors containing 
membranes (R3 and R4) presented both the highest and lowest average 𝜂𝐻2  and 𝜂𝐶𝑂2 values (see 

Table 12). 
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Increment of 𝑄𝑅𝐶  resulted in higher utilisation efficiencies (see Table 12), demonstrating that 
lengthened gas-liquid contact time enhances H2 and CO2 availability and thus, their utilisation by 
the microbial community. 

 

 

 

Figure 20. Efficiency of H2 utilisation. 

 

 

 

Figure 21. Efficiency of CO2 utilisation. 
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Table 12. Average steady-state values for H2 and CO2 utilisation efficiencies. 

 

Phase 
 

I II III IV V VI Average 

𝜼𝑯𝟐  

R1 97.8% 99.1% 97.7% 98.4% 95.5% 96.8% 97.6% 

R2 98.7% 99.4% 97.9% 98.4% 96.1% 98.4% 98.2% 

R3 97.7% 99.1% 97.4% 95.6% 93.7% 96.9% 96.7% 

R4 99.0% 99.7% 98.5% 98.8% 96.0% 97.9% 98.3% 

𝜼𝑪𝑶𝟐  

R1 88.3% 88.8% 92.8% 94.3% 92.9% 93.5% 91.8% 

R2 90.6% 90.9% 93.5% 93.3% 94.1% 96.9% 93.2% 

R3 85.1% 92.5% 94.5% 93.1% 92.7% 94.9% 92.1% 

R4 89.1% 95.1% 96.9% 95.5% 94.9% 96.5% 94.7% 

 

 

 

 

Analysis of CH4 yields (𝑃𝐶𝐻4  and 𝑌𝐶𝐻4) provided discrepant finding. Indeed, during investigation of 

these parameters, R4 suddenly presented the worst performance during all operation phases (see 
Figure 22 and Figure 23). 

Metallic diffuser systems (R1 and R2) seemed to perform better than ceramic membranes; with 
overall average 𝑃𝐶𝐻4  values of 0.42 vs. 0.35 LCH4/LR·d, and overall average 𝑌𝐶𝐻4 values of 0.20 vs. 

0.17 LCH4/LH2; respectively. 

However, pore-sizes did not provide elements of comparison, given contradictory results among 
metallic diffuser systems and ceramic membranes (see Table 13). 

Performance enhancement by gas recirculation was also visible with analysis of CH4 yields, and 
increment of 𝑄𝑅𝐶  resulted in higher 𝑃𝐶𝐻4  and 𝑌𝐶𝐻4  values. 
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Figure 22. CH4 production rate, together with H2 loading rate. 

 

 

 

 

 

Figure 23. CH4 produced per H2 injected. 
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Observation of low 𝑌𝐶𝐻4  values during Phase I and II (see Figure 23 and Table 13), together with 

very high 𝜂𝐻2  (see Figure 20 and Table 12) during the precise same period suggested that the input 

H2 was efficiently used, but for other purposes than CH4 formation (methanogens’ energy source), 
such as conformation of cellular matter (Kleerebezem and Stams, 2000). This hypothesis 
corroborate the supposition of an initial acclimation of the microbial community, which could have 
taken place until around day 50 (see Figure 23). 

After such adaptation period, 𝑌𝐶𝐻4  values stabilised closer to the stoichiometric maximum of 0.25 

(see Figure 23 and Table 13). 

 

 

Table 13. Average steady-state values for CH4 production rates and CH4-produced per H2-injected 
rates. 

 

Phase 
 

I II III IV V VI Average 

𝑷𝑪𝑯𝟒  

[LCH4/LR·d] 

R1 0.06 0.11 0.33 0.35 0.75 0.77 0.39 

R2 0.08 0.12 0.38 0.45 0.74 0.87 0.44 

R3 0.09 0.13 0.35 0.44 0.68 0.71 0.40 

R4 0.01 0.01 0.27 0.31 0.60 0.55 0.29 

𝒀𝑪𝑯𝟒   

[LCH4/LH2] 

R1 0.06 0.11 0.16 0.16 0.21 0.21 0.19* 

R2 0.04 0.12 0.18 0.18 0.21 0.23 0.20* 

R3 0.09 0.12 0.15 0.19 0.17 0.19 0.18* 

R4 0.01 0.03 0.14 0.14 0.17 0.16 0.15* 

* Average of Phase III, IV, V and VI, in order to disregard the acclimation period. 

 

 

It can be observed in Figure 24 that the stoichiometric differences between H2 used and CH4 
produced were higher than zero, and rather constant over the experimental period. This suggests 
that the H2 was used for other purposes than CH4 formation, such as cell growth and subsequent 
microbial maintenance of the community. 

Additionally, it can be noticed in Figure 24 that R4 presented the worst performance (linear 
regression with higher values), in the sense that more H2 was used for other purposes than CH4 
formation, when compare to the other reactors. 
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Figure 24. Stoichiometric difference between H2 used and CH4 produced, and respective linear regressions. 
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7.4. Comparison of the reactors 

This section summarises the main findings of the experimental investigation and provides an 
overall comparison of the systems: 

 Throughout the entire experiment, diffusers with bigger pore-sizes (R2 and R4) performed 
better than smaller ones with regard to output gas quality and H2 and CO2 utilisation 
efficiencies. 

 Reactors with metallic diffusers and ceramic sponge (R1 and R2) resulted in enhanced CH4 
yields when compared to ceramic membrane reactors. In fact, 𝑃𝐶𝐻4  was on average 20% 

higher and 𝑌𝐶𝐻4  18% higher for the metallic diffuser systems than for the ones with 

ceramic membrane. 

 Increment of gas recirculation flow resulted in improved performance with regard to all 
the parameters investigated and for all the reactors. This confirms the usefulness of this 
technique that elongates the gas-liquid contact time, enhancing the dissolution of H2 and 
CO2 in the liquid media and thus, their availability and utilisation by the microbial 
community. However, this practise, if up-scaled, would result in sizable energy demands, 
lowering the environmental and economic benefits of the biological upgrading system. 

According to these conclusions, the configuration with metallic diffusers and ceramic sponge, 
together with the bigger pore-sizes (R2) resulted in the best kinetics and output-gas quality. This 
system is therefore recognised as the most efficient configuration for biological methanation.  

Superiority of smaller metallic diffusion systems placed at the bottom of the reactor could be due 
to the opportunity, in these cases, of installing on top a ceramic sponge with very high specific 
surface area (65 m2/reactor in the present study) that retains the gases within the liquid for a 
longer time, thus enhancing gas-liquid mass-transfer. 

However, superiority of bigger pore-sizes vs. smaller ones is somewhat uncertain. Specific fluid 
dynamics and electrostatic properties of the materials employed could decide in this regard. 
Indeed, it should be noticed that all pore-sizes used in this investigation are in the order of 1µm. It 
could be possible that for this specific sizes and materials, smaller bubbles must combine into 
bigger ones in order to detach from their respective diffuser; ending up in bigger bubbles crossing 
through the liquid, compared to those discharged by bigger pore-size diffusers.  
 

  



61 
 

8.  Conclusions 

The innovative system considered in this thesis exploits the synergy of coupling biogas plants to 
hydrogen generation systems (water electrolysis) powered by off-peak electric production from 
intermittent renewable energies (e.g. solar panels or wind turbines), and subsequent biological 
methanation of the CO2 contained in the biogas and the produced H2. 

 

Through its experimental part, this thesis has focused on the biological biogas-upgrading unit 
process, which constitutes the cornerstone of the overall considered system, given its early stage 
of development and essentiality to obtain a commercially available system.  

Specifically, four different thermophilic upflow anaerobic-reactor configurations were 
experimentally investigated, and the system achieving the highest biological performance was 
determined. The four reactors presented differences with regard to the diffusing technique, and 
pore-size employed; which enabled the comparison and determination of the factors that better 
overcame H2 gas-liquid mass-transfer limitations observed in previous research. 

The configurations with three small metallic diffusers located at the bottom part of the reactor, 
with a porous ceramic sponge placed over the diffusers, and bigger pore-sizes (configuration R2) 
resulted in the best biochemical kinetics and higher CH4 percentage in the output gas. The system 
transformed 98.4% of the injected H2 at the highest loading rate tested (3.6 LH2/LR.d), upgrading 
biogas from a CH4 concentration of 60% to 96% in volume. 

The configuration’s superiority, when compared to the ceramic membrane reactors, was explained 
by the action of the ceramic sponge with high specific surface area, which retained the gases 
within the liquid for a longer time, thus enhancing gas-liquid mass-transfer. 

Besides, superiority of bigger pore-sizes when compared to smaller ones was justified by specific 
dynamics of the fluids and electrostatic properties of the materials employed for the size range 
used in this study. However, further investigations should be undertaken to elucidate this topic. 

Increment of gas recirculation flow was proven beneficial to overcome the gas-liquid mass-
transfer limitation, mainly for H2, which has very low solubility in 55°C water when compared to 
CO2.  

 

The investigation’s goal was to provide an insight into such biological technologies, and to help for 
future decision-making and selection of subsequent experimental prototypes. 
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9. Future research 

This whole biological methanation approach is an innovative concept that has only started to 
attract the attention of the scientific community in recent years. Further research and 
development are needed in order to test other techniques and to obtain fully commercial systems. 

 

To perform a complete comparison of the explored setups, it would be interesting to study their 
characteristic behaviours under different environmental conditions. Particularly, to investigate 
their performance under different operational temperature (mesophilic vs. thermophilic), and 
under possible pressurisation of the reactors (given pressure effects on the solubility of gases).  

Another interesting investigation would be to test the biological reactivity of each reactor, by 
cutting gaseous substrate inputs for some hours or days, in order to study how the biological 
upgrading efficiencies evolve. Indeed, this would be of great concern given the intermittent nature 
of the renewable energies here used for hydrogen production. 

One more topic of interest would be to directly use digestate as inoculum for the reactors, in order 
to investigate the duration of the acclimation phase and the behaviour of the microbial 
community during this period. 

Characterisation of the microbial community of these biomethanation systems would considerably 
enhance the comprehension of the biological processes, enabling a more effective technological 
development based on theoretical knowledge. Great progress is being done in this regard through 
advancements in bioinformatics and evolution of supercomputers; for instance at the Bioenergy 
Group of DTU-environment. 

Removal of hydrogen sulphide (H2S) is a mandatory step for use of biogas, avoiding formation of 
sulfuric acid and deterioration of gas-fuelled equipment. Research should be done to determine if 
these biomethanation systems could simultaneously perform as technologies for undesirable 
gases removal, especially H2S. If H2S were present in the biogas inflow, H2S-using microorganisms 
would evolve in the liquid media, resulting in an adapted microbial community able to remove this 
contaminant from the gas. Biological oxidation to sulphur requires oxygen. Therefore, small 
amounts of oxygen from the water electrolyser stage could be injected in the gas. 

Finally, in a similar way to what this project explored, diverse bioreactor approaches should be 
investigated in parallel, in order to identify reactor configurations providing better conditions for 
hydrogenotrophic methanogens. For such a purpose, I am personally involved in experimentation 
with a trickle-bed reactor, which operates as a simple biofilter, and is so far giving excellent 
results. These performances will shortly be published in a scientific article. 
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Appendix 

 

Appendix A 

Partial pressure isotherm relation: 

𝑝𝑥
𝑝𝑇𝑂𝑇

=
𝑉𝑥
𝑉𝑇𝑂𝑇

=
𝑛𝑥
𝑛𝑇𝑂𝑇

 

Where: 

𝑝𝑥  : partial pressure of gas X. 

𝑝𝑇𝑂𝑇 : total pressure of the gas mixture. 

𝑉𝑥 : partial volume of gas X. 

𝑉𝑇𝑂𝑇 : total volume of the gas mixture. 

𝑛𝑥 : number of moles of gas X. 

𝑛𝑇𝑂𝑇 : total number of moles of the gas mixture. 
 

 

 
Appendix B 

Noyes-Whitney equation: 

𝑑𝑚
𝑑𝑡

= 𝐴 ∙
𝐷
𝑑

(𝐶𝑠 − 𝐶𝑏) 

Where: 

𝑚 : mass of dissolved material. 

𝑡 : time. 

𝐴 : interface surface area between the substance being dissolved and the solvent. 

𝐷 : diffusion coefficient. 

𝑑 : thickness of the boundary layer between dissolving substance and solvent. 

𝐶𝑠 : mass concentration of the dissolving substance on the interface surface. 

𝐶𝑏 : mass concentration of the dissolving substance in the bulk region of the solvent.  
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