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 Abstract 
The world’s current environmental state requires a solution. The increase of greenhouse gas 

(GHG) emissions has negatively impacted the world, by trapping the heat and thereby 

increasing the temperature globally. One of the major contributions to the increase of GHG 

emissions has been the increase in usage of fossil fuels such as oil, coal, and natural gas, which 

have caused an increase in carbon dioxide (CO2) emissions and CO2 concentration in the 

atmosphere. Besides this, the war between Russia and Ukraine in 2022 have severely impacted 

the energy stability, as gas supplies have been decreased to the EU. Energy solutions are needed 

which will utilize the CO2 to produce fuels that can substitute the fossils fuels and create more 

energy stability. 

This PhD thesis was conducted within the EUDP funded project efuel [Project ID 64018-0559]. 

The project was a collaboration between the University of Southern Denmark, the Technical 

University of Denmark, Nature Energy A/S, and Biogasclean A/S. The focus of this project 

was the development of a biological technology which can be implemented in large scale to 

convert CO2 to methane (CH4). A goal was to have a technology utilize CO2 directly from the 

source such as raw biogas. The focus was biological methanation (biomethanation), where 

hydrogenotrophic methanogens utilize CO2 and hydrogen gas (H2) to produce CH4. For 

utilization of hydrogenotrophic methanogens a trickling filter was used. During the thesis, tests 

were performed in laboratory scale with biological trickling filters (BTFs) of 0.3 and 8 L active 

volume and in pilot scale of 1000L per BTF. 

During laboratory tests the enrichment method was investigated, to significantly decrease the 

time needed for enrichment of the methanogens. This was accomplished by using a direct 

enrichment, compared to previous externally pre-enriched inoculum, where the inoculum was 

enriched directly in the BTF. With this direct inoculation of a BTF >90% CH4 content in the 

outlet gas was reached within 14 days, whereas studies with pre-enrichment used 1-2 months 

from start of enrichment to same gas quality from their BTF. The laboratory reactor operated 

in this laboratory research had an operational period of 110 days, with a production capacity 

(PC) at the end of 2.54 ± 0.16 mCH4
3  mr

-3 d-1 and a product gas of 95.4 ± 4.4% CH4. DNA 

sequencing was performed and confirmed successful enrichment with an increase in 

Methanotermobacter, which is a group of hydrogenotrophic methanogens. 
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Another laboratory tests focused on the flexibility of biomethanation in a BTF. Having an 

intermittent energy system is a reality and this causes times where there will be no H2 

production. To test the flexibility of biomethanation, periods of 6, 24, and 72 hours were tested 

where the supply of H2 was removed. For this, a laboratory setup of four 8 L BTFs was used. 

The BTFs had an operational period of 350 days, whereas 120 of these were prior to the testing 

of the flexibility. In this period the BTFs obtained a PC of 5.1	mCH4
3 	mr

-3	d-1 with a product gas 

quality of 96.9 ± 1.6% CH4. The study showed the potential for having biomethanation 

implemented into an intermittent energy system, as the results indicated a return to initial 

performance within 60 min after 24 hours of no H2 feed, with 95.6% CH4 in the outlet. For 

longer downtimes of 72h it would take more than 180 min to reach 90% CH4 in the outlet. This 

was achieved with optimized parameters of temperature and maintenance flow during the 

downtimes to ensure optimal downtime conditions for the hydrogenotrophic methanogens. 

Pilot scale operation was used to validate the laboratory results, showing the potential for the 

technology, and moving it into the next phase. The pilot-scale plant was designed with two 

BTFs of 1000 L each, built in configuration for both parallel and serial operation. The pilot 

plant had been running for more than 500 days at the time of writing this thesis and was set to 

run for at least 6 months more. During the parallel period an average production capacity of 

9.44 ± 2.37	mCH4
3 	mr

-3	d-1 was reached during a 78-day period, where the product gas reached 

99% CH4 at multiple occasions. The pilot scale was also tested in serial operation, and here the 

avg. production capacity was 10% higher than in parallel operation. Besides this, the first 

reactor in the series reached a PC of 16.8 ± 2.6	mCH4
3 	mr

-3	d-1, which was almost 78% higher 

than the PC reached in parallel operation. This shows the potential of the technology, if 

operated under the right conditions. The pilot scale also validated the flexibility and during 

several occasions the BTF regained performance within a few hours. 

Based on all results found in this thesis, it has been confirmed that biomethantion is a possibility 

in larger scale operation. This thesis and the results show that the technology is no longer a 

technology readiness level (TRL) of 4-5 (laboratory scale) or 6 (pilot scale), but it is ready to 

go into TRL 7+ (large scale). This thesis has paved the way for future energy systems and 

biological power-to-x technologies. This thesis has proven that large scale biological power-

to-x is possible today and can help reach the climate goals for 2030 and 2050.  
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Resume 
Den nuværende klimasituation kræver løsninger, som vil mindske og hjælpe mod de 

drivhusgasser som der udledes verden over. Drivhusgasserne fanger varmen og vil dermed 

sørge for at verdenstemperaturen forøges. Udledningen af drivhusgasser stiger årligt grundet 

det forøget forbrug af fossile brændstoffer: kul, olie, og naturgas som udleder store mængder 

kuldioxid (CO2), der fanges i atmosfæren hvor koncentrationen stiger årligt. Udover dette, har 

den igangværende krig imellem Ukraine og Rusland haft stor indflydelse på forsyningen af 

naturgas, da store mængder kom fra Rusland men nu er blevet begrænset til EU. Derfor er der 

brug for energiløsninger som kan udnytte CO2’en til at producere grønne brændstoffer der kan 

hjælpe med forsyningen af energi samt sænke forbruget af fossile brændstoffer. 

Denne PhD afhandling var udført i et EUDP støttet projekt, eFuel [Project ID 64018-0559]. 

Projektet var et samarbejde mellem Det Tekniske fakultet på Syddansk Universitet, Nature 

Energy A/S, Danmarks Tekniske Universitet og Biogasclean A/S. Fokusområdet for denne 

afhandling en biologisk teknologi som kan udnytte CO2 til at producere metan (CH4). CO2’en 

kommer direkte fra den rå biogas, som ikke har været opgraderet, og dermed ville teknologien 

bevise at den kan implementeres på et nuværende biogasanlæg. Teknologien der blev 

undersøgt, hedder biologisk metanisering (biometanisering) hvori metanogener udnyttes til at 

omdanne CO2 med brint (H2) til CH4. Dette blev gjort i et triklefilter, og der blev igennem 

afhandlingen brugt forskellige størrelser, fra 0.3 til 8 L i laboratoriestørrelser, til et pilotanlæg 

på to filtre á 1000 L. Resultaterne fundet under laboratorieforsøgene blev senere verificeret i 

pilotanlægget, for at vise potentialet og opskalerings mulighederne for denne teknologi. 

De første laboratorieforsøg blev udført i et 0.3 L biologisk triklefilter (BTF), som testede 

muligheden for at opstarte et BTF hurtigere end resultater fra andre studier. Dette blev 

undersøgt ved at teste muligheden for at opstarte og opformere metanogenerne direkte i BTF’et 

modsat at opformere metanogenerne eksternt for så at bruge dem under opstart. Dette blev 

bevist muligt, ved at den direkte metode viste mere end 90% CH4 i produktgassen indenfor 14 

dage, hvorimod tidligere resultater fra andre studier har brugt op til 2 måneder grundet den 

eksterne opformering. Laboratorieforsøget nåede at køre i 110 dage, hvor det opnåede en 

produktions kapacitet (PC) på 2.54 mCH4
3  mr

-3 d-1 samt en produktgas på 95.4 ± 4.4% CH4. Den 

succesfulde opformering var bekræftet af DNA analyse og med UV-mikroskopi. 
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Det næste laboratorieforsøg der blevet lavet, var for at teste fleksibiliteten af biometanisering 

ved brug af BTF. Med det nuværende svingende energisystem, kan der komme perioder hvor 

det ikke er muligt at have H2 til biometaniseringen. Perioder af nedluk for H2 på 6, 24 og 72 

timer blev testet, hvori parametre som temperatur og gas flow blev varieret for at se 

indflydelsen på tiden der skal bruges for at opnå den forhenværende PC og CH4 koncentration. 

For at udføre disse forsøg, blev der designet og bygget 4 nye BTF med et volumen på 8 L, 

hvori metoden for opstart fundet i det tidligere laboratorieforsøg, blev implementeret med 

succes.  De 4 BTF blev kørt i 350 dage, hvoraf 230 af dem var i en periode med fleksibel drift. 

Hen over den 350 dage lange periode opnåede de 4 BTF, en PC på 5.1	mCH4
3 	mr

-3	d-1 og en 

produktgas indeholdende 96.9 ± 1.6% CH4. Resultaterne for den fleksible kørsel blev også en 

succes, da det blev fundet at temperatur og gas flow have en stor indflydelse på at komme 

tilbage til forhenværende ydeevne. På nedluk af 24 timer, var den forhenværende PC og 

produktgas kvalitet (95.6% CH4) opnået efter 60 min, hvor af at der ved et længere nedluk på 

72 timer, kun var opnået 90% CH4 efter 180 min. De optimerede parametre af temperatur og 

flow under nedluk beviste at biometanisering er en fleksibel teknologi, som kan implementeres 

i et fluktuerende energisystem. 

Pilotforsøget blev kort i de to BTF á 1000 L, hvori formålet var at vise potentialet af 

teknologien i en opskalering fra laboratorieforsøgene. Pilot-enheden blev designet til at køre i 

parallel- og seriel-kørsel mellem filtrene. Pilotenheden har kørt i mere end 500 dage på 

nuværende tidspunkt, og er estimeret til at køre et ½ år endnu. Under den parallelle drift er der 

over en 78 dage periode blev opnået en gennemsnitlig PC på 9.44 ± 2.37	mCH4
3 	mr

-3	d-1 med 

en gaskvalitet på 99% CH4 af flere omgange. Da pilotenheden blev kørt i serieldrift, blev der 

opnået en 10% højere gennemsnitlig PC, hvori et gennemsnit på den første reaktor alene blev 

målt til 16.8 ± 2.6	mCH4
3 	mr

-3	d-1. Der blev også valideret resultaterne fra fleksibilitet i 

pilotenheden, hvor det også blev bekræftet at teknologien kan reagere hurtigt efter et nedluk, 

og opnå forhenværende gaskvalitet på >95% CH4 inden for få timer. 

Alle disse resultater fra hele PhD projektet har bevist at biometanisering i triklefiltere er en 

mulighed i større skala. Denne afhandling har flyttet teknologien fra laboratorie skala (TLR 5) 

og nu klar til større skala (TLR 7). Med dette PhD projekt er der blevet banet en vej for en 

fremtidig med større skala biologiske power-to-x teknologier, og vi er dermed kommet et skridt 

tættere på at opnå vores klimamål i 2030 og 2050.  
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1 |  Introduction 
There is a great need for solving the world’s climate issues, with constant increasing CO2 

emissions. This thesis will focus on the utilization of carbon dioxide (CO2) as this can be used 

for fuel production. By producing a renewable fuel from CO2, the emissions of CO2 will be 

lowered, and fossil fuels will be substituted renewable fuels. This type of solution is needed 

today as CO2 levels are constantly increasing. This thesis focuses on a biological technology, 

which can utilize power, through hydrogen, and CO2 to produce a green fuel. The technology 

is still new and has mostly been demonstrated in laboratory scale, but this thesis will focus on 

development of the technology towards larger scale operations. The knowledge provided from 

this thesis will clear the way for a faster transition from fossil fuels towards green fuels and 

solving the CO2 climate issue. 

This introduction will cover the current climate situation regarding CO2 emissions for the last 

century and what some reasons are for the situation at this day. The introduction will also cover 

solutions to decrease the usage of fossil fuels e.g., substitution of these, and how that can be 

achieved. The issue of storing electricity will be explained, which includes production of 

hydrogen (H2). The necessity of H2 and utilization of CO2 to increase renewable and green 

fuels will be covered, and how that can help change the current climate situation and reduce 

CO2 emissions. 

1.1 The climate situation 
From 1900 until 1960 a tendency of globally increasing temperature (Figure 1) and sea levels 

was observed. From the 1960s this tendency increased significantly and started to have an 

exponential growing phase [1–3]. This global increase in temperature will have major impacts 

on the world and how we live. The sea level will increase, agricultural lands will not be able to 

be utilized, the population will be forced to move from the coastlines towards areas at a higher 

altitude, due to floodings of lower altitude areas [4]. These changes will have a negative impact 

on how the world functions today.  

There is not one reason for the increase in global temperature, but multiple. Most of the reasons 

are founded in the evolution of human history and the need for energy and industry. The 

concentration of greenhouse gasses (GHG), especially CO2, in the atmosphere have increased 

in the last century. GHG have been a big contributor to the global temperature increase, as they 
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trap the heat from the sun, increasing the surface temperature. The annual CO2 emissions from 

1900 until 2020 (Figure 2) follow the tendency of the global temperature increase (Figure 1). 

The dip in momentum around 1942-1945 was a result of the end of World War II. A lot of raw 

materials were used during the war, while it also changed human history, which halted the 

industrial production for a couple of years. The tendency of increasing CO2 emissions started 

again and rapidly increased around 1960, which was a result of the growing industry and higher 

demand for energy. The resources that were available were fossil fuels [5]. The world region 

with the largest increase in CO2 emissions since 1960 is China, which in 2020 emitted 30% of 

the total global CO2 emissions [6].  

 

Figure 1 - Global temperature change from 1900 to 2021, with annual mean and a Lowess smoothing. The global 

temperatures are sourced from: [7]  
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Figure 2 - Illustration of the annual CO2 emissions from fossil fuels divided into regions. Left axis shows the 
amount of CO2 emitted, right axis shows the relative amount emitted from each world region. Source: [6] 

This increase in CO2 emissions from China is a result of the increased use of coal. Coal have 

been used as fuel for industry, heating, and energy in general. Since the year 2000 the CO2 

emissions from coal firing in China have increased significantly and in 2020 the CO2 emissions 

from coal alone had increased more than 250% compared to 1990 [8–10]. In the same period, 

countries as USA had a 47% reduction in coal usage but did use more natural gas instead. In 

the EU the consumption of coal had also been reduced by 55% from 1990 to 2018, and with 

69% from 1990 to 2021 [11]. 

With all the increased use of fossil fuels, the earth has felt the consequences. As mentioned, 

the global temperature increases (Figure 1) [1,4] and is on the path to reach a point of no return. 

To make sure this does not happen, a climate agreement was made which 196 countries have 

agreed to, incl. the USA, China, Russia, India, and Denmark. This agreement is called the Paris 

Agreement [12,13]. The target for this agreement is to limit the increase of the earth 

temperature (global warming) to below 2 °C compared to levels before the industrialization. 

As seen on Figure 1, the temperature is quickly closing in on the 2 °C. 

To reach the goal of limiting the global warming, the need for renewable energies have 

increased. These renewable energies will help phasing out fossil fuels and represent a green 

transition in the energy sector. Although, in the Paris Agreement, plans were made to phase 
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out fossil fuels, except no plan involving all parties have been made for phasing out coal yet. 

However, 20+ countries have made plans to phase out coal [14,15] in the coming years, but 

due to the current energy supply situation with the war in Ukraine these have been postponed. 

A country as Germany has instead been forced to reopen their coal plants, and plans to reopen 

nuclear plants too, due to the war in Ukraine and the blocking of natural gas supply from Russia 

[16,17]. 

1.2 Green transition 
The European Union (EU) has set some subsidiary goals for their climate actions to fulfil the 

Paris Agreement. These subsidiary climate goals were set as EU 2030 and EU 2050 climate 

goals [18,19]. The 2030 climate goal was set to cut GHG emissions by 55% compared to 1990 

levels, and then the 2050 climate goal is to become climate neutral with net-zero GHG 

emissions. To achieve both goals and fulfil the Paris Agreement, phasing out the fossil fuels is 

needed. The best way to phase out fossil fuels is to replace the fuels with better alternatives 

from renewable energy (RE). This is known as the green transition and during the past 20 years 

the total share of RE in the EU has increased significantly from 9.6% to 22.1% from 2004 to 

2020 (Figure 3). In the electricity section alone, it has increased from 15.9% to 37.5% in the 

same period [20]. 

 

Figure 3 – Shares of renewable energy sources in Europe’s energy system from 2004 to 2020. Source: [20] 
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With the increase of RE, the increase in gross CO2 emissions from fossil fuels have slowed 

down as seen in Figure 4, but the CO2 emissions are still increasing yearly. When comparing 

yearly CO2 emissions, the last 20 years, a steeper slope is observed until 2008. The financial 

crisis hit in the years (2007-2008) and took a tool on the industry and global economy, which 

slowed down a lot of industrial manufacturing which shows on the dip in CO2 emissions.  

 

Figure 4 - CO2 emissions from fossils fuels from 2000 to 2020. The start of the financial crisis and Covid-19 
have both been marked with a star. Source: [21] 

The impact of Covid-19 on the world and the halt of industrial manufacturing with isolations 

and lockdowns around the world, are clearly illustrated with the dip in CO2 emissions in 2020 

(Figure 4). Even with the dip in emissions during Covid-19, the levels were still higher than 

the goal of 55% reduction of GHG emission compared to 1990. With the ending of the 

pandemic, the isolations and lockdowns were lifted, and the CO2 emissions went back to 

previous levels as in 2018 and 2019. This proves the need of renewable energies which can 

replace fossil fuels and limit the CO2 emissions, to stop the yearly increase in CO2 emissions 

from fossil fuels. 

Renewable energy 

RE is energy from sources that are constantly replenished. The most common RE sources are 

hydro-, wind-, solar- and bioenergy. These will not be depleted as fossil fuels, nor do they add 

additional CO2 to the atmosphere. 
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The RE will need to substitute fossil fuels to reach the Paris Agreement goals along with EU 

2050 climate goals. When comparing the share of fossil fuel available in the energy market in 

1990 with the share in 2020, it has dropped from +80% to <70% (Figure 5). 

 

Figure 5 - Share of renewable energy in the total available energy in EU-27 countries, the last 30 years. Source: 
[20] 

The relative drop in available fossil fuel in the energy market corresponds to the increase of 

RE mentioned in section 1.2. Although the share of RE has increased, the CO2 emissions from 

fossil fuels have as well (Figure 4), this is due to an increasing energy demand where fossil 

fuels are utilized and the green transition with RE cannot follow the increasing demand in 

energy.  

An issue with substituting fossil fuels with the RE sources, is the span of the energy market. 

Coal, gas, and oil is used for heating and electricity, and oil is the primary energy source in 

transport. This broad application and already installed infrastructure e.g., pipelines, refineries, 

engines etc. is adapted to fossil fuels. This makes them hard to substitute, but the markets can 

be targeted individually, which makes them easier to substitute e.g., electricity and heating 

market with renewable electricity and renewable gas. 
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Electricity from wind- and solar power requires land, or sea, to be installed. Using land for 

wind- or solar power could provide an issue if it takes up land that are feasible for food crops, 

especially with the food shortage in the world. Another way is to utilize hydropower with 

turbines and generators, this does require a flow of water which limits the areas of 

implementation. Another approach is to substitute natural gas directly with biomethane. From 

here on, natural gas will be referred to as fossil gas to make a clearer difference. Biomethane 

and fossil gas both consist primarily of methane (CH4) and therefor biomethane can substitute 

fossil gas directly.  

The advantage of focusing on biomethane as a RE source is that it can be used with the already 

widely established infrastructure. The biomethane has the same properties as fossil gas, 

therefore the generators already installed for fossil gas will not be affected by using 

biomethane. By utilizing the established gas grid in Europe, the biomethane will help replace 

fossil gas, from which in 2021 the consumption reached a gross total of 15.2 ∗ 10'( MJ [22]. 

The biomethane is a purified product from biogas production. Biogas is a RE source, produced 

from microbial digestion that breaks down organic material in several steps to produce CH4 

and CO2. Biogas production utilizes 2nd generation biomasses which are categorized as non-

edible waste [23] e.g., agricultural waste along with organic by- or waste products from 

industrial processes. By utilization of these waste products, biogas production is a circular 

economy process and the biomethane and CO2 produced are categorized as green gasses. The 

produced biogas is then separated into an energy rich stream of CH4 (biomethane) and zero 

energy stream CO2. The CH4 is injected directly into the gas grid system, where it will replace 

fossil gas. The CO2 is released into the atmosphere, which will not have a negative 

environmental impact as the CO2 produced comes from organic waste. The waste has absorbed 

it previously e.g., agricultural waste, which is seasonal, meaning the trapped CO2 that will be 

released from biogas production will be absorbed in the next season. This is an example of 

circular CO2 economy (Figure 6). In a few cases, such as at Nature Energy Korskro A/S the 

pure CO2 stream is not released into the atmosphere but compressed into a liquid and used in 

food production such as breweries [24].  
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Figure 6 – Overview of circular economy for biogas production, illustrating the inlet and outlet steams of a 
biogas production in relation to farmers. Source: [25] 

The biomethane content in the Danish natural gas grid has increased significantly in the last 

years. In January 2019 the content of biomethane was 9.0% which in November 2020 had 

increased to 21.2%. During most of 2021 the content was steady, but increased in the last 

quarter of the year, and in August 2022 it has increased to 28.7% biomethane [26]. The 27th of 

July 2022, an all-time daily peak of 98.2% biomethane was found in the Danish natural gas 

grid. This 3-fold increase from January 2019 to August 2022 is a clear sign that biomethane is 

an easy way to substitute the fossil fuels with RE. With the great potential of the gas grid, the 

next step is to utilize the carbon sources available to produce more CH4. This could be 

utilization of the green CO2 from the biogas production, which now is not utilized. 

Carbon capture and utilization 

Utilization of carbon is one of the most important steps within renewable energy and the green 

transition. There are two major pathways for utilization of carbon: carbon capture storage and 

utilization (CCS and CCU, respectively). 

CCS is the term used for technologies where the carbon is stored as a resource, preferably 

permanently. This is not a new technology as CO2 has been used for many years to push out 

oil from the ground. This is called enhanced oil recovery (EOR) and has been practiced for the 

last 50 years [27]. Another type of CCS is to store the CO2 into porous rocks/cavities, 800-
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3000 meter under the earth’s surface, where the CO2 will be stored permanently under 

supercritical conditions and eventually naturally be converted to elementary carbon [28–30]. 

CCS is not a way to substitute fossil fuels, but it will reduce GHG emissions and make the 

environment carbon negative, which is needed for reaching the goals of the Paris Agreement 

and EU 2030 and EU 2050 climate goals. 

CCU is the term used for technologies that convert the carbon from one product to another. 

Contrary to CCS, the goal for CCU is to convert the CO2 into a product e.g., a fuel or chemicals, 

rather than storing it permanently (Figure 7). This would replace fossil resources with 

renewable alternatives, and thereby reduce GHG emissions indirectly. CO2 could be utilized 

for methanol production, which is a fuel that has a big potential within the transportation sector 

[31]. Another useful utilization of CO2 is conversion to CH4. As mentioned, CH4 has a large 

potential to make great impact as it can substitute fossil gas and utilize the established 

infrastructure directly [22], which are an advantage compared to a green fuel as methanol. 

 

Figure 7 – Overview of CCU from a biogas plant, where CO2 can be utilized with H2 from an electrolyzer. The 
illustration shows production of CH4 as one possible power-to-x solution. Source: [25] 

When utilizing CO2, it will react with H2 over a catalyst or be used in biological metabolisms. 

Using CO2 and H2 can produce a broad range of fuels and chemicals [32]. This will convert the 

CO2 from a zero-energy product into an energy-rich product. The source of the H2 is also 
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important as it needs to be a green hydrogen to ensure the end-product is considered as green, 

and thereby a substitute for fossil fuel. There are two sources of H2. H2 produced from fossil 

fuels and H2 produced from renewable energy. In 2008, 96% of the worlds produced H2 was 

from fossil sources, 48% from fossil gas, 30% from petroleum and 18% from coal [33]. Today 

the most common H2 is still derived from fossil gas by steam methane reforming, but by 

catching and doing CCS or CCU on the carbon monoxide and thereby reducing the GHG 

emissions from the H2 production [34]. This source of H2 still utilizes fossil gas which makes 

it less attractive towards a green transition. The most renewable H2 is without GHG emissions 

as it utilizes the electricity from renewable energy sources to produce H2 from water splitting 

in an electrolyser. From a future perspective, biochemical H2 production could be another 

pathway which could reduce the energy needed for H2 production. This could be that 

technologies involve utilization of green- and blue algae to do water splitting or 

bioelectrochemical systems to convert biomasses e.g., cellulose, to H2 and CO2 [35]. 

Utilizing the electricity from renewable sources to produce H2 is necessary for the future of H2 

production, but it is also a way to store the electricity. It has proven to be a challenge to store 

surplus electricity in larger scales, which will be discussed in further in section 1.3.  

1.3 Electricity market 
The electricity market is fluctuating, and electricity prices can vary significantly not only 

within days but within hours, which can be seen in Figure 8. 

Fluctuations 

With the high demand of electricity and the fluctuations within renewable energy production 

because of wind conditions, amount of sunshine, etc., the price of electricity can vary from 

hour to hour as well as seasonally (Figure 8). The surplus of electricity is defined as the times 

where the supply exceeds the demand, which can vary with short periods of time. Using H2 as 

electrical storage at these times would be beneficial, which will be outlined in section 1.4. 

When comparing electricity prices during the day from each season of the year, for the last 4 

years (Figure 8), there is a tendency in the change of electrical price during the day. In the night 

and late evening, the electrical spot price decreases and will increase again in the morning when 

most of the population wakes up and starts using electricity again. 
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Figure 8 – Comparison of hourly electrical spot prices during all 4 seasons in Denmark from 2019 to 2022. All 
prices are from the 15th in the month from DK1. Notice the yearly increasement in price (y-axis). Source: [36]. 

Another noticeable change from 2019 to 2020 is that the price of electricity dropped 

significantly for January and April, which are effects from COVID-19, which was also noted 

in other countries as Germany and France [37]. It was observed that a larger amount of surplus 

electricity was available. This is linked to the negative effect of the pandemic which resulted 

in lockdowns and decrease of production, as mentioned in section 1.2 with decrease of CO2 

emissions. 

In 2021 the lockdowns started to be lifted and the population went slowly back to previous 

work conditions including productions. This influenced the electrical price, it started to 

increase significantly. When comparing monthly averaged electrical spot prices for Denmark 

the last 12 years, a noticeable increase was seen after the second quarter of 2021 (Figure 9). 
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Figure 9 – Comparison of monthly average electrical spot prices from 2009 to 2022. Electrical spot prices used 
are DK1 prices from [36]. 

The significant increase in electricity prices has lowered the number of surplus electricity 

hours. Although, with these increasing electricity prices it is very important to be able to utilize 

the surplus hours, which are often during the night (Figure 8), this will help to provide energy 

security. But storing electricity is not an easy task as larger scales of electricity storage 

encounters challenges. 

Storage of electricity 

Large scale storage of electricity would require large batteries, but the issue arrives at the cost 

and limited efficiency of these. Large scale batteries can be expensive as some require noble 

metals and lithium in large amounts [38]. Lithium is a limited resource which is expensive to 

extract. Besides this, most batteries are currently not recyclable which gives an impact on the 

environment as batteries will have limited life spans. For example, lithium-sulphur batteries 

are expected to be a better option for batteries, as also used in electrical vehicles, but there is 

no recycling currently available for these types of batteries [39]. 
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Alternative electricity storages have been researched, one of which is thermal energy storage. 

This technology stores the electricity by heating different mediums such as water or molten 

salt mediums and storing the energy in the form of heat. The medium is then used for heating 

or cooling, or even used as power generation [40,41]. This can be very beneficial towards 

storing renewable energy for later use, as the flexibility and reaction time is quick. But it does 

have some downsides as it is a very expensive solution and the material used needs some 

optimization regarding performance stability [40,41].  

To overcome the barrier of storing the electricity, it could be converted into H2 through 

electrolysis. Storage of gasses are well known and have been done for decades in different 

ways. The commercial technology for production of H2 is water electrolysis (Eq. 1), which has 

been operated in large scales for almost a century.  

Electrolysis 2𝐻+𝑂(-) → 2𝐻+(/) + 𝑂+(/) ∆G298K: -237 kJ mol-1
 (Eq. 1) 

The first large scale alkaline water electrolysis was put in operation in 1939 [42]. Another type 

of electrolysis is microbial electrolysis, where biological pathways are being utilized. This is 

not a developed technology but could be beneficial and more effective than current water 

electrolysis technologies. 

The efficiency of the water electrolysis can be up to 76-81% [43], and most of the loss is non-

utilized heat produced from the electrolysis stack. The H2 produced is mostly >99% purity with 

traces of O2 from the gas separation. There are different types of water electrolysis and the 

most commercial used is alkaline electrolysis which uses an alkali e.g., potassium hydroxide 

(KOH), as electrolyte [44]. This is the most mature water electrolysis technology as it has been 

used for decades in commercial scale [42] but overall has the lowest system efficiency of 60% 

[43]. Two other types of water electrolysis are solid oxide electrolysis cell (SOEC) and polymer 

electrolyte membrane (PEM). SOEC is the least mature technology which is still running in 

demonstration scales and has not entered the commercial market [44]. PEM has been running 

in scales of 6MW and are predicted to be the most flexible and most useful when implementing 

into an intermittent energy system [44]. The downsides of all water electrolysis are the capital 

cost (CAPEX) which can become expensive due to the catalysts needed, and operational cost 

(OPEX) which fluctuates with electricity and therefore will vary in price. 
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1.4 Hydrogen 
The production of H2 through water electrolysis is known as power-to-x (PtX), or more 

specifically power-to-hydrogen. The power-to terms are used for the conversion of electricity 

to any product, such as H2. 

With the produced H2 from the water electrolysis, the electricity is easier to store as its energy 

is stored in a gas as chemical energy. Storing of H2 has been proven to be possible in empty 

salt caverns and in depleted fossil gas caverns [45–49]. This is both cheaper and more 

environmentally friendly than using large batteries with limited life span and use of limited 

resources. The large storage opportunities of H2 help the storage of surplus electricity and could 

balance out the seasonal effect of renewable energies. 

The production of H2 is favourable as it is a way to store electricity as well as store the gas, but 

even though it has been proven possible, H2 is one of the least favourable gasses to store and 

transport. H2 is the smallest molecule there is, which gives it a very high permeability and it 

can get through most materials. Furthermore, it has a very low density of 0.089 kg/m3 [50,51], 

which leads to its low energy density. Besides these challenging properties, H2 is also very 

flammable and explosive. H2 flammability range is 4-74% in air and besides this it has an 

invisible flame which requires special flame detectors [50,51]. The explosive range of H2 in air 

is 18.3-59%. These properties make H2 less favourable to transport over longer ranges, also 

due to material requirements for transportation of the gas. 

Due to these challenges, it would be beneficial to convert H2 into other products which can be 

more easily transported and with fewer risks. 

1.5 Power-to-X 
Power-to-hydrogen is a way to store electricity more efficiently than in a battery, but H2 as a 

product has some limitations and challenges. To reach a more viable product, which is easier 

to transport or has a broader usage, the produced H2 could be reacted with green CO2 to form 

CH4, this is CCU which was mentioned in section 1.2. Doing this form of PtX would store the 

electricity in another product but would not eliminate GHG emissions by utilization of the CO2, 

but would replace fossil fuels instead, and by that reduce GHG emissions. 

The two major pathways for conversion of CO2 and H2 is methanation and methanol 

production. In Table 1 the two pathway reactions are shown together with the type of reaction. 



Introduction  
 

Page 15 of 124 
 

Table 1 – Overview of two major pathways for utilization of CO2 and H2, and the type of reaction used for each. 

Type Reaction ∆𝐺()*+ Type 

Methanation 𝐶𝑂((#) + 4𝐻((#) → 𝐶𝐻,(#) + 2𝐻(𝑂(.)  -130.8 kJ mol-1 Biological & 

Chemical 

Methanol 𝐶𝑂((#) + 3𝐻((#) → 𝐶𝐻0𝑂𝐻(.) + 𝐻(𝑂(.)  -9.61 kJ mol-1 Chemical 

Methanation is both a chemical and biological pathway. Methanation is also known to be a 

power-to-x technology and is referred to as power-to-methane (PtM). The chemical pathway 

is known as catalytic methanation, as it uses a catalyst. The catalysts can differ in metal and 

other compositions, but the most used catalyst is nickel-based [52]. Chemical methanation 

requires high operating temperature (230-550 °C) and in some cases high pressure, up to 40 

bar, to be efficient [52,53]. Other parameters which need to be fulfilled is gas quality. Due to 

the high pressure and temperature while using a catalyst, the impurities in the inlet gasses must 

be minimal. One of the impurities which will have a negative impact is hydrogen sulphide 

(H2S), which is found in small amounts in raw biogas. H2S will under the operating conditions 

accelerate the degradation of the catalyst, lowering the performance and lifespan of the system 

[54]. Besides these limitations and conditions, chemical PtM is a mature technology. A full 

scale PtM reactor has been running since 2013 at Audi, Werlte in Germany [55], where it 

produces 1,000 tons electro CH4 (e-CH4) per year, removing 2,800 tons CO2 in the process. 

The biological methanation (biomethanation) is a less matured technology but is very 

promising as future PtM. Contrary to chemical methanation, the biomethanation utilizes the 

metabolism of microorganisms under specific conditions. The biomethanation utilizes 

hydrogenotrophic methanogens, which convert CO2 and H2 to CH4. This will usually be under 

mesophilic- (30-35 °C), thermophilic- (50-55 °C) or hyper thermophilic (80-90 °C) 

temperatures, depending on the type of microorganisms that is used. Most research has been 

carried out with atmospheric pressure, or close to, while some studies have researched higher 

pressures of 5 bar and even up to 25 bar [56,57]. Benefits from the biomethanation compared 

to the chemical methanation is lower OPEX and CAPEX due to no high temperatures, no 

catalyst needed and no need for cleaning feed gasses [54]. Biomethanation is not as mature as 

chemical methanation, but larger scales of biomethanation in trickling filters have been 

reported of 2x 40 m3 reactors [58] as well as in CSTR where a 10 m3 reactor was operated with 

4 m3 active volume in 2013 [59]. 
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Another utilization of CO2 and H2 is methanol production, which is referred to as power-to-

methanol. Methanol production from CO2 and H2 is a chemical reaction which utilizes a 

catalyst. This catalyst, as for chemical methanation, is metal based and the most researched and 

used metal base is copper (Cu) [60]. Due to it being a chemical process, the operating 

conditions are like chemical methanation with high temperatures of 250 °C along with 

pressures of up to 90 bar [60]. Along with these operating conditions, since it is a catalytic 

reaction, it requires a high purity gas input (impurities needs to be in ppb), to not destroy the 

catalyst, as in catalytic methanation. Methanol production is a mature technology with full-

scale productions [61] and successful production of green methanol. 

Using methanol as a fuel has a bright future within the scope of the Paris Agreement and EU 

2030 and EU 2050 goals as mentioned earlier. Challenges arrive with using methanol as a 

substitute for gasoline in cars. Here the EU has made some legislations on the amount of 

methanol that can be mixed into gasoline, 3% v/v [62], which is outcompeted with bioethanol 

which is mixed in gasoline in 10% v/v [63]. Methanol has the advantage of being used as a 

bunker fuel, which Mærsk has an interest in and are planning to produce a new line of container 

ships which will have the option to be carbon neutral by using 100% methanol as fuel [31]. It 

is expected that the first container ship will be operational by 2023.  

From Table 1 the methanation pathway is a more desired pathway as it has a more negative 

Gibbs free energy, which makes this reaction more spontaneous and product more favorable.  

Another challenge for methanol is not only the limited usage but also the possible 

transportation challenge. The methanol is transported by trucks or ships if not used directly 

from the production site. The CH4 from biomethanation can be used directly in the established 

gas grid and substitute fossil gas directly, as mentioned in section 1.2. This step also eliminates 

the challenge of transportation and further GHG emissions associated with that. 

The potential of PtX is big, but not every technology is implementable in the current energy 

systems. However, methanation (biological and chemical) has the best potential to be 

implemented in the current energy systems without changes in legislations or expanded 

transportation options. The biological methanation is seen as a bigger potential for the future 

as it has lower operational requirements (temperature, pressure, and gas quality) compared to 

chemical methanation.  
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Research in biomethanation has increased over the last decade. The research area has become 

quite comprehensive, but there are still some areas which are less touched and researched. 

1.6 Summary of Introduction 
The introduction has covered the climate situation and possible solutions to adjust for reaching 

common climate goals. Such solutions are PtX, which is a way to store the obtained renewable 

energy in a product. One of these products are CH4 which is a renewable fuel in the form of 

biomethane. Some advantages for biomethane are the direct substitution of fossil natural gas, 

along with using existing infrastructure, the natural gas grid. Production of biomethane can 

come from biomethanation, where microorganisms will convert the CO2 from biogas with 

green H2 to form CH4. This is seen as one of the most promising technologies for CCU, energy 

stability and green fuel production. 
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2 | State of the Art 
The main objective of this thesis is to investigate the unknown areas regarding development of 

biomethanation for larger scale operations. A second objective is to use a technology which 

could be easily implementable in an existing biogas plant. By exploring the research area, some 

areas were found to be insufficiently investigated, and mostly focused on smaller scale 

operation. There is a gap in the research concerning upscaling of this technology, which is the 

areas that this thesis is focused on. This chapter will go through what research have been 

conducted within biomethanation between different types of reactors used, ex-situ and in-situ 

solutions and more. 

Biomethanation is a widely used term for all biological processes which produce methane. 

There are mainly two types of biomethanation, in-situ and ex-situ. In-situ covers the 

biomethanation where the H2 is utilized at the origin of CO2 production e.g., put directly in the 

biogas digester, for the methanation, whereas ex-situ biomethanation is where the methanation 

reaction takes place outside the origin of CO2 e.g., another reactor outside the biogas digester. 

Jensen et.al. (2018, 2021) has made two in-situ studies of biomethanation in a full-scale biogas 

digester [64,65]. These studies found two major challenges. The first was the injection of H2 

[64] which resulted in H2 in the outlet, while not reaching near theoretical values for conversion 

to CH4. The theory was the mass transfer for H2 was limited due to big H2 bubbles forming in 

the biogas digester instead of smaller H2 bubbles with larger surface area for better mass 

transfer. In their other study, they used another type of H2 injection [65] which could solve the 

previous challenge. They still found excess H2 in the outlet, even with lowered H2 input due to 

competition with homoacetogenic bacteria, which will consume the H2 and CO2 for acetate 

production [66]. These two challenges were discussed, and they found the in-situ 

biomethanation to be a low-cost option for biomethanation, but with the excess H2 in the outlet 

an ex-situ solution was needed to convert the excess H2 and CO2 and thus utilize the full 

potential [65]. 

Based on these full-scale in-situ studies, this thesis focused on utilization of ex-situ technology 

of biomethanation. This have been proven to have more advantages such as not interfering with 

existing reactors and equipment when implemented in an existing production.  
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2.1 Biomethanation technology 
In the biomethanation research area a variety of technologies have been investigated. Five 

different types of reactors have been used in the comparison in Table 2. These have been 

distinguished between a gas and liquid reactors. This definition is based on if the technology 

uses a liquid filled reactor, e.g., continuously stirred tank reactor (CSTR), where the gas 

bubbles through the liquid, or if the technology used a gas filled reactor, where the gas moves 

through a packed bed, e.g., a biological trickling filter (BTF).  

To determine the reactor type used for this thesis, a comparison of the technologies has been 

made in relation to the objective of larger scale biomethanation. The reactor types were 

compared on different parameters to determine the feasibility for this thesis and its objectives. 

The parameters used to determine this were requirements and operation of the reactor in larger 

scale and research results from different technologies such as gas purity and production 

capacity (PC). 

Microbial culture for biomethanation 

When comparing the research presented in Table 2, two parameters will define the performance 

of the reactor type. The PC and methane purity are two parameters which together can 

determine the overall performance of the reactor type. The four highest PC from Table 2 are 

ranging from 47.9 to 754.6 mCH4
3 mreactor

-3 	d-1 [82,83], which was achieved using CSTR. The 

common factor for all these studies is that they are using a pure culture of methanogens to 

achieve these results. It is known that pure cultures have the possibility to achieve higher 

performance as they can be under specific operational conditions which will be optimal for the 

specific culture. Pure cultures are known for having some disadvantages such as being less 

resilient and flexible towards feed- and operational parameters along operational conditions, 

such as contamination of a pure culture. A more robust culture is a mixed culture. Mixed 

cultures are known for being more resilient and flexible along with utilization of more than one 

substrate, which also can lead to increased production rates [87]. For biomethanation 

perspective, an issue could be if the CO2 and H2 would be converted through other pathways, 

such as homoacetogenic bacteria that would convert CO2 and H2 to acetate [88]. This pathway 

(eq. 2) is less favorable to methane (eq. 3), but in a mixed culture both could co-exist. 
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Homoacetogenesis 2𝐶𝑂+(") + 4𝐻+(") ⇌ 𝐶𝐻4𝑂𝑂𝐻(-) + 2𝐻+𝑂(-)  (Eq. 2) 

Methanation 𝐶𝑂+(") + 4𝐻+(") ⇌ 𝐶𝐻5(") + 2𝐻+𝑂(-)  (Eq. 3) 

In a mixed culture it could be possible to have aceticlasitc methanogens which would utilize 

the acetate present to form CH4 and CO2 (eq. 4) [89].  

CH3COOH→CH4+CO2 (Eq. 4) 

Acetate is a natural inhibitor for methanogenesis [90] and by having a mixed culture, the 

possibility for conversion of acetate by aceticlastic methanogens (Eq. 4) would have a 

synergistic effect as acetate would then not be reaching inhibiting levels. This would not be 

observed in a pure culture that has been contaminated, as produced acetate could be inhibiting 

without being converted back to CH4 and CO2. 

From the studies in Table 2 the mixed cultures used in liquid reactor, e.g., CSTR and MBR, 

show significant lower PC than fore pure cultures, ranging from 0.1 to 8.8 mCH4
3 mreactor

-3 	d-1 

[79,85]. It is not reliable to make direct comparisons between these studies of pure culture and 

mixed cultures, as the experiments have not been conducted under similar operation conditions 

and reactor configurations. But it does show that the pure cultures could be the most efficient 

cultures for a liquid type of reactor with PC of 6- to 94-fold increase compared to mixed 

cultures. 

Reactor type 

With the advantages of using a mixed culture, and the research showing mixed results using a 

liquid phase reactor, other types of reactors could be beneficial. This section will go in detail 

of the advantages and disadvantages of different types of reactors. 

From Table 2 another type of reactor has been widely researched and gained interest, a 

biological trickling filter (BTF), also known as a biological trickle bed reactor. A biological 

trickling filter is a packed bed reactor, which has an active volume consisting of packing 

material where liquid, e.g., nutrients, is trickled through while gas is sent through the bed 

simultaneously [91]. A BTF is a gas-liquid reactor, as it trickles liquid, but the reactor is 

primarily void space, besides packing material, which is filled with gas, and BTF will be 

mentioned as a gas-reactor further on for simplification. An illustration has been made to 
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visualize the BTF with a cross-sectional view, at Figure 10. At the figure there is also an 

illustration of the biofilm, and how a water-layer is present on top of the biofilm. 

 

Figure 10 – Visualization of a BTF with functionality and cross-sectional view, along with small illustration of 
biofilm on packing material. 

The studies from Table 2, using BTF, are ranging from 1.49 to 27 mCH4
3 mreactor

-3 	d-1 in PC 

[67,78], while the volumes of reactors are ranging from laboratory scale at 0.2 L [67] to pilot 

scales at 58-61 L [76–78]. When comparing the BTF PCs to the CSTR results [81–84], they 

are significantly lower, between 2- and 28-fold lower. These CSTRs are using pure culture, 

and all the BTF studies are using mixed cultures, except for one study [75]. The mixed cultures 

are often with origin from anaerobic digestion, either from a wastewater treatment plant or a 

biogas plant. The liquid reactors (CSTR and MBR) used in some studies [79,80,85,86] all used 

mixed cultures and ranged in PCs of 0.1 to 8.8 mCH4
3 mreactor

-3 	d-1 which are like the PCs from 

the BTF studies. The BTF studies mostly reached PCs in the higher range of those from CSTR 

and BMR reactors, which could indicate that the BTF could be the better alternative for 

biomethanation with a mixed culture. 
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These results indicates that BTFs are a suitable reactor type for biomethanation. From the 

increased research activity in BTFs this confirms its potential for a feasible biomethanation 

reactor type. 

Biological trickling filter for biomethanation 

The biggest challenge for biological methanation has for a long time been known to be the 

mass-transfer of H2 into liquid [92]. The challenge comes from the low solubility of H2 in liquid 

phases, which has proven a challenge for biomethanation.  

When comparing the solubility and diffusion coefficient of H2 in water with temperature, it 

was found that the solubility was decreasing with increasing temperature, but the diffusion 

coefficient was increasing [93]. The solubility change was found to be slightly affected 

between 35 and 65 °C and it was concluded that an increasing temperature would benefit the 

diffusion of H2 into the liquid during biomethanation. Increasing the potential of H2 diffusion 

into liquid could be achieved by increasing the contact area between H2 and liquid. When 

comparing the contact area of H2 between a CSTR and a BTF, the contact area is much larger 

for a BTF as it is not limited to the size of H2 bubbles in liquid as a CSTR (Figure 10). 

 

Figure 11 – Illustration of H2 contact area with liquid from [93]. CSTR is limited by 
size of gas bubbles (A) and BTF is limited by surface area (B). 

Having the packing material with large surface area for biofilm formation in a BTF, gives an 

advantage for the diffusion of H2 as illustrated in Figure 10. It would require having nano-

bubbles, with no merging, to achieve the same effect of gas-liquid contact area between H2 and 

microbes in a liquid reactor, as that would using a biofilm reactor. This shows that to improve 

biomethanation, it could be beneficial to use a BTF as it would not have the same limitations 

as liquid reactors for H2 diffusion. Another advantage of the BTF is that it does not require 
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moving parts as a CSTR reactor. There is no stirring in a BTF as it is a packed bed reactor, and 

it only requires heating and pump for recirculation of liquid Figure 10.  

The BTF, or trickle bed reactors in general, is a well-known reactor type which has been applied 

in multiple large-scale operations. This includes catalytic trickle bed reactors, which are used 

in commercial scales for removal of aromatic compounds, Sulphur compounds, etc., from 

biogas or other industrial flue gasses. Commercial use of BTF can be found in companies such 

as BiogasClean A/S [94] and TS Umweltanlagenbau GmbH [95], which are both companies 

that utilize Sulphur oxidizing microorganisms to remove H2S from biogas. This is in close 

relation to using a BTF for biomethanation, where it will be hydrogenotrophic methanogens 

that will be utilized.  

It is well known that CSTR is one of the oldest and most matured technologies on the market 

but using a BTF for biomethanation in larger scale is a possibility which we in this thesis choose 

to go forward with. The simplicity of this reactor type along with the promising results shown 

from previous studies (Table 2) illustrates the potential for biomethanation in larger scales 

using BTF. 

2.2 Research with biomethanation in BTF 
With focus on large scale operation, areas of intertest towards upscaling were investigated to 

find insufficiently researched areas or missing research, which would improve the move 

towards large scale biomethanation. Comparison of known biomethanation studies have been 

conducted. Studies have been compared based on study objectives, reactor configurations and 

various operating conditions. This provides an overview of the current state of the art within 

biomethanation using BTFs. This overview is presented in Table 3. 

  



State of the Art  
 

Page 25 of 124 
 

 



State of the Art  
 

Page 26 of 124 
 



State of the Art 
 

Page 27 of 124 
 

When upscaling from laboratory and pilot scale operations some methods and solutions made 

for operation can become challenges. By considering all the compared studies in Table 3, some 

areas were found to be short of research from an engineering point of view. 

1. Initiation of a BTF, hereunder methods for inoculation and enrichment 

2. Flexibility of a BTF towards an intermittent energy system where electricity prices could 

provide an issue for H2 supply 

3. Pilot scale study with steady-state operation, validation of laboratory results and 

investigating possible control issues towards large scale biomethanation 

1. Initiation of a BTF 

When starting up a new process, doing so in laboratory scale can be straight forward, as 

everything can be managed by hand. When scaling up, some challenges can arrive when trying 

to implement the laboratory methods, as they can be inadequate. For this, new methods need 

to be developed for upscaling of biomethanation in BTF. The start-up of biomethanation 

consists of an inoculum, which is a culture that contains at least a hydrogenotrophic 

methanogen, which is used for inoculation of the BTF. The inoculation process consists of 

trickling the inoculum over the packing material along with adding the feed gas. The inoculum 

used can be enriched for hydrogenotrophic methanogens beforehand [101], which would 

decrease the time for steady-state performance in the BTF after inoculation. 

Several studies [57,67,68,70,71,75,76,96,97] have used the method of enrichment before 

inoculation, referred to as external enrichment. The external enrichment does prove to be 

efficient as it potentially eliminates a lag-phase after inoculation during the startup of a BTF. 

The lag-phase would otherwise be present as hydrogenotrophic methanogens would attach to 

the packing material for growth, in which the conversion of gas would be lower. Using the 

external enrichment, the enrichment would take up to 2 months before inoculation of a BTF 

would be initiated. After inoculation some studies showed CH4 formation after 3 days [67,96]. 

While this method seems promising, using the external enrichment method for large scale 

biomethanation will not be as feasible. In example, large scale biomethanation of 1000 m3 BTF 

would require several hundred liters of enriched culture to be ready. This does not seem entirely 

impossible to do, but to ensure that a backup of culture would be ready for re-inoculation if the 

biomethanation starts to lose microbial activity, or gets contaminated, would add a level of 



State of the Art  
 

Page 28 of 124 
 

complexity when using this method for larger scales. Therefore, another method needs to be 

investigated. 

Another type of enrichment could be to do it directly in the BTF after inoculation. This would 

require using a non-enriched hydrogenotrophic culture e.g., an anerobic mixed culture, which 

could then be enriched directly in the BTF. While some studies [72,77,78] have showed to do 

a direct inoculation of a BTF, not all studies focus on this start up. One study did focus on the 

start-up [77], but instead of trying to achieve quick steady-state performance, they investigated 

limitations from nutrients and more. There is a need for investigation of a method which can 

show the usage of a mixed culture to reach steady-state performance, while being as scalable 

as possible. 

2. Flexibility of a BTF 

The need of PtX has been made clear during chapter 1, but there is an issue regarding PtX at 

the current energy system. As mentioned during chapter 1.3, the use of PtX should only apply 

when the electricity is at a surplus. When comparing the yearly electricity prices for the last 5-

10 years, multiple occasions of surplus electricity have been present, but it does fluctuate with 

the seasons. 

There is a need for biomethanation in a BTF to be a flexible technology which can be demand-

oriented towards production when needed. Only a few studies have investigated this area 

briefly, such as Burkhardt, et.al. [57], where it was proven that the BTF could withstand 

alternating feeding switched hourly. They mention the same results with daily and weekly 

interruptions, but no results have been shown for proof. Another group that has studied the 

flexibility of BTFs in two studies is Strübing, et.al. The first study [99] investigated the effect 

of temperature on the period with no gas feed, referred to as downtime, ranging between 1, 2, 

4 and 8 days. This starvation of the microorganisms clearly showed a negative effect from 

having a downtime at 55 °C compared to 25 °C, by a factor of up to 3.4. In their second study 

about flexibility [100] they investigated the effect of different refeeding strategies. These were 

all done on 1-day downtimes at 25 °C. From this they found some strategies which were 

significantly better than others, where the most important was a 4-step refeeding strategy after 

a downtime. This reduced the time to reach initial performance with a factor of 3. 

With the high demand on having the BTF being flexible at uncertain times, there is a need for 

optimization of the downtime periods, to return most efficiently to initial performance. The 
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parameters investigated could be a combination of temperature, refeeding strategy, and gas 

flow, which in combination could benefit the flexibility of the BTF. 

3. Pilot scale study with assessment of BTF 

To assess biomethanation using BTF, it is needed to validate laboratory results in larger scales, 

to determine possible upscaling issues along with scalability of the technology.  

Some studies have been performed in, what is described as, pilot scale for some and laboratory 

scale for others with volumes ranging from 46 to 61 L [57,75–78,99,100]. While these studies, 

for some, have been determined as pilot scale studies, there seems to be some research gaps 

towards the validation of the BTF when upscaling. One of the gaps would be the height to 

diameter ratio for the BTF. As these are quite high in all but one of these studies (6.7:1 to 9.4:1 

h:d), there could be an upscaling issue when a large full-scale volume is needed. These reactors 

were not seen as pilot reactors that were feasible for upscaling, due to the dimensions along 

with the relatively small volumes of up to 61 L. Within these studies, they have investigated 

the process performance and a long-term stability, but they do not correlate their results towards 

laboratory results. This leaves an uncertainty between the effect of upscaling e.g., how 

applicable, or limited laboratory methods are when upscaling.  

There is a need for investigating the scalability of BTF and to uncover unknown issues. These 

could be how does the methods e.g., inoculation methods, transfer between laboratory scale 

and larger scales and how does performance e.g., gas quality and production capacity, scale 

with the technology. 

From the extensive state-of-the-art review, it has been found that increased research has gone 

into the BTFs as a biomethanation technology, due to their advantages of utilizing a surface 

area on in a packed bed reactor. Therefore, this reactor type was chosen for this thesis, and 

three research areas were found to be further investigated during this thesis. These areas will 

form the aim of this PhD thesis along with the experiments and research that will be performed.  
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3 | Aim of thesis 
With biomethanation as the focus of this thesis, biological trickling filter (BTFs) have been 

chosen as the reactor type used for experiments. The biomethanation is technology with great 

potential for utilization of CO2 but there is a research gap within the scalability of 

biomethanation in BTFs and how applicable laboratory results and methods are in larger scale 

BTF. The hypothesis to answer this research gap is the overall hypothesis: 

Overall hypothesis: Biomethanation is a validated technology which can be implemented in 

energy productions e.g., biogas production for power-to-methane production by carbon 

capture utilization. 

To confirm this hypothesis two main objective was established:  

1. Development and testing of laboratory biological trickling filters  

2. Operation of pilot scale biological trickling filters with validation of laboratory results, 

for assessment of technology 

3. Investigation of other power-to-methane technologies 

The main objective will involve the experimental work of this thesis and to fulfil the objectives, 

some hypotheses have been proposed. 

Hypothesis 1: A universal enrichment and start-up procedure can be optimized by using a 

direct enrichment, and will reduce technical-, economical- and enrichment-time aspects for a 

biological trickling filter. 

To validate this hypothesis, the following objective have been proposed: 

Objective 1: Develop enrichment procedure which has been optimized for scalability, and are 

repeatable within laboratory experiments, reaching equal levels to other biomethanation studies 

and is a repeatable procedure. 

Hypothesis 1 is to develop a method which will be beneficial for laboratory biomethanation, 

but also be scalable for larger biomethanation. The hypothesis will show how the method can 

be optimized for larger scale biomethanation, simplifying the process. If the hypothesis will be 

rejected, a challenge can arise regarding enrichment and start-up of larger scale 

biomethanation. This is found in chapter 5. 
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Hypothesis 2: Biomethanation in a biological trickling filter is a technology which can be 

operated dynamically and be implemented into the existing intermittent energy system, where 

H2 can become a limited resource in periods of time. 

The objectives needed to validate the second hypothesis have been established below: 

Objective 2: Design and development of new laboratory reactors for testing of dynamic 

operation. 

Objective 3: Investigation of the energy system to systematically find periods of H2 limitations 

and test these periods to test flexibility of the biomethanation technology. 

Objective 4: Optimize parameters, temperature and H2 loading, during these periods to 

minimize time without high performance during biomethanation performance. 

With validation of hypothesis 2, the potential for biomethanation in biological trickling filter 

will be shown. The need for flexibility is a requirement for implementation of this technology 

into an existing energy production e.g., biogas production. The H2 is expensive, and with an 

intermittent energy system it is not ensured that H2 is always available, which sets requirements 

to the carbon capture technology. This is found in chapter 6. 

Hypothesis 3: It is viable to operate biomethanation in pilot-scale biological trickling filter 

implemented at a full-scale biogas plant, using optimized methods developed in laboratory 

scale. 

Objective 5: Designing, controlling, and operating a pilot-scale biological trickling filter. 

Objective 6: Validation of laboratory methods and results, to make assessment of the 

scalability and potential of the technology. 

Confirmation of hypothesis 3 would indicate the potential of the biological trickling filter. The 

upscaled technology would provide information regarding upscaling issues and how the 

methods developed in laboratory scale scales with the technology. This is found in chapter 7. 

Hypothesis 4: Biomethanation technologies are not limited towards utilizing gaseous feeds 

but could utilize various process streams to produce biomethane. 

Objective 7: Investigation of microbial electrolysis cell (MEC) as a potential biomethanation 

technology, at the Alfred M. Spormann Lab at Stanford University. 
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By confirming hypothesis 4, alternative biomethanation technologies are possible, either as a 

standalone technology or in a co-operation with biomethanation in biological trickling filters. 

This is found in chapter 8.  

How the hypotheses are connected and related can be found in Figure 11, where the hypothesis 

have been illustrated. 

 

Figure 12 - Connection of hypotheses, and objectives within these, of this PhD thesis and how they relate 
compared to the overall hypothesis. 

By confirming hypothesis 1, 2, 3 and 4, the main objectives and thereby the overall hypothesis, 

will be confirmed. This will result in a thorough assessment of the chosen biomethanation 

technology. This assessment will answer the research gap of unknown scalability potential, 

while also increasing this technology readiness level from laboratory scale (TRL 4-5) to pilot 

scale (TRL 6), while providing evidence and a foundation for further upscaling (TRL 7 and 

up).  
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4 | Methods and Design of Thesis Research 
In this chapter the methods and design for the three research gaps from chapter 2.2, which 

created the hypotheses and objectives from chapter 3, will be addressed. The methods will be 

presented and discussed. The methods are primarily defined by their reactor configurations and 

how the experiment was designed to fulfill the objective for the specific research topic. 

4.1 Optimizing the Potential of Enrichment Procedure 
The first research area was clarified during chapter 2.2 and created hypothesis 1 and objective 

1. The initiation of a BTF, which includes enrichment and start-up of a BTF, is a critical 

operation. A new method is needed to simplify the inoculation in larger scale, which will reduce 

the time for enrichment. This method is referred to as direct inoculation as opposed to external 

enrichment, which will reduce the relative time needed for enrichment of the hydrogenotrophic 

methanogens, along with simplifying the process. Figure 12 is an illustration of the 

improvement with this method. The figures illustrate how direct enrichment can skip the 

enrichment step from inoculum origin to the BTF. The skipping will still provide the BTF with 

an enrich hydrogenotrophic culture, as it will be enriched directly in the filter, compared to in 

an external step. 

 

Figure 13 –Illustration of the direct enrichment and the benefit in relative time for enrichment [102]. 

To research this topic, a small laboratory reactor was constructed with a packed volume of 

0.291 L. The reactor was packed with polyurethane foam (PUF) which will provide a large 

surface area. The packing material is not suitable for scaling but provides the needed insight 

for a method of inoculation. The packing material (PUF) resembles a soft sponge, which would 

not withstand its structure in an upscaled reactor. The reactor was constructed in clear PVC 
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with a height of 50 cm packing and inner diameter of 2.72 cm, which provided a height:length 

diameter of 18.4:1. This high ratio was chosen as it was in the range of studies of the same time 

[67,72].  

The setup would provide the necessary results from this configuration, but it was known at this 

time that the setup would not be scalable. It was designed to uncover the start-up process, along 

with microbial analysis to show the change in the microbial community because of enrichment. 

By proving this method of enrichment to be effective, it would have multiple benefits for the 

scaling of this technology. One benefit would be the easily accessible mixed culture. 

Considering that the culture would not need the external enrichment before use, a biogas plant 

as Nature Energy Midtfyn A/S would have approx. 500,000 tons of digestate a year, without 

solid-liquid separation. Another benefit would be if the process encountered instability and 

needed to be re-inoculated to restore process stability, it would not be needed to use a pre-

enriched culture which then needed to be at hand and ready, but digestate could be collected 

directly and used for inoculation.  

This design, thoughts and results were demonstrated and resulted in a publication, which can 

be read in chapter 5. 

4.2 Viability of Dynamic Operation of a BTF 
From chapter 2.2 it was clarified how important it is that biomethanation can be operated with 

a flexibility towards integration in an intermittent energy system. To answer this research gap, 

hypothesis 2 and objectives 2 and 3 were established. The need for flexibility would be 

determined by assumptions of a feasible limit of electrical spot prices, which would indicate 

the need and length of flexibility.  

The optimization of downtime to minimize the time needed to regain initial performance when 

H2 is available again, are of interest. Figure 14 illustrates how the optimization can affect the 

time needed to regain performance. With implementation of a gas flow, and temperature, the 

time to regain high methane yield can be reduced during the downtime periods (Figure 14-B), 

compared to no optimization of gas flow or temperature (Figure 14-A). 
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Figure 14 – During downtime periods, the parameters of e.g., feed gas flow, could be optimized to limit the time 
needed to reach high CH4 yields again. A) Without optimization of downtime period. B) With optimization of 
downtime period. 

To fulfill the objectives 2 and 3, four laboratory BTFs were built with an active volume of 8 L. 

These were packed with a polyethylene material called MBBR PE8, which is a high surface to 

volume ratio of >3500 m2/m3, according to the manufacturer (Tongxiang Small Boss Special 

Plastic Products Co. Ltd, China). The BTFs were initially operated in a steady-state operation 

for 2-3 months where testing of equipment and initial testing of flexibility was conducted. 

During this period, the first dynamic operation tests were performed. This was conducted by 

using a combination of gas flow and temperature change during different downtime lengths. 

From market analysis of electrical prices, it was found that 6, 24 and 72 hours of downtime 

were of interest. Three reduced feed flows were tested to see the influence of having a reduced 

loading of H2 during a downtime, while also three temperatures were tested to see the influence 

of cooling a reactor when the feed of H2 was reduced. These different combinations were the 

foundation of this research (Figure 15). The figure shows the number of experiments with 

varying combinations of gas flow and temperature, that needs to be performed of each 

downtime period. This concludes there will be 9 experiments for each downtime periods, and 

27 experiments in total within the three chosen downtime periods. 
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Figure 15 – Combinations of temperature and gas flow to illustrate the experiments needed to be tested for each 
downtime length [103]. 

When the first dynamic operation tests were performed with 24 hours downtimes, it was 

experienced how adaptive the microorganisms became. When exposed to the same conditions 

of downtime e.g., experiment 2, the time needed to regain initial performance was minimized 

each time the test was performed in the same BTF. The experimental data from this is 

unfortunately lost, but the discoveries changed the experimental plan, which was modified for 

the BTFs to not adapt to the given parameters during testing. This gave more precise picture of 

the effect from the combination of the parameters tested. Since the four reactors were 

performing equally in steady-state and had same operational conditions, it was initially planned 

that 4 different combinations of parameters would be tested, where each reactor would test the 

same parameter in triplicates. But due to the adaptiveness this was changed, and the reactors 

would then still test 4 different combinations of parameters and would rotate between the 

combinations. This would still result in triplicated results for each combination of parameters 

but would then also remove the influence of adaptation to the given combination of parameters. 

By implementing this strategy for this research gap, the research resulted in a publication which 

can be found in chapter 6.  

4.3 Pilot-scale Study 
The most important research gap within biomethanation in BTF found in chapter 2.2, would 

be the uncertainty of upscaling this technology. This research gap founded hypothesis 3 along 
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with objective 4 and 5, while also being the final piece to confirming the overall hypothesis of 

this thesis. 

To fulfill the objectives and hypotheses a pilot scale plant was constructed within a 20ft 

container. This plant contained two BTF of 1 m3 active volume each, while having control 

systems, safety equipment and measures which relates directly towards further upscaling. The 

pilot plant was integrated into a full-scale biogas plant, and would receive raw, untreated biogas 

which would show the potential of this PtX/CCU technology, as it will convert untreated 

biogas. Integration into the biogas plant along with reactor configuration can be seen in Figure 

16. 

The pilot plant system was installed and connected to a pilot plant electrolyzer unit of 58 kW, 

which would provide the H2 for the biomethanation. It would quickly become more of an 

obstacle than an advantage to have this electrolyzer unit, as operational instability of the chosen 

electrolyzer would unintentionally test the flexibility of the biomethanation. The electrolyzer 

unit has throughout the experimental period of the last 1.5 year had multiple losses of 

production, which have resulted in a loss of H2. Therefore, one year after initiation of the pilot 

plant, H2 back-up batteries was installed in the form of batteries which provided stability 

towards the biomethanation as H2 would not be as intermittent as previously experienced. 
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Figure 16 – Pictures of the installation of BTFs in the pilot plant and implementation of the pilot plant at a full-
scale biogas plant. (A) Pilot plant (blue container) installed along electrolyzer unit (white container in back); (B) 
Reactor configuration in container, each of 1 m3 active volume; (C) Part of gas- and liquid systems for gas inlet, 
gas outlet and liquid circulation. 

A 

B C 
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Along the pilot-plant operation some smaller issues of equipment performance and smaller 

adjustments were made. Equipment was a known issue, as the scale built in was between 

laboratory equipment and larger scale equipment when it comes to mass flow meters, pumps, 

etc. which provided some challenges concerning stability. One of these were the flow controller 

for H2 inlet. This provided challenges as it would allow more H2 into the system than the 

setpoint, but eventually it was controlled and adjusted with a factor which would provide the 

necessary flow of H2 for biomethanation. Another issue was online pH measurements, as the 

pH meter used were worn out and then not being able to be calibrated correctly. This was an 

easier fix, as the pH was measured manually multiple times a week afterwards. 

Some of these challenges, along with other performance challenges, would not have been found 

if this up scaling had not been built. Other studies had not experienced these challenges, as 

their pilot-scale sizes were more big laboratory scales. The results, challenges and perspectives 

from this research gap resulted in a publication which can be found in chapter 7. 

  



Publication 1  
 

Page 40 of 124 
 

 

 

 

 

 

 

 

 

5 |  Publication 1 

Direct inoculation of a biotrickling filter for 

hydrogenotrophic methanogenesis 
DOI: https://doi.org/10.1016/j.biortech.2020.124098 

Received: 15th July 2020 

Accepted: 2nd September 2020 

Published: 8th September 2020  



Publication 1  
 

Page 41 of 124 
 

 

Contents lists available at ScienceDirect

Bioresource Technology
journal homepage: www.elsevier.com/locate/biortech

Direct inoculation of a biotrickling filter for hydrogenotrophic
methanogenesis
Brian Dahl Jønsona,b, Mads Ujarak Sieborga, Muhammad Tahir Ashrafa, Lars Ydea, Juhee Shinc,
Seung Gu Shinc, Jin Mi Trioloa,!
a Department of Green Technology, University of Southern Denmark, Odense DK-5230, Denmark
bNature Energy A/S, Odense DK-5220, Denmark
c Department of Energy Engineering, Future Convergence Technology Research Institute, Gyeongnam National University of Science and Technology, Jinju, Gyeongnam
52725, Republic of Korea

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
Biomethanation
Biomethane
Biofuel
Biogas
Inoculation
Power-to-gas

A B S T R A C T

Hydrogenotrophic biomethanation in a biotrickling filter has been reported to be a proven technology for
biological biogas upgrading in recent studies. However, the preparation of enriched hydrogenotrophic metha-
nogens in a separate reactor prior to biomethanation in a trickled bed is a lengthy procedure and therefore hard
to apply on an industrial scale. This study explored the direct inoculation of anaerobic biogas digestate for
simultaneous enrichment of hydrogenotrophic methanogens and biofilm immobilisation in a trickled bed
system. The direct inoculation and formation of hydrogenotrophic biofilm was successful and resulted in a stable
H2 loading rate of 11 Nm m dH2

3

R

3 1, with the highest specific methane productivity recorded at 3.03Nm m d3
R
3 1

and a purity of 98% CH4 in thermophilic conditions. The DNA analysis confirmed that hydrogenotrophic me-
thanogens dominated the archaeal consortia.

1. Introduction

Increasing renewable energy provided by wind and solar provides
fluctuating power, which challenges the security of supply and stability
in the present energy system. Reliable and e!ective storage solutions

for large amounts of electricity are therefore required, but large-scale
storage of electricity is di"cult to achieve. Power-to-methane tech-
nologies can connect the electricity grid to the natural gas grid, for
example when excess electricity is used to produce hydrogen (H2),
which is then utilised for biomethanation (European Commision,
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2018). H2 has the advantage of storage compared with electricity, but
due to its large flammability range and low volumetric energy density,
this is not a favourable option (Dagdougui et al., 2018; Kayfeci and
Keçeba!, 2019). Nonetheless, H2 can be processed further with carbon
dioxide (CO2) via biomethanation to produce methane (CH4), which
can be injected into the natural gas grid. The conventional methods for
biogas upgrading do not utilise the CO2, but merely remove it to in-
crease the purity of CH4 to>97.3% to meet the gas grid specifications
(Jensen, 2009). Several recent studies have reported the potential of
biomethanation for biogas upgrading using hydrogenotrophic metha-
nogens (HMs) (Bassani et al., 2015; Dupnock and Deshusses, 2017;
Maegaard et al., 2019; Savvas et al., 2017). HMs are already familiar
from biogas digesters, and knowledge about the conversion of H2 and
CO2 to CH4 is well documented (Enzmann et al., 2018). H2-assisted
biogas upgrade has great theoretical potential, but in order to compete
with state-of-the-art biogas upgrading technologies, specific technical
challenges need to be overcome. These technical challenges mainly
include the poor gas-liquid transfer rate of H2, acetate accumulation
and heat generation (Lecker et al., 2017). One approach to resolving
these technical challenges is to fixate the HMs in a biotrickling filter,
which has shown great potential for optimising the biomethanation
process (Dupnock and Deshusses, 2017; Porté et al., 2019).

The biotrickling filter (BTF) consists of a fixed bed of packing ma-
terial for the microorganisms to immobilise as a biofilm. A high specific
surface area is advantageous for the HMs as it increases the contact area
of gas and biofilm. H2 has low solubility in water, therefore increasing
the contact area with the biofilm can boost the liquid-to-gas mass
transfer rate of H2 (Zabranska and Pokorna, 2018), which in turn will
facilitate an improvement in the CH4 production rate. The operation of
a BTF consists of having a continuous feed of H2 and CO2, with the feed
ratio used in recent studies ranging from 4.1:1 (Porté et al., 2019) to
3.78:1 (Strübing et al., 2018) of H2:CO2. The feed mixture also contains

CH4, or N2 as a substituent for CH4, to simulate the biomethanation of
crude biogas. Besides the gas feed, a trickling of liquid nutrients is
necessary to maintain the activity of the methanogens. This liquid
provides nutrients for the methanogens and can be an artificial nutrient
medium (Strübing et al., 2018) or pasteurised cattle manure (Sieborg
et al., 2020).

Most studies have used a similar inoculation and enrichment
method (Dupnock and Deshusses, 2017; Jensen et al., 2019; Luo and
Angelidaki, 2012; Maegaard et al., 2019; Porté et al., 2019). Some have
used batch flasks for cultivation of the digestate (Dupnock and
Deshusses, 2017; Jensen et al., 2019; Maegaard et al., 2019), while
others have cultivated it in a series of bottles resembling a continuous
stirred-tank reactor (Luo and Angelidaki, 2012; Porté et al., 2019). The
volume of the inoculum produced using these methods is relatively
small. These methods may be adequate for lab-scale reactors, but for
the scaled-up process, separate fermenters and ancillary equipment will
be required, which will increase the capital and operating costs.
Moreover, when using the batch flask methods, the enriched culture
needs to attach to packing materials and initiate biofilm formation. The
formation of biofilm on the packing materials is a crucial process in
BTFs involving processes that are time-consuming and labour intensive.
Hence, there is a need for the development of an easy-to-apply en-
richment method.

This study explored the direct inoculation and enrichment method
in the BTF. This method used primary biogas digestate, which is easy to
collect on a large scale from a biogas plant, and the enrichment of the
HMs took place directly on the packing materials inside the BTF. Gas
quality and biomethanation e"ciencies were monitored daily. The at-
tachment of the biofilm, its activity and the microbial community were
analysed using scanning electron microscopy (SEM), the co-enzyme
F420 test and 16S rRNA Illumina sequencing respectively.

Fig. 1. Schematic representation of the biotrickling filter used in this study. FIC is the flow indicator and controller, TI is the temperature indicator, pH is the pH
electrode, TIC is the temperature controllers and GFM is the gas flow meter, which measures the flow and has sampling points for GC sampling.
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2. Materials and methods

2.1. Design of the biotrickling filter (BTF)

A bench-scale BTF (Fig. 1) was set up to facilitate biogas upgrade
with HMs under thermophilic conditions. The material of the reactor
was clear polyvinyl chloride (PVC) and the packing material was
polyurethane foam (PUF). The reactor had a working volume (V) of
0.291 L. The gas feed (H2, N2 and CO2) to the BTF was controlled using
gas flow controllers (Bronkhorst EL-FLOW® Select Series Mass Flow
Controllers) and was supplied to the top of the reactor to make a co-
current flow with the liquid to reduce the risk of clogging due to ex-
cessive biofilm production. A more detailed section on the design of the
BTF can be found in the study of (Sieborg et al., 2020).

2.2. Reactor operation

2.2.1. Procedure for start-up using direct inoculation
The inoculum used for the BTF inoculation consisted of a mixed

anaerobic culture extracted from the Midtfyn biogas plant digester. The
inoculum was degassed for 4 days prior to the inoculation of the bio-
trickling filter. A volume of 150 mL inoculum was loaded into the re-
servoir using a syringe to minimise contact with oxygen. The inoculum
was trickled continuously through the BTF for 2 h with a flow rate of
70 mL min!1. Concurrently, 9.9 mL mL dH R

1 1

2
, 2.5 mL mL dCO R

1 1

2

and 2.5 mL mL dN R
1 1

2 were fed to the reactor. After 2 h the trickling
was stopped while the gas feed continued.

2.2.2. Operation and monitoring of the reactor
At the start-up of the reactor, it was operated with an inlet flow rate

(Fin) of 14.87Nm m d3
R
3 1, which provided a gas retention time (GRT)

of 1.61 h. The gas composition of the inlet flow was 66.6% H2, 16.7%
CO2 and 16.7% N2 until day 51, after which it was adjusted to 57.1%
H2, 14.3% CO2, and 28.6% N2. This changed the GRT to 1.38 h. The N2
was used as a substitute for inert CH4 in the biogas. The partial pressure
of H2 has been found to increase volatile fatty acid (VFA) accumulation
(Allegue and Hinge, 2012). From day 1 to day 51, the N2 added was
equal to a biogas composition of 50% CH4 and 50% CO2, but after day
51 this was changed to 66.6% CH4 and 33.3% CO2. Since N2 is inert,
this means that the inlet flow of N2 equalled the outlet flow of N2. All
start-up parameters for the biotrickling filter are shown in Table 1.

To monitor the HMs, the gas composition was measured on a daily
basis and provided information about the conversion of H2 and CO2 and
the production of CH4. The accumulated gas volume was noted daily
with the time of sampling, which was used to calculate the outlet gas
flow rate (Fout). The reactor performance was assessed by the specific

production capacity (PC), which describes the formation of the CH4.
The PC was calculated using Eq. (1):

=PC
F C

V
CH

out
CH

4
4

(1)
where Fout is the outlet flow rate, Ci is the outlet gas mole fraction, and
V (0.291 L) is the packed working volume of the BTF. The specific
conversion e"ciency of the reactants H2 and CO2 were evaluated by the
elimination capacity (EC), which was assessed using Eq. (2):

=EC F F C
Vi

i
in out i

(2)
The reactor performance was also monitored with daily pH mea-

surements and regular VFA analysis. The VFA analysis provided
knowledge about potential VFA accumulation, which is the indication
of poor reactor performance. The VFA samples were collected during
the trickling operation from the pipe connecting the reactor to the
media reservoir bottle to ensure that they were representative of the
media trickling through the reactor.

2.3. Nutrient media

While carbon and energy sources were supplied in the form of CO2
and H2, the nitrogen, minerals and vitamin nutrients were provided by
pasteurised cattle manure. Cattle manure is a low-cost source of nu-
trients and provides macronutrients and micronutrients as well as a
high bu#er capacity (Angelidaki and Ellegaard, 2003; Bassani, 2017;
Sieborg et al., 2020). The cattle manure was pasteurised at 70 °C for 1 h
before being injected into the reactor system to ensure the removal of
undesired microorganisms (Manyi-Loh et al., 2016). It was subse-
quently kept in the reservoir and trickled through the reactor daily at a
flow rate of 70 mL min!1 for 3 min. Following pasteurisation, the total
VFA and acetate concentrations were found to be relatively high, at
8.67 g L!1 and 6.24 g L!1 respectively, which was probably due to the
thermal pasteurisation (Lee et al., 2018).

2.4. Analytical methods

Samples for total suspended solids (TSS) and volatile suspended
solids (VSS) were collected from the inoculum during inoculation and
after 40 days of BTF operation. The TSS and VSS were measured ac-
cording to standard methods (U.S. EPA, 2001).

The VFAs were analysed using a gas chromatograph (GC, 7890B,
Agilent Technologies, Santa Clara, CA, USA), which was equipped with a
flame ionisation detector (FID), an autosampler and a
30 m $ 0.25 mm $ 0.25 %m column (HP-INNOWax, Agilent
Technologies, Santa Clara, CA, USA). The samples for VFA were ex-
tracted twice weekly from the reservoir in the BTF system after the
daily trickling. The gas composition of the e&uent gas was analysed
using a gas chromatograph (7890A, Agilent Technologies, Santa Clara,
CA, USA), which was fitted with a 30 m$ 0.53 mm column (Carboxen®
1010 PLOT, Fused Silica Capillary Column, 30 m ! 0.53 mm) equipped
with a thermal conductivity detector. The method utilised argon as a
carrier gas, and the initial column temperature was 70 °C with a holding
time of 10 min. Subsequently, the temperature was ramped up to 225 °C
at a rate of 25 °C min!1 with a holding time of 3.8 min. The tem-
perature gradient ensured better analyte separation and a faster op-
eration period. The gas samples were injected into the GC with a split
ratio of 1:1, and certified external gas standards from Mikrolab Aarhus
A/S were used to calibrate the GC equipment.

2.4.1. Scanning electron microscope (SEM)
The morphology of the biofilm formed on the PUF packing material

was analysed using a FEI Quanta 200 Scanning Electron Microscope.
The SEM was equipped with a secondary electron and back-scattered
electron detector, an Everhart-Thornley detector, which provided

Table 1
Start-up parameters for the biotrickling filter in this study. a) All details of
trickling filter set-up and design are found in the study of (Sieborg et al., 2020).
Parameter for start-up

Reactor type Biotrickling Filtera
Temperature [°C] 52
Active volume [L] 0.291
Packing material Polyurethane Foam (PUF)
Inoculum - Type Digestate from thermophilic biogas plant
Inoculum - Volume 150 mL, filtered through 0,5mm sieve
Inoculum - Dose 70 mL min!1 trickling for 2 h
Operation mode Co-current flow
Gas feed H2, CO2 & N2
Feed ratio (initial) [H2:CO2:N2] 4:1:1
Feed rate (initial)
Initial Feed rate - H2 9.9 mL mL dH2 R

1 1

Initial Feed rate - CO2 2.5 mL mL dCO2 R
1 1

Initial Feed rate - N2 2.5mL mL dN2 R
1 1

Nutrient media Filtered and pasteurised cattle manure
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images at a magnitude of!250 in a low vacuum. The samples for SEM
analysis were collected from the top sample port at the start and end of
the BTF operation period. A piece of packing material (H: 5 cm; D:
2.72 cm) was taken from the BTF for direct analysis in the SEM.

2.4.2. F420 microscopy
A qualitative measurement of the presence of HMs in the biofilm on

the packing material was displayed by means of a F420 coenzyme test.
The F420 coenzyme test utilises the unique deazaflavin F420 coenzyme,
which is related to prokaryotes and serves an important role in the
catabolic reduction of CO2 to CH4 (Fischer and Bacher, 2010). How-
ever, only a few species, such as HMs, produce su"cient concentrations
of the F420 coenzyme, which allows individual cells to emit fluorescence
when illuminated at 420 nm (Krieg and Padgett, 2011). Studies have
found that the F420 coenzyme degrades rapidly if the cells decay or are
exposed to oxygen due to their oxygen sensibility (Greening et al.,
2016). The test therefore only displays the active HMs in the biofilm. A
piece of the packing material with its attached biofilm was extracted
from the top of the reactor. The microorganisms in the biofilm were
subsequently detached from the PUF by immersion in a solution of
30 mL phosphate-bu#ered saline with the addition of 10 mM !-ami-
nocaproic acid. This solution promoted the detachment of the micro-
organisms, which could then immediately be placed on a watch glass
with a cover glass on top. Microscopical identification could then take
place with a Leica DM 2000 microscope combined with a fluorescing
light (Leica DFC310 FX) at 420 nm, which made the HMs emit violet
light.

2.4.3. DNA analysis
The DNA from each sample was extracted using the AccuPrep

genomic DNA extraction kit (Bioneer, South Korea). Amplicon se-
quencing for the bacterial and archaeal 16S rRNA gene was performed
using the iSeq 100 platform (Illumina, USA). The high-throughput se-
quencing was performed according to the manufacturer’s instructions
(Illumina) with subtle modifications. The primers used to amplify the
16S rRNA genes were 518F (5$- CCAGCAGCCGCGGTAATACG -3$) and
805R (5$- GACTACCAGGGTATCTAATCC -3$) for bacteria (Lane, 1991;
Yu et al., 2005) and 787F (5$- ATTAGATACCCSBGTAGTCC -3$) and
1059R (5$- GCCATGCACCWCCTCT -3$) for archaea (Yu et al., 2005).
Sample DNAs were PCR-amplified through 25 cycles with the annealing
temperature set at 58 °C. The purified amplicons were PCR-indexed
using the Illumina Nexera XT index kit. The Pfu-X DNA polymerase kit
(Solgent, South Korea) was used for library construction. The purified
library was then quantified and pooled to generate the final 45 pM with
the 10% PhiX control included.

The paired-end (150 bp! 2) sequence reads were first merged and
then processed to remove short or low-quality sequences and potential
chimeras. More than 40,000 filtered reads were obtained for each
sample. Operational taxonomic units (OTUs) were defined at 97% se-
quence-identity cut-o# using the VSEARCH algorithm (Rognes et al.,
2016). Taxonomic assignment was conducted using the RDP database
classifier online (Cole et al., 2003).

3. Results and discussion

3.1. BTF performance

3.1.1. Gas composition
Fig. 2 shows the gas flows and gas composition throughout the

experiment, along with the elimination and production capacities. The
experimental period consisted of three phases.

3.1.1.1. First phase. Within the first 10 days, there was a decrease in
gas outlet flows (Fig. 2a) and in the gas concentrations of CO2 and H2,
while the concentration of CH4 increased (Fig. 2b). The decreased
outlet flows together with the gas concentrations of CO2 and H2

indicate that the microorganisms were immobilised and starting to
form a biofilm that converts the inlet gas to CH4. CH4 composition at
the outlet increased rapidly from 1.2% on day 1 to 27.8% on day 4,
after which time it reached an asymptotic value of approximately 41.7
(± 2.0%). After 10 days of operation, there was no residual CO2
(< 0.5%) detected in the e%uent gas, which means that the CO2 was
used completely for methanation and microbial growth. After 25 days,
a steady gas composition was observed (Fig. 2b), with N2 + CH4
concentrations of 99% (± 0.01%) for the remainder of the period.

3.1.1.2. Phase two. From day 40 to day 51, the operational conditions
of the BTF experiment were maintained, but there was no sampling
activity during this period (gap in Fig. 2) due to a change in the
researchers involved in the experiment.

3.1.1.3. Phase three. Fig. 2a shows the increase in N2 at day 51, with a
similar increase in the outlet flow, while the concentrations of
N2 + CH4 remained steady (Fig. 2b). Small residues of H2 (< 3%)
were detected from day 52 to day 76, with residues of CO2 (< 0.05%)
in the same period. Fig. 2 indicates a steady state from day 76, with the
complete removal of H2 and CO2 and stable production of CH4. The
combined outlet flow and mole fraction (N2 + CH4) from the reactor
was steady from day 25 to day 110, with concentrations of 95.3 (± 4.4)
%, and for some periods N2 + CH4 maintained 100% for several days
(Fig. 2b).

Throughout the operation, the inlet of H2 was constant, providing
the same H2 loading rate to the reactor. The H2 loading rate is an in-
dication of a load of feed to HMs, in which a higher H2 loading rate
together with stable performance is a key parameter for e"cient and
robust operation. The high N2 + CH4 concentration of outlet flow and
the stable H2 loading rate (9.9m m dH

3

R

3 1

2
) are comparable with other

studies (Jensen et al., 2019; Porté et al., 2019). In the study of (Porté
et al., 2019), an enriched mixed HM culture was used to inoculate the
BTF. That study started with an H2 loading rate of 1.1 m m dH

3

R

3 1

2
and

reached a purity of 97.3% of CH4 after 28 days. After the longer period
of 94 days, the study ended with concentrations> 97% with a H2
loading rate of 7.2m m dH

3

R

3 1

2
. Those results are lower than the results

achieved in the present study, which indicated that direct enrichment
was successful even under higher H2 loading.

3.1.2. Production and elimination capacity
The EC (Fig. 2c) of both H2 and CO2 increased during the first eight

days until it stabilised at 9.81 (± 0.11) Nm m d3 3 1 and 2.47 (± 0.02)
Nm m d3 3 1 for H2 and CO2 respectively. The highest EC during the
experiment was 9.91Nm m d3 3 1 for H2 and 2.48Nm m d3 3 1 for CO2, in
which the highest measured EC corresponded to both the substrate
loadings. Concerning the production capacity of CH4, initially the
PCCH4 was found to be 0.97 Nm m d3 3 1 on day 8 and subsequently
gradually increased, achieving the highest PCCH4 of 1.90 Nm m d3 3 1 in
the first period (day 0 to 40).

After the resumption of sampling from day 51 and until the last
period, ECCO2 was stable at 2.45 Nm m d3 3 1 with a low standard de-
viation of 0.09 Nm m d3 3 1 throughout the period. ECH2 fluctuated
slightly from day 51 to day 76, with an average elimination capacity of
9.65Nm m d3 3 1 and a standard deviation of 0.36 Nm m d3 3 1, but
afterwards stabilised at 9.85 (± 0.09) Nm m d3 3 1 until day 110. In the
last period, PCCH4 was stabilised at 2.39 (± 0.25) Nm m d3 3 1 from day
53 to day 72, and the highest PCCH4 was found to be 3.03Nm m d3 3 1.
In the final period, from day 72 until the last operation, PC showed a
better result with a slightly higher production capacity of 2.53
(± 0.16) Nm m d3 3 1.

Within the first eight days of operation, ECCO2 stabilised at 2.47
(± 0.02) Nm m d3 3 1 for the rest of the BTF operation. The PCCH4 in-
creased gradually within the first 40 days, which indicated that the CO2
was being utilised for other processes, primarily microbial growth, and
not for conversion to CH4. After day 52, PCCH4 reached a level close to

B. Dahl Jønson, et al. Bioresource Technology 318 (2020) 124098
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ECCO2, which indicated that the microbial growth had reached a steady
state and required a minimum amount of CO2 as energy – maintenance
energy (Shuler and Kargi, 2013) – thus CO2 would instead be utilised to
produce CH4.

In the study of Strübing et al. (2018), PCCH4 of 13.1 Nm m d3 3 1 was
achieved when operating a 58-L anaerobic thermophilic trickle bed
reactor that also used direct inoculation. Porté et al. (2019) reported a
more comparable PCCH4, which achieved> 1.7Nm m d3 3 1, thus
slightly lower than that found in the present study. Overall, the elim-
ination capacity of CO2 and H2 together with the production capacity of
CH4 and its concentration in the outlet flow indicated that direct in-
oculation of the primary digestate of biogas reactors and its enrichment
in the BTF is possible without preparation of enriched HMs.

3.1.3. Volatile fatty acids
Fig. 3 shows the pH and concentrations of acetate and total VFA.

The upper and lower pH optimum limits for HMs are also shown, which
is where the CH4 yield from HMs was highest. If pH 8.5 is exceeded, the
yield will decrease significantly (Bassani et al., 2015). From day 10 to
day 16, the pH increased from pH 7.73 to pH 8.51, which was a ten-
dency also found in a study by (Porté et al., 2019), where the pH in-
creased from pH 8 and stabilised at a pH closer to 8.5. The pH decreased
significantly with the refilling of the medium, along with a noticeable
increase in VFA and acetate concentrations. On day 23, the highest
concentrations of VFAs (7.03 g L!1) and acetate (5.79 g L!1) were
reached for the first period. In the period from day 40 to day 64, the pH
and VFAs were not monitored, but the pH seemed to be stabilised, as
observed from day 64 to day 75, with a stable pH of 8.08 ± 0.10 and
low concentrations of VFAs (2.13 ± 0.15 g L!1) and acetate
(1.55 ± 0.09 g L!1).

After an increase to pH 8.51 at day 79, the medium was replenished
again. The same tendency with replenishment of the medium and an

Fig. 2. Time series plot of the input, measured and calculated parameters for the BTF: (a) inlet and outlet flow rates including N2 (F [Nm m d ]i 3 3 1 ), (b) mole fraction
of the e"uent gas, calculated for each gas including N2), and (c) production capacity of CH4 (PC [Nm m d ]CH4

3 3 1 ) and elimination capacities (EC [Nm m d ]i 3 3 1 ).

Fig. 3. The pH and concentrations of acetate and total volatile fatty acids (VFAs) measured from cattle manure in the BTF. Manure addition occurred at day 16 and is
depicted as a vertical yellow dotted line. The two black horizontal lines frame the pH optimum. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

B. Dahl Jønson, et al. Bioresource Technology 318 (2020) 124098
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increase in VFA and acetate concentrations was again observed. This
led to the highest concentrations of VFA (8.10 g L!1) and acetate
(6.06 g L!1) on day 84. The medium was replaced again on day 89 but
had a small e"ect on pH, which led to the addition of 0.01 M phosphate
bu"er (PB) solution on day 92 to control the pH. Within four days, the
pH had increased again to 8.5, and therefore a stronger bu"er solution
(0.1 M PB) was added to the medium. The addition of bu"er solution to
increase the bu"er capacity, and thereby to control the pH, is a stan-
dard procedure that has been applied in other studies (Dupnock and
Deshusses, 2017; Luo and Angelidaki, 2012).

3.2. Inoculation and activity analysis of the HM biofilm

The morphology of PUF was examined with SEM before operation
and inoculation of the BTF, which showed the smooth surface of the
packing material. The morphology of the biofilm formation on the PUF
packing material inside the BTF was examined using SEM imaging after
40 days of operation (Supplementary data). The biofilm attachment was
confirmed with SEM, where the biofilm attached to the surface was
observed to be uneven and with depth, indicated by the lighter and
darker colours. In reactor systems with only low shear forces, such as
BTF, a highly heterogeneous biofilm will be formed. This will decrease
the stability while increasing the thickness of the biofilm because the
main detachment factor in the BTF is the low shear forces (van
Loosdrecht et al., 1995). Uncontrolled biomass growth is the major
reason for the bed clogging, which has been reported to be one of the
major problems occurring in the BTF (Tayar et al., 2019). The biofilm is
reported to be vital for the e#ciency of the BTF; the parameters in-
fluencing the biofilm attachment and structure are reported to be the
type of microorganism, the gas-loading rate and the type of reactor used
(van Loosdrecht et al., 1995).

The F420 allowed visual identification solely of the active HMs be-
cause of their unique coenzyme dezaflavin, which in its oxidised state
emits violet fluorescence at a wavelength of 420 nm (Fenchel et al.,
2012). Other microorganisms do not possess the F420 coenzyme and it
will degrade rapidly if the HMs become inactive (Greening et al., 2016).
As such, viewing an F420 image allowed the activity and type of mi-
croorganism in the biofilm to be verified as active HMs. The F420 test
revealed that the fluorescent HMs in the biofilm were active and
thriving in the given conditions.

The SEM and F420 images both proved the successful biofilm at-
tachment and growth of HM. Whether the biofilm produced was con-
trolled production or uncontrolled was unconfirmed. During the op-
eration period the biotrickling filter showed no clogging. These results
support the increase in CH4 production and PCCH4 shown in Fig. 2 be-
cause the biofilm had attached and grown during the first 40 days.

Using the direct inoculation method, it took 10 days to reach CH4
concentrations> 90% with no residues of CO2. When comparing the
total time to reach the same e#ciency when using an indirect in-
oculation, there was a significant di"erence. With direct inoculation a
total of 14 days was needed to reach> 90% CH4. A study from (Porté
et al., 2019) used an indirect enrichment method as conducted in
(Bassani et al., 2015), where the enrichment process took between
35 days (thermophilic) and 58 days (mesophilic). When the biotrickling
filter was inoculated with the enriched culture it achieved 93% CH4
after 3 days of operation. In the study of (Dupnock and Deshusses,
2017) the enrichment procedure took 2 months and after inoculation
CH4 was measured after 3 days.

These studies show the e"ect of having direct inoculation. The di-
rect inoculation has the possibility to decrease the start-up period, from
sampling of the inoculum to>90% CH4 from 38 days to 14 days.

3.3. DNA analysis

The high-throughput sequencing of the DNA samples showed the
development of the anaerobic community in the BTF (Fig. 4). The

results represent average values from duplicate analysis (from DNA
extraction to sequencing). Firmicutes were the most abundant bacterial
phylum (71.1 ± 0.1%) in the BTF (Fig. 4a). Within this phylum, one
dominant OTU was identified (35.0%; data not shown), which has not
been classified at class or lower levels, but an identical sequence has
been retrieved from various anaerobic digesters including thermophilic
reactors (Klang et al., 2019; Krakat et al., 2017). Within Firmicutes, the
genera Ureibacillus, Tepidimicrobium, Tissierella and Romboutsia were
detected. Except for Ureibacillus, all are anaerobic organisms (Gerritsen
et al., 2014; Grazia Fortina et al., 2001); interestingly, both Tepidimi-
crobium and Tissierella have been reported as indicative genera in VFA-
accumulated anaerobic digesters (Lee et al., 2016; Regueiro et al.,
2015). Proteobacteria were the second most abundant phylum
(11.3 ± 0.4%) in the BTF, with Oligella, Paenalcaligenes and Pseudo-
monas as members. The two above-mentioned bacterial phyla have
been also reported in other biotrickling filters (Pérez et al., 2012),
supporting their potential niche and function in this system. After
Proteobacteria, phylum Bacteroidetes accounted for 3.8 ± 0.1% of the
total bacteria. A fermentative anaerobic genus, Petrimonas, accounted
for more than half of this phylum (2.2 ± 0.1%) and could have been
involved in the fermentation of sugars supplied by the addition of cow
manure (Grabowski et al., 2005).

Among the archaeal communities, three genera under
Methanobacteriales, Methanobacterium, Methanothermobacter and
Methanobrevibacter, were the most prominent in this study (Fig. 4b). In
particular, Methanobacterium and Methanothermobacter represented
62.3 ± 1.5% and 31.1 ± 1.0% of the total archaea respectively,
accounting for> 93% together. The former includes thermophilic
members, while species within the latter are known to be thermophilic.
They are both HMs and have been reported to be frequent habitants in
BTFs injected with H2 (Awe et al., 2017). Methanoculleus (order Me-
thanomicrobiales) represented only a minor (1.5 ± 0.1%) archaeal
population in this study. This genus has been reported to be prevailing
methanogens in ammonia-rich environments where mesophilic syn-
trophic acetate-oxidizers coexist (Manzoor et al., 2016). Other than
HMs, one mixotrophic methanogen, Methanosarcina, was detected at a
lower level (0.3 ± 0.0%). This genus has a wider range of substrates
such as methanol, acetate and H2, and seemed to have been relatively
inactive compared with the HMs in the BTF. Overall, both the bacterial
and archaeal communities were successfully identified, with HMs
dominating the archaeal consortia.

The VSS results showed an initial concentration of 31.4 g L!1,
which after 40 days had decreased to 20.4 g L!1. The initial VSS found
in this study was higher than found in other studies 2.5 g L!1 (Díaz
et al., 2015) and 5 g L!1 (Luo and Angelidaki, 2012). A reason for this
can be found in the starting inoculum which di"ers from the one in this
study. The decrease in VSS after 40 days of operation could be due to a
decrease in the organic residues from the inoculum, lowering the VSS.
Fig. 4 shows the change in microbial communities. Fig. 4.b showed a
significant increase in the methanotermobacter from before-1 + 2 to
after-1 + 2. This confirmed that with a decrease in VSS, there was still
an increase in HMs. A decrease from the initial VSS has not been
documented in other studies, but increases have been found (Díaz et al.,
2015) from 2.5 g L!1 to 3.6 g L!1 after 58 days of operation.

4. Conclusions

This trial using direct inoculation resulted in stable CH4 production
capacities and a high CO2 removal e#ciency. These results are com-
parable with previous studies using enriched microbial HM cultures.
The immobilisation of hydrogenotrophic biofilm proven by DNA ana-
lysis and F420 images indicated the fine enrichment of hydro-
genotrophic methanogens. Direct inoculation and its enrichment will
facilitate the start of biomethanation when using trickling reactors in an
industrial-scale operation.

B. Dahl Jønson, et al. Bioresource Technology 318 (2020) 124098
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Abstract: Biological methanation is the production of CH4 from CO2 and H2. While this approach
to carbon capture utilization have been widely researched in the recent years, there is a gap in the
technology. The gap is towards the flexibility in biomethanation, utilizing biological trickling filters
(BTF). With the current intermittent energy system, electricity is not a given surplus energy which
will interfere with a continuous operation of biomethanation and will result in periods of operational
downtime. This study investigated the effect of temperature and H2 supply during downtimes, to
optimize the time needed to regain initial performance. Short (6 h), medium (24 h) and long (72 h)
downtimes were investigated with combinations of three different temperatures and three different
flow rates. The results from these 27 experiments showed that with the optimized parameters, it
would take 60 min to reach 98.4% CH4 in the product gas for a short downtime, whereas longer
downtimes needed 180 min to reach 91.0% CH4. With these results, the flexibility of biomethanation
in BTFs have been proven feasible. This study shows that biomethanation in BTFs can be integrated
into any intermittent energy system and thereby is a feasible Power-2-X technology.

Keywords: biological methanation; biomethanation; trickle bed reactors; intermittent feeding; biofuel;
power-to-gas; energy systems

1. Introduction
Greenhouse gas (GHG) emissions are continuously growing world-wide which puts

an increased focus on renewable energy and utilization of wind, solar and hydro power.
Due to this, the share of renewable energy in the electricity consumption in the European
Union (EU) has more than doubled since 2004 to 2020 [1]. This is a positive step towards
completing the EU energy strategy goals for 2030 where it is sought to reduce greenhouse
gas emissions by 55% [2] and 2050 where net-zero greenhouse gas emissions are the goal,
thereby fulfilling the Paris Agreement goals [3]. The increase in renewable shares in
electricity does not remove the issue of surplus electricity. Surplus electricity refers to
the production of electricity that exceeds the consumption. Some strategies have been
suggested for the utilization of surplus electricity [4]; electricity is not cheap or easy to store,
e.g., in batteries, but newer studies show other possibilities. The possibility is Power-to-X
(P2X) [5].

Power-to-X is essentially a way to store energy (power) into another product, X.
This includes storages such as mechanical energy which is called power-to-power and
could be stored in small to medium scale batteries [6]. Power-to-hydrogen is the most
developing storage system. This system is based on the production of hydrogen (H2) from
electricity via electrolysis. The electrolysis technology has advanced in the later years [7],

Energies 2022, 15, 5827. https://doi.org/10.3390/en15165827 https://www.mdpi.com/journal/energies
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but other technologies of hydrogen production have become more of interest. This includes
production of biohydrogen [8] as it does not require chemicals or as high energy inputs as
conventional water electrolysis. The H2 can be produced with market surplus electricity
to be further processed into X-fuels. These fuels are often called electro fuels (e-fuels)
which can substitute the fuels used in shipping, aviation, and gasoline [9]. One of the most
promising P2X paths is Power-to-Gas (P2G). P2G is promising due to an already established
gas grid in the EU and would contribute to the needed independency of fossil fuels. This
gas grid transport methane (CH4) from natural gas and production of biogas, which in
2020 consumed a gross total of 15.2 Exajoules (1018 J) [10]. Due to this, power-to-Methane
(P2M) is a highly researched area.

P2M is a technology where the power is converted into CH4. First the power is used
to produce H2, through electrolysis (Equation (1)), and then H2 is converted together with
carbon dioxide (CO2) into CH4 through methanation, also known as the Sabatier reaction
(Equation (2)).

Electrolysis : 2H2O ! 2H2 + O2 DG� = +237.2 kJ mol�1
H2

(1)

Methanation : CO2 + 4H2 ! CH4 + 2H2O DG� = �130.8 kJ mol�1
CH4

(2)

Both DG�are at 25 �C and 1 bar

Furthermore, the utilization of CO2 in methanation makes P2M a carbon capture tech-
nology. One of the largest CO2 sources are from biogas production. Raw biogas consists
primarily of CH4 and CO2 with traces of H2S [11], and before the biogas enters the gas
grid it is cleaned of CO2 and H2S to have a pure CH4 product. There are two types of P2M,
catalytic and biological. The catalytic technology utilizes H2 and CO2, with a catalyst under
high pressures and temperature, 10 bar and >350 �C, respectively [12]. This technology has
also been operated in pilot scale experiments with successful results [13]. Some of the disad-
vantages with the catalytic methanation are the high operating costs (OPEX) from operating
under the high pressure and temperature along with the need of cleaned feedstock gas, i.e.,
removal of H2S from raw biogas to protect the catalyst used [14]. These disadvantages can
be solved by using biological methanation (biomethanation). The biomethanation technol-
ogy is a widely researched area with a strong focus into biological trickling (biotrickling)
filters [15]. This type of reactor utilizes the surface area of immobilized hydrogenotrophic
methanogens on a packed bed.

One advantage all P2X technologies have is the potential to utilize surplus electricity,
thereby the cheap electricity and in addition storage of the energy. This surplus electricity
will not always be available, and therefore P2X needs to be a flexible technology. To
illustrate the need of flexibility, electrical spot prices from Denmark in 2020 [16] (Figure 1)
clearly show the variation in electrical prices. The prices can vary within hours, showing
the change from being in surplus to high in demand.

A price limit of 28 $US/MWh, shown in Figure 1a, is used as a representation for a
limit to separate the electrical prices from surplus to demand. It is not known if this limit is
estimated too high or too low for a feasible P2X production. The price for this limit would
vary from each country and a business case could determine what electrical spot price
could be the limit for feasible P2X for the specific case. Variations in electrical spot prices
are not limited to day-to-day but can vary within hours (Figure 1b). On 15 October a 123%
increase in electricity spot prices was seen from 06:00 to 09:00, which indicates how fast the
spot prices can vary and make biomethanation non-feasible in Denmark.

The catalytic P2M technology is very flexible, has a quick response time, can start
up from a cooled reactor and reach a steady state within minutes [17]. On the contrary,
the intrinsic biological activity of the biological P2M technology becomes a disadvantage
during this downtime operation. This biological activity must be kept active during
the downtime, otherwise the bioreactors performance might be diminished or even lost.
Downtime periods of under 1 h are not of interest due to it being assumed not to have a
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big influence on the performance of the metabolism of the microorganisms, and therefore
the catalytic and biological methanation will be equal in these downtime periods. The
flexibility of biomethanation have been investigated briefly. Studies have investigated
downtime periods of 1 to 8 days [18] and optimization of the start-up sequence [19]. Other
authors have studied the starvation of hydrogenotrophic methanogens (HMs) for 1 and
2 weeks [20] and up to 4 weeks [21] in batch experiments. All these studies show that the
HMs are resilient and robust. Nonetheless, downtime periods do affect their performance.
Yet, they will return to their original steady state of performance in shorter periods of 12 to
24 h and up to 1 week.
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Figure 1. Illustration of the variation in electricity spot prices. (a) A representation of the electricity
spot price variation that can occur during a full calendar year. (b) Variation that can occur during a
24-h period. Data used for this figure was from Nord Pool [16].
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The purpose of the present study was to optimize the flexibility of biomethanation,
and to provide an optimization of the flexibility of this technology. To do this, the effects of
two different parameters have been investigated towards minimizing the time to regain
initial performance after downtimes of 6, 24 and 72 h. The combination of temperature
and gas flow would ensure the shortest time needed to reach initial performance with a
product gas of gas grid quality � 95.4% CH4 [22]. Four biological trickling filters (BTFs)
were operated in steady-state shifting between the different downtime periods and normal
steady-state operation. The refeeding strategy of the BTFs the first 60 min was based on
Strübing et al. (2019) [19]. The product gas from the reactors was measured continuously
for 3 h after the start up.

2. Materials and Methods
2.1. Reactor Configurations

The four BTFs used in the present study were identical in terms of design and con-
struction. The design of these BTFs was a scaled-up version of the configuration used in
Jønson et al. (2020) [23]. The BTF were built with transparent PVC pipe, Ø160 mm and wall
thickness of 4.7 mm. The height of the packing material was 45 cm, giving a height:diameter
ratio of 3:1 and a working volume of 8 L. The BTFs were sealed off with cap nuts and
airtight with PVC cement (UNI-100® PVC Cement, Griffon, Rotterdam, The Netherlands).
The BTFs had a hydraulic atomizing spray nozzle (4LN-SS3, MT-Spray, Herlev, Denemark)
installed inside of the top to ensure uniform trickling. The liquid was pumped from the
bottom of the BTF (the sump) to the top via a peristaltic dispensing pump (LabF3-II with
YZ2515x pump head, Shenchen), the tubing to the top was insulated to minimize the heat
loss during trickling.

The packed bed consisted of polyethylene Raschig ring with a surface area >3500 m2/m3,
void volume fraction of 76% and 5 ⇥ 10 mm in size (MBBR PE08, Tongxiang Small Boss
Special Plastic Products Co., Ltd., Tongxiang, China), same packing had been used in the
study of Ashraf et al. (2021) [24]. The BTFs were randomly packed with the Raschig rings.

To keep the operating temperature a water bath (Dyeno DD-BC6 Heating Circulator,
Julabo, Allentown, PA, USA) was set at 52 �C. The BTFs were coiled in tubing and insulated
to ensure minimal heat loss. This was sufficient to keep the BTFs at thermophilic tempera-
ture. The temperature was measured in the middle of each BTF working volume with a
thermometer (EBI 310, EBRO) and the temperature data was logged once every hour.

2.2. Biotrickling Filter Operation
2.2.1. Inoculation of BTFs

The inoculation of the BTFs was performed by flooding the BTF with inoculum to
ensure that all packing material has been inoculated for maximum growth of biofilm. The
inoculum used was the liquid fraction from biogas digestate (Nature Energy Videbæk A/S,
Videbæk, Denmark), with a particle size < 500 µm. This biogas plant is a thermophilic
biogas plant, which have a temperature of 50 �C in the digestors. After the flooding of the
BTFs, they were emptied of decanted digestate and heated to 52 �C to ensure thermophilic
conditions for the HMs and supply of gas was initiated.

2.2.2. Operational Conditions
The BTFs were operated at a gas retention time (GRT) of 45 min from start-up to the

end of the experimental period. The retention time was calculated with the empty reactor
volume (Vr) and the gas flow rate of H2 (FH2), gas flow rate of CO2 (FCO2), and gas flow
rate of CH4 (FCH4), Equation (3). The GRT is a measure of the normal volume of active
reactor (Nm3

r ) per normal volume of total gas inlet (Nm3
Fin

) per day.

GRT =
Vr

FH2 + FCO2 + FCH4

"
Nm3

r

Nm3
Fin

⇤ d

#
(3)
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The total flowrate (FH2+FCO2+FCH4 ) was 31.9 Nm3 Nm�3
R d�1 throughout the normal

operation and was not changed except during the downtime periods. In the present study,
the biomethanation was performed with mixtures of pure H2, CO2, and CH4 gases, >99.5%
(Strandmøllen, Denmark). These gasses were supplied co-currently with the trickling and
in a ratio that simulates real biogas of 60% CH4 and 40% CO2, and a H2:CO2 ratio of 3.8:1.
This gave an inlet composition of 60.3% H2, 15.9% CO2 and 23.8% CH4. The supply of
gasses was controlled by mass flow controllers (SmartTrak® C100L, SIERRA, Monterey,
CA, USA) and the outlet gas flow was measured by mass flow meters (Low-DP-Flow F-
101D, Bronkhorst, AK Ruurlo, The Netherlands) and logged through Bronkhorst software
(Bronkhorst FlowPlot, Ruurlo, The Netherlands). The performance of the BTFs was based
on the gas composition of the product gas and the flow of each BTF.

2.2.3. Liquid Nutrient Supply
The BTFs were supplied with liquid synthetic nutrients. The composition of this

nutrient solution was a modified recipe from Angelidaki et al. (2009) [25] which was
10⇥ as concentrated regarding the concentrations of bicarbonate buffer, trace metals and
vitamins. This ensured sufficient nutrients and less frequently addition of new nutrient
media to the BTFs. During the operation of the BTFs a problem was encountered with
this nutrient recipe, when the nozzles clogged due to crystallisation. To solve this issue, a
two-step plan was put in practice. First, the recipe was changed to minimize the chance
of crystallisation by substituting the trace elements from the recipe with another pre-
manufactured trace elements solution (BC. TEplex AKUT, Schaumann BioEnergy GmbH,
Pinneberg, Germany). The second step was to change the way of suppling the nutrient
solution. Instead of trickling the bed of the BTF, the whole volume was flooded to ensure
equal distribution of nutrients to the whole bed. The study of Ashraf et al. (2021) [24] have
shown that flooding a BTF was efficient enough to provide nutrients for biomethanation,
while the study of Sieborg et al. (2021) [26] found the HMs would not be negatively affected
without trickling for up to 7 days. The flooding was conducted twice a week to ensure no
loss of performance.

2.2.4. Gas and Liquid Analysis
Gas composition was analysed daily through a gas analyser (Pronova SSM6000 LT,

Maryville, TN, USA) which measured CH4, H2, CO2 and O2. Gas analysis was conducted
along with reading of the flow meters and temperature check. Analysis of the liquid
(samples from the sump) consisted of quantification of volatile fatty acids (VFA) along
with pH measurements. The VFAs was measured using GC (7820A GC Systems with
7693 Autosampler, Agilent Technologies, Santa Clara, CA, USA) with an equipped flame
ionisation detector (FID) and a 30 m ⇥ 0.320 mm ⇥ 0.23 µm column (DB-FFAP, WAX
GC Columns, Agilent Technologies, Santa Clara, CA, USA). The method used helium
as carrier gas and a temperature gradient program of an initial temperature of 95 �C for
1 min then 130 �C for 3 min cooled to 120 �C for 1.12 min and increased to 180 �C for
2.4 min at the end. The samples were prepared for the VFA analysis by diluting the sample
with an intern standard, 1:4, respectively, which consists of 0.3 M oxalic acid and 0.01 M
2-ethylbuturic acid. The samples were then centrifuged (VWR® Mega Star 1.6, Radnor, PA,
USA) at 4700 rpm for 15 min, and the supernatant was filtered through a 0.20 µm nylon
filter (Labsolute®) into a GC vial. The pH of the sump in the BTFs was measured with a
pH meter (InLab® Science Lab Pro-ISM, Mettler Toledo, Columbus, OH, USA) which was
frequently calibrated.

2.3. Downtime Experimental Setup
2.3.1. Design of Experiment

The present study focused on minimizing the time to regain the initial performance. To
determine the downtime periods, the electrical spot prices from Denmark in 2020 (Figure 1)
was chosen. This was chosen as data was easily accessible, but the setup does not limit to
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these prices, as they were only used for choosing downtimes. The downtime periods were
based on the total amount of consecutive hours of electrical spot prices above the set limit
in Figure 1a. This resulted in a distribution which indicated that downtime periods of 6,
24 and 72 h would be most relatable to investigate (Figure 2), based on these data.
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Figure 2. Grouped electrical spot prices for 2020, with overview of periods with consecutive too
high electrical price, compared to preset limit, to find downtime lengths that needs investigation.
(a) Grouping of electrical spot prices. Blocks indicate the number of periods with that number of
periods within that grouping. Line indicates the accumulative number of hours from the number of
periods in that hour range. (b) Experimental overview for each length of downtime. The influence of
temperature and gas flow gave 9 combinations for each downtime length.

Figure 2a show the 6, 24 and 72 h periods of consecutive expensive hours were some
of the most accumulated hours. The three time periods were estimated to indicate a short
downtime (6 h), medium downtime (24 h) and longer downtimes (72 h), which was why
they were chosen for this study. For the optimization of time to regain performance,
two parameters were tested during the downtime of the BTFs, temperature and gas flow. A
combination of these two parameters were expected to have a positive effect on minimizing
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the time to regain initial performance. The studied temperatures were 12, 32, and 52 �C.
12 �C was active cooling of the BTFs, 32 �C simulating no active heating in a fully isolated
BTF during downtime and 52 �C was normal operating temperature. The gas flows used
during the downtimes were 0, 10 and 20% of normal operating gas flow, including H2.
Combining the two parameters gave 9 experiments (Figure 2b) for each downtime period.
The temperature of the BTFs study and the product gas was measured continuously every
15 min for 3 h after refeeding.

The frequency of the experiments was limited to 1–2 per week, depending on the
downtime periods. To monitor normal operation between the downtime experiments, 6 and
24 h downtimes were tested two times a week with 3 consecutive days of normal operation
between each experiment. The downtime of 72 h was tested once a week with 4 consecutive
days of normal operating between each downtime experiment. This was constructed in a
way to monitor that the BTFs did not get negatively affected by the downtime experiments,
which could invalidate the results obtained.

2.3.2. Data Analysus Using MODDE®

For data analysis of the experiments the experiment design program MODDE® (Sarto-
rius AG, Göttingen, Germany) have been used. The program has been used to construct
contour plots on the effect of the studied parameters, and to clearly define the more
sensitive parameters that maximize the output in the shortest time possible in the BTFs
after refeeding.

The data used for MODDE® was the temperature and product gas measurement for
every 15 min after initiation of the refeeding strategy. Outliers were determined prior to
using the data for the modelling. Based on this data MODDE® could create contour plots
for comparison of the influence from parameters of flow and temperature on the product
gas quality.

Due to the refeeding strategy taking 60 min, but the GRT in steady-state being 45 min,
a delayed response in the product gas quality could occur. Due to this, results were used
from 120 min and 180 min for making contour plots. The times were chosen due to the
refeeding strategy of 60 min with the delayed response due to GRT, which makes 120 min
interesting as effects should be observed, and 180 min due to it being the last obtained
results for each experiment. This would provide insight into the change in product gas as
well as what parameters might be most beneficial compared to the downtime length.

3. Results and Discussion
The downtime experiments were conducted during a period of 230 days. In be-

tween the downtime experiments the product gas had a conversion of >97% of H2. This
corresponded to a production capacity of 5.1 Nm3

CH4
Nm�3

R day�1 with a gas quality of
96.9 ± 1.6% CH4, 1.9 ± 0.6% CO2 and 1.2 ± 1.4% H2 in the product gas. This was excluding
the days of downtime experiments.

3.1. Effect of Parameters on Downtime Lengths
The most and least effective combinations of parameters from the three downtimes are

shown in Table 1. The optimal combination of parameters differed between each downtime
period and would yield between 98.4% and 91.0% CH4 in the product gas during the first
180 min after initiating refeed.

3.1.1. Downtime of 6 h
The downtime experiments of 6 h were expected to have the least negative effect of the

parameters due to the short downtime length. The best parameters of 52 �C and 0% flow
yielded a product gas of 98.4% CH4 within 60 min of refeeding (Table 1). This corresponded
to the time it took for the 4-step refeed to reach 100% gas load. The high-quality product
gas was above gas grid quality and would not require further removals of CO2 or H2 to
enter the gas grid. The least efficient combination of parameters on a short downtime



Publication 2  
 

Page 57 of 124 
 

Energies 2022, 15, 5827 8 of 15

was 12 �C and 0% flow which resulted in a product gas of 30.8% CH4 at 180 min after
refeeding (Table 1). This combination of temperature and flow was clearly the least efficient
compared with the 8 other combinations of temperature and flow, which had an average of
97.2 ± 1.1% CH4 between them all after 180 min.

Table 1. An overview of the most and least efficient parameters for each downtime period. The most
efficient parameters are determined as the fastest time to reach the target gas grid quality. If the target
gas quality was not reached for the best performing parameters, the highest gas quality from the
operational conditions was used.

Downtime Temperature Flow Time after Refeeding CH4 SD Target

[h] [�C] [%] [min] [%] [%] Quality

Best performing 6 52 0 60 98.4 - * Yes
parameters 24 52 20 90 96.6 ±0.7 Yes

72 12 20 180 91.0 ±3.3 No

Least performing 6 12 0 180 30.8 - * -
parameters 24 12 10 180 90.3 ±1.2 -

72 52 0 180 30.6 ±3.6 -

* Due to experimental setup, there was not sufficient data for standard deviation.

3.1.2. Downtime of 24 h
By increasing the downtime by a four-fold from 6 to 24 h, it was expected that temper-

ature and flow during downtime would affect the product gas more. With a combination
of 52 �C and 20% flow a gas grid quality product gas of 96.6 ± 0.7% CH4 was reached
after 90 min. The theory of having higher downtime temperature which would negatively
impact the metabolism and conversion of the HMs, was not seen for downtimes of 24 h.

When comparing these results with Strübing et al. [18] and Strübing et al. [19], the
impact of having a flow have improved the reactivity of the HMs significantly. From [18] it
took 230–240 min to reach 94.6% CH4 in their product gas after same downtime period, and
similar temperature. To reach 96% CH4 a time of 281 min was needed, which was a 3-fold
increase from this study. In [19] they lowered the temperature to 25 �C during the same
downtime length and reached 94.6% CH4 in their product gas after just 120 min. From this
study an addition of flow during the downtime length improved the product gas quality
faster after initiation of the refeed. It is worth noting that the GRT of the studies [18,19]
where significantly lower than in this study, which could have an impact on the results.

3.1.3. Downtime of 72 h
It was expected that long downtimes of 72 h would benefit from having a lower

temperature and a higher flow. This would correspond with lowering the metabolism rates
and having a flow during a longer downtime would maintain the activity of HMs with
supply of H2 and CO2. From the 9 different parameters tested the best combination was
12 �C and 20% flow, which resulted in a product gas of 91.0 ± 3.3% CH4 after 180 min
(Table 1).

In the study of Strübing et al. [18] a downtime length of 96 h was tested at 25 �C. This
resulted in a product gas of 96% CH4 after 216 min. This was a similar result to the effect
found with 12 �C in this study. This validates that the need for lowering the temperature,
compared to normal operation, during a longer downtime would be beneficial.

While the product gas from this study was not of quality for direct gas grid injection,
it was the most efficient combinations of parameters. The effect of having the normal
operating temperature during a long downtime length was seen with 52 �C and 0% flow
which resulted in a product gas with 30.6 ± 3.6% CH4, 180 min after initiation of refeed.
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3.2. Behaviour of BTFs during Downtime Experiments
3.2.1. Temperature Change during Downtime

The temperature of the BTFs were controlled with a heating bath and heating on
the outside of the reactor. This results in a slow temperature change when such was
implied. For downtime experiments with a different temperature than normal operating
temperature, it would take 2–3 h to reach the desired temperature of either 32 �C or 12 �C
in the middle of the BTF. The temperature setpoint was changed 150 min before the start of
refeeding as in the study of Strübing et al. (2018) [18].

The temperature inside the BTFs were measured from start of refeed, and not in the
previous 150 min of reheating. The temperatures at the start of refeed for 32 �C, across all
three downtime lengths, was 45.8 ± 1.9 �C and for 12 �C it was 36.4 ± 2.7 �C. The least
variation in start temperature was shown for the downtime experiments at 52 �C which had
a temperature of 51.3 ± 0.2 �C, at the start of refeed. A reasoning for the lower than 52 �C
would be the ambient room temperature where the BTFs was placed was 18–20 �C and
would cool down the reactors a bit due to poor insulation of the BTFs. With the methanation
reaction being exothermic (Equation (2)) the temperature naturally increased when the
conversion rate increased. For further studies an optimization of the re-heating strategy
or the way the reactors are configurated should be investigated. The lower temperature
did make the comparison a bit less reliable as it is well known that temperature directly
effects thermophilic methanogens metabolism rates. This indicated that in the 12 �C and
32 �C studies the results obtained during refeeding were not only an effect of the downtime
parameters during the length of downtime but could also be affected by poor reactor
configuration which did not results in equal temperatures at initiation of refeed.

3.2.2. Volatile Fatty Acids and pH
The pH and VFA concentration have been measured regularly to monitor how the

reactors were affected by the constant change in parameters during operation. The pH has
been stable between 8 and 9 throughout the 230 days of downtime experiments. The stable
pH was kept due to the NaHCO3 buffer which was used in the nutrient medium along with
the lowered H2:CO2 ratio of 3.8:1 [27]. During the methanation some CO2 and H2 have been
converted into VFA which was measured. The most abundant VFA in biomethanation was
acetate, also reported by other studies as well [27–30]. In this study acetate concentrations
averaged 0.85 ± 0.19 gAcetate L�1 with a maximum of 1.7 gAcetate L�1, which was in the
range of other studies. Although acetate concentrations were a bit lower, the total VFA
concentrations was 2.3 ± 0.3 gVFA L�1 with a maximum of 4.7 gVFA L�1 at day 8 of the
downtime experiments. The VFA concentrations and the pH did not reach levels which
would affect the normal operation of the BTFs performance negatively. The measured
acetate concentration during the experimental period of 0.85 ± 0.19 gAcetate L�1 with a
peak of 1.7 gAcetate L�1 was within other studies which also did not find any negatively
effects of these levels [31,32].

3.3. Product Gas Development after Initiation of Refeeding
When refeeding was initiated, the initial concentrations would reflect the conversion

during the downtime and not from the load from refeeding. At full load the retention
time was 45 min, and the refeeding program was in 4 steps to reach 100% load in 60 min.
The combinations tested showed multiple tendencies throughout the experiments, three of
which can be described as drop, lag phase and decrease. Figure 3 shows examples of these
tendencies, one for each downtime period to show they were experienced in all downtime
periods, and therefore not only a result of the downtime.



Publication 2  
 

Page 59 of 124 
 

Energies 2022, 15, 5827 10 of 15

 

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

0 30 60 90 120 150 180

Pr
od

uc
t g

as
 [%

C
H

4]

Time [min]

Product gas quality during refeeding for different downtime lengths
Refeeding steps (a) Short, ex. 5 (b) Long, ex. 4
(c) Medium, ex. 7 (d) Long, ex. 1

Figure 3. Examples of the drop-, lag phase-, and decrease-tendency observed of product gas quality
after start of refeeding. Illustrating the effect of the parameters set during downtime have on the
product gas after refeed initiation. Each line represents an experiment for a certain downtime length.
(a) Short downtime of 6 h at 32 �C and 10% flow; (b) Long downtime of 72 h at 32 �C with 0% flow;
(c) Medium downtime of 24 h at 12 �C with 0% flow; (d) Long downtime of 72 h at 52 �C with
0% flow.

3.3.1. Drop Tendency
Drop-tendency was observed after reaching 50% load at 25 min. This drop varied

from a few percentages of CH4 in the product gas as seen for 6 h downtime with 32 �C
and 10% flow (Figure 3a), to larger drops of almost 30% CH4 as seen for 72 h downtime
with 32 �C and 0% flow (Figure 3b). This tendency was also observed in the study of
Strübing et al. (2019) [19], but with the same refeeding strategy as used in this study, they
only observed drops around 10% in CH4. The larger drop seen for Figure 3b could be
explained by the longer downtime along with no gas flow when compared to Figure 3a.
Another explanation is the long GRT in this study, while the temperature has also been
lower at the initiation of refeed, this could result in a delayed effect on the product gas.

3.3.2. Lag Phase Tendency
Lag phase tendency was observed on all the downtime experiments with temperature

of 12 �C. Figure 3c shows the refeeding period of 24 h downtime with 12 �C and 0% flow,
where a lag time of 60 min was observed, which also corresponded to the time to reach
100% load. This lag phase was observed for all downtime experiments at 12 �C. When
having 10 or 20% flow, the lag phase was halved compared to 0% flow, but still had the
slow increase in CH4 in the product gas. The biggest influence on this tendency was the
operating temperature. During the downtime the temperature of 12 �C should stop the
metabolism of the HMs, but with the still low temperature during initiation of refeed, the
metabolism was still very affected by the temperature. The metabolism is highly dependent
on the temperature of the reactor and HMs have an optimum between 55 �C and 70 �C,
depending on the species [33,34]. The low temperature of 36.4 ± 2.7 �C at the start of
refeeding can be related to the metabolism rates found in the study of Gray et al. (2009) [34].
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A temperature of 36.4 �C was near the lowest temperature where a CH4 production rate was
observed in their study. This would explain the lag-phase observed for all the experiments
where 12 �C were used during downtime. From Equation (2) the free energy in the system
is �130.8 kJ mol�1 under standard conditions, but when corrected with the conditions of
36.4 �C and having an inlet concentration of 23.8% CH4 the experimental free energy would
change. See Equations (4)–(6) for temperature and partial pressure free energy correction
(Bastidas-Oyanedel et al. (2008) [35]).

DGo
j = Ân

i uij·DG f o
i & DHo

j = Ân
i uij·DH f o

i (4)

DGo
jT = DGo

j
T
To + DHo

j
To � T

To (5)

DG0
j = DGo

jT + R·T Ân
i uij·ln(Ci) (6)

Equation (4) describes the standard Gibbs energy (kJ mol�1) with change in reaction
(DGo

j ), or standard Enthalpy energy (DHo
j ). The free energy (kJ mol�1) is calculated from

standard Gibbs, or Enthalpy, energy of formation along with stoichiometric coefficients
(uij) for the reaction, under STP conditions. To correct the Gibbs free energy from standard
temperature to operational temperatures (DGo

jT), Equation (5) uses the relation between
STP temperature (T�) and operational temperature (T). To calculate the experimental
Gibbs free energy (DG0

j) (Equation (6)), the obtained DGo
jT is used with the gas constant,

8.314 ⇤ 10�3 kJ K�1 mol�1, operational temperature (T), stoichiometric coefficients (uij) and
the actual concentration (Ci). For the concentration, the inlet concentration was used.

It was found that the experimental free energy has increased to �118.4 kJ mol�1, i.e., a
slightly less exothermic reaction than at STP conditions. At a normal operating temperature
of 52 �C, the methanation would still be an exothermic reaction but would only have a free
energy of �111.1 kJ mol�1. Even with the smaller increase in free energy, the HMs would
still release heat when converting CO2 and H2 into CH4. The release of energy would be
beneficial due to the increase in temperature in the BTF, while higher temperature allows for
a higher CH4 production rate [34]. After 60 min of initiation of refeed, the temperature had
increased from 34.7 �C to 42.7 �C in the BTF and would have increased the HMs production
rate, which could be a beneficial factor to the increase in CH4 in the product gas.

3.3.3. Decreasing Tendency
Decrease-tendency was only observed for the 72 h downtime experiment at 52 �C. For

all three gas flows the same decreasing tendency was experienced (Figure 3d). Figure 3d
for 52 �C and 0% gas flow was the parameter conditions that reached the largest decrease
during refeeding, from 83.2% CH4 at 0 min to 30.6% CH4 at 180 min, which was only a bit
higher than inlet CH4 of 23.8%. When the same experiment was conducted with 10% gas
flow, the decrease was minimized significantly from 97.5% CH4 at 0 min to 74.7% CH4 at
180 min. These results showed the importance of not having a starvation during longer
downtimes, as the results of Figure 3d could be a result of substrate inhibition after a loss
of active HMs due to starvation from high downtime temperature and metabolism rates.

It was generally observed throughout all experiments that the three observed and
described tendencies were either eliminated or reduced significantly when a gas flow was
applied during the downtime. This shows the benefit of having a gas flow which could act
as a maintenance flow which would ensure a minimum of activity during downtimes and
would help minimize the time needed to reach initial performance.

3.4. Estimation of Optimal Parameters for Variating Downtime Lengths
To simulate the optimal parameters based on the results obtained in this study, the

software MODDE® was used. MODDE® was used to make contour plots which were based
on the data from the experiments including all duplicates and triplicates, when available.
Due to the previously discussed change in product gas after initiating the refeeding strategy
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the contour plots are made for two timestamps; 120 and 180 min after initiating refeed.
This would show what combinations of parameters, during the specific downtime, would
yield a product gas which had a CH4 content above the gas grid level of 95.4% CH4, which
was a requirement for this study. The contour plots constructed with the experimental
data in MODDE® are found in Figure 4. The contour plots are constructed in the way that
the darker colour corresponds to the higher concentration of CH4. The dotted line on the
contour plots named ‘target’ are the gas grid level of 95.4% CH4.

 

 

Figure 4. CH4-% in product gas in relation to the effect of the parameters set during downtime
lengths for three specific times after initiation of refeeding strategy. The contour plots are divided into
three graphs for each downtime length; left graph (6 h), middle graph (24 h) and right graph (72 h).
(–) Target product gas quality of 95.4% CH4. Product gasses are shown for periods of (a) 120 min
after initiating the refeed of the BTFs; (b) 180 min after initiating the refeed of the BTFs.

From Figure 4a, the effect of having a gas flow was clear for all downtime periods
but became the more dominating factor to reach higher CH4 in the product gas, when the
downtime length increased. It is observed that after 120 min of initiating refeed (Figure 4a)
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only short downtimes of 6 h were able to reach the target product gas quality. It was also
observed the shorter downtimes were more affected by the operating temperature during
the downtime, compared to a gas flow. Figure 4b shows the contour plots based on the
product gas after 180 min from initiating refeed. These contour plots show that it was
possible for all downtime periods to reach gas grid levels of product gas. For 6 h downtime,
the combination of parameters has not changed significantly between 120 min and 180 min
which was higher temperature, >38 �C, combined with gas flows of 0–20% would result
in reaching gas grid levels of product gas. If the downtime period was changed to 24 h,
the combination needed to involve gas flows of 17–20%, but the temperature was less of
significance as it could vary between 12 �C and 50 �C to reach the target value. Longer
downtimes of 72 h required a high gas flow of 16–20% along with temperatures <27.5 �C
during the downtime, to reach product gas which was of gas grid quality.

Using MODDE® to model all the results obtained in this study (Figure 4) amplified
the importance of certain parameter effects based on the downtime lengths. Having a high
gas flow during the downtime periods would act beneficially to reach the wanted gas grid
levels of 95.4% CH4. The only exception to this was found in the shorter downtime periods
of 6 h, where gas flow did not have an influence, but was only affected by temperature. A
reasoning for this could be the short time for cooling down the reactor before reheating
it, which did not affect the microbial activity compared to longer downtimes. For both
downtime periods of 24 h and 72 h a combination high gas flow with a lower temperature
benefitted the product gas after 180 min. The hypothesis of a positive effect from cooling
the reactor to slow the metabolism was confirmed by the contour plots at Figure 4b.

4. Perspective
For future research within flexibility and downtime, some areas need more investi-

gation. One of these is the control of cooling and heating, which includes the design and
configuration of the reactors. This needs to be optimized for better more precise insight
in the effect of the tested parameters in this study. It is unknown exactly which effect the
lower start temperature during refeeding have had. Another unknown area is the effect
of GRT and how a lower GRT would change these results, and how reliable the results
found in this study would be. A lower GRT might benefit the process as it is a result of
higher productivity, but this could also have a negative effect as this study was a feed
limiting experiment. These areas require further investigation to fully understand how this
technology scales.

With the modelling and contour plots from MODDE®, the most realistic to use for
upscaling would be Figure 4b. Given this shows the end results after 180 min, and therefore
the effect of start temperature should be eliminated. This would be the most reliable results
for further testing in larger scale. If possible, it would be most optimal to validate all
experiments, downtime lengths and combinations, in larger scale BTFs to see the scalability
of these results with the biomethanation technology used in this study. As the upscaling
of this biomethanation technology have been primarily focused on steady-state operation,
there have been no published results of controlled downtime experiments in larger scales.

5. Conclusions
This study successfully demonstrated a way to optimize the flexibility of biomethana-

tion using biological trickling filters. By adjusting the temperature and gas flow during a
downtime period, a gas grid quality product gas could be regained within 60 min from ini-
tiation of refeeding strategy. The results from this study have provided further foundation
to the flexibility of biomethanation in BTFs, and a clear indication that this technology is
feasible for commercial scale operations. It indicates how this can be implemented in an
intermittent energy system, which is needed with the current energy systems.
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Abstract  

Research within biological methanation has been a great development using biotrickling 

filters (BTF), as a power-to-x solution. Although there has been an increase in this research 

area, no studies have focused on up scaling the technology. This study investigates the 

commercial potential of biomethanation in BTF by not solely focusing on the efficiency but 

also the implementation into a full-scale biogas plant. Several areas were investigated, such 

as enrichment and start-up, long-term steady state operation, serial operation, and intermittent 

feed. The results showed an eminent potential for commercial biomethanation using 

biotrickling technology. A methane productivity of 9.44 NmCH4
3 mR

-3day-1 was obtained for 

parallel operation, whereas during serial operation a methane productivity of 

10.6 NmCH4
3 mR

-3day-1 was achieved. The flexibility of the biomethanation in larger scales 
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were demonstrated within this study. The results from this study demonstrate the potential for 

commercial use of biomethanation in BTF for future Power-to-X solutions. 

Keywords: biogas, biomethanation, biomethane, pilot scale, power-to-x 

1  Introduction 
With the current state of greenhouse gas (GHG) emissions, a solution for carbon capture 

storage and utilization (CCS and CCU) is needed. The GHG emissions have been increasing 

since the 1960s and in 2015 it resolved in the climate agreement, the Paris Agreement 

(United Nations Framework Convention on Climate Change (UNFCC), 2015). This has been 

regularly updated, but the main goal still exists. The temperature increase must not exceed 

1.5 °C compared to pre-industrial levels. With an increasing interest in CO2 reductions, such 

as EU2030 and EU2050 goals (European Commission, 2020a, 2020b), there has become a 

great need for solutions that can store or utilize CO2, which are known as CCU and CCS 

solutions. Along with the increasing GHG emissions, the current state of energy supply in the 

world has shifted throughout 2022. With the current situation in Ukraine armed conflict, a 

serious consequence has been the supply of natural gas from Russia which have decreased, 

along with speculations of either EU cutting it off or Russia closing it off to Europe 

(Euronews, 2022; Reuters, 2022a, 2022b). This have forced Germany to restart old coal 

plants to ensure energy stability (Business Insider, 2022; The New York Times, 2022), and 

thereby increasing the GHG emissions.  

To solve this GHG issue, along with stability of natural gas supply, power-to-x technologies 

could be utilized. These technologies utilize electricity, to produce H2 by electrolysis, with 

CO2 to form e-fuels. These fuels are capable of substituting fossil fuels, i.e., natural gas can 

be substituted by e-methane. To produce e-methane, H2 and CO2 can be converted using a 

catalytic and/or biological process (Eq. 1). 

CO2	+	4H2	→	CH4	+	H2O Eq. 1 

Moreover, CO2 credits and unified carbon tax are ongoing incentives that can accelerate the 

implementation of e-methane at various industries. For example, the C-rich inlet stream can 

be taken from bio-manufacturing (i.e. biogenic CO2) or intensive GHG releasing chemical 

industries (e.g. cement, steel, lime). On the other hand, the forthcoming huge implementation 
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of solar and wind energy along with advances in water electrolysis are expected to trigger the 

H2 at lower prices. In 2021, 1023 biomethanation plants were under operation in EU 

(European Biogas Association, 2022). Despite the methanation occupies negligible share, 

application of this technology is expected to increase rapidly due to market needs and 

advances in the area. Methanation technology has been researched widely at laboratory scale, 

where a biological approach utilizing a biological trickling filter (BTF) has shown great 

potential. The use of BTFs has shown a potential for lower operational costs and ability to 

use less purified feed gasses than catalytic methanation which requires high purity gas, and 

higher operating temperatures and pressures, up to 250 °C and 90 bar, respectively (Younas 

et al., 2016). 

Several studies have tested biological methanation using BTF at lab-scale with promising 

results of production capacity, from 0.2 L (Dupnock and Deshusses, 2017) up to 14.5 L 

(Lemmer and Ullrich, 2018). Some studies have also performed biological methanation 

(biomethanation) at a relatively larger scales than the lab-scale i.e., semi-pilot scale. For 

example, Strübing et al. (2017) used a pilot scale trickle bed reactor with packed volume of 

58.1 L and used pure CO2 and H2 gases as feed. They reported CH4 production capacity of 

15.4 Nm3 m-3 d-1 with 98% CH4 at the reactor outlet. Recent studies from Tsapekos et al. 

(2021) and Cheng et al. (2022) used a semi pilot-scale trickle bed reactor with a packed 

volume of 68 L and 35 L. However, the focus in both studies was on the microbial 

communities applying metagenomics and the reactors were operated at low gas feed rates. 

Asimakopoulos et al. (2021) conducted a scale up study for syngas biomethanation in semi-

pilot trickle bed reactor with a packed volume of 5 L. They reported 100% H2 conversion and 

CH4 production capacity of 5.7 Nm3 m-3 d-1 at GRT of 0.6 h.  

While these semi-pilot scale studies were performed in a larger BTF than laboratory scale, 

the upscaling was minimum a 4-fold, compared to the study of Lemmer and Ullrich (2018), 

which is not enough to encounter unknown challenges from upscaling to a larger scale. 

Moreover, it is imperative for the future development and implementation of biomethanation 

to investigate how the operation and process performance of a BTF will be affected at larger 

scales, especially when the BTF is operated continuously using raw biogas containing traces 

of ammonia, hydrogen sulphur, siloxanes, etc., from a biogas plant. Without this upscaling, it 

will be impossible to predict the potential for larger scale biomethanation. Therefore, this 
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study aimed to achieve steady-state and high-rate biomethanation, exposing and solving 

potential upscaling challenges during the demonstration at operational scale. A pilot scale 

biomethanation system consisting of two 1 m3 BTF reactors was designed and built. This 

upscaling of biomethanation was a 15-fold increase from the study of Cheng et al. (2022) and 

a 69-fold increase from the laboratory scale of Lemmer and Ullrich (2018). The pilot BTFs 

was placed in a full-scale biogas plant utilizing raw biogas to show the real potential of this 

technology. Parallel and series operation, effect of packing material, and effect of intermittent 

supply of H2 were investigated. Furthermore, this study validated the results from the pilot-

scale against the results from earlier lab-scale studies. This study provides a fundamental 

reference for the assessment and potential of biomethanation using BTF in larger scale. 

2 Materials and Methods 

2.1 Reactor configuration of pilot BTFs 
The pilot plant consisted of two BTFs (BTF-1 & BTF-2) with an active volume of 1 m3. The 

reactors have an inner diameter of 1 m, and an active height of 1.3 m, giving a low 

height:diameter ratio of 1.3:1. The complete pilot plant setup was constructed inside a 20 ft. 

container. Figure 1 shows an illustration of the reactor configuration.  

 
Figure 1 - System configuration of the two pilot scale reactors. Gas system was established for running the reactor 

parallel and serial. Parallel operation: V1 + V2 open, V3 closed. Serial operation: V1 + V2 closed, V3 open. 
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The BTFs were built accordingly to given regulations from the Danish Safety Technology 

Authority regarding H2 safety. Given H2 is highly permeable through materials (Abohamzeh 

et al., 2021), the BTFs and all piping for gasses were built in stainless steel. All welding was 

done by certified welders and followed Danish regulations. Figure 1 shows the BTFs are built 

with piping arrangements that allows switching between parallel and serial operation of the 

two BTF units and allows gas recirculation to the first BTF. Both BTFs were fully insulated 

to minimize heat loss to surroundings from the BTFs.  

Each BTF reactor has a sump volume of 0.4 m3 at the bottom to contain nutrient media. Two 

liquid pumps (SHB 20–100 horizontal pump, Stübbe GmbH & Co. KG) were placed to 

recirculate the sump with nutrients at a flow of 0.7 ($	(%&'()*%+, 	ℎ+,. The sumps were 

actively cooled to keep a steady operating temperature of 54-57 °C throughout the BTFs, 

which was observed by 7 temperature points located throughout each BTFs. Both reactors 

were initial packed with a high surface area (>3500 m2/m3) packing material (5x10mm) 

(MBBR PE08, Tongxiang Small Boss Special Plastic Products Co. Ltd). The same packing 

material have been used previously in a different study as well (Ashraf et al., 2021a).  

2.2 Operational parameters 

2.2.1 Inoculum and inoculation 

Prior to the inoculation, the BTFs were heated up to the thermophilic operating temperature 

and continuously trickled with water to wet the packing material. The liquid fraction obtained 

from a decanter separation process of digestate at Nature Energy Videbæk A/S was used as 

inoculum the BTFs. This decanted liquid was free of particles larger than 500µm and was 

sampled at the inoculation day. A direct inoculation method was applied, as used in (Dahl 

Jønson et al., 2020), by flooding the reactors active volume with the inoculum. After the 

inoculation process, the feeding of gases was started. 

2.2.2 Gas supply 

The pilot BTFs was installed onsite at Nature Energy Holsted A/S for utilization of raw, non-

upgraded biogas. The biogas was supplied directly from the main gas pipe transporting the 

raw biogas from the primary and secondary digesters to the biogas upgrading. The raw biogas 

variated in composition but averaged at ~58% CH4 and ~42% CO2, 3000 ppm H2S and 

unknown amounts of volatile organic compounds (VOC). The H2 was supplied from a 15 kW 

alkaline electrolyzer (Green Hydrogen Systems) with a purity of >99.9%. 
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The flow of the biogas and H2 was controlled by mass flow controllers (Deltaflow DF8, 

Systec Controls Messtechnik GmbH). The flow of biogas was based on the CO2 concentration 

which was provided from Nature Energy Holsted A/S onsite measurements. The flow of H2 

was then supplied in a ratio of 3.8-3.9:1 of H2 and CO2, respectively. A lower ratio than the 

stoichiometric was applied for improved pH control in the system, as described in (Ashraf et 

al., 2020). For series operation, the outlet gas from BTF1 was fed at the inlet of BTF2. For 

parallel operation, the feed gas mixture was split into the two reactors and distributed 

naturally between the two reactors. A valve was added for manually adjustments of the feed 

flow, which would ensure equal feed for both BTFs. Gas sampling was done automatically 

from the bottom of both BTF1 and BTF2, with a gas analyser (Pronova SSM6000 LT). The 

product gas from both BTFs was analysed alternating every 5th min between the two BTFs 

product gas. 

2.2.3 Gas retention time reduction 

The initial gas retention time (GRT) for each BTF was 45 min, equal to a flow of 0.21 

(-.!
$ 	ℎ+,. and it was decreased by 6% every second day, until a GRT target of 20 min was 

reached. The decrease of 6% in GRT happened if the operation was at steady state and did 

not start to drop in CH4 in the product gas. At times with loss of H2 supply the reduction was 

postponed until the supply was steady again. The H2 loading rate was increased from 9.6 

mH2 	mreactor-1 	d-1 (GRT 45 min) to 41 mH2 	mreactor-1 	d-1 (GRT 20 min) to reach the targeted 

operational conditions. 

2.2.4 Liquid sample analysis 

To ensure optimal operating conditions, various liquid sample analyses were performed on 

the trickling medium from the sump. From previous study (Ashraf et al., 2021b) it was found 

that biomethanation performance was depending on sufficient supply of N and Fe. In this 

study, NH4+ was measured with distillation (Vapodest 500C, Gerhardt GmbH & Co. KG) two 

times a week, to ensure a concentration above 0.8 g/L. Fe content was measured along other 

trace elements by ICP (inductively coupled plasma), to ensure sufficient concentrations above 

50 mg/L. If NH4+ or Fe was below the set concentration limits, the nutrient supply was 

increased. Volatile fatty acid (VFA) concentrations were measured on gas chromatograph 

(GC) with the same method as in Jønson et al. (2022). Continuously online measurement of 

pH (MAC 100, KROHNE Messtechnik GmbH) from both BTFs was implemented from day 1. 
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2.2.5 Nutrients 

To supply sufficient nutrient, a mixture of NPK fertilizer (Flex Bio – NPK 10-2-5 + nitrate, 

Flex Fertilizer System) and trace element solution (BC.TEplex AKUT, Shaumann Bioenergie) 

was supplied. The mixture was in a ratio of 25:1 of NPK and trace elements, respectively. 

The concentrated nutrient mixture was supplied in a low flowrate of 90-120 mL d-1 m-3reactor. 

To ensure enough buffer capacity in the system during steady state operation, 25 L week-1 m-

3reactor of decanter liquid from Nature Energy Videbæk A/S was added to the sump. 

2.2.6 Production capacity and elimination capacity 

For calculations on the performance of the BTFs, two equations are used. The first parameter 

is production capacity (PC), which gives the efficiency of the biomethanation on how much 

CH4 is produced per volume of reactor per unit of time (Eq. 1). 

PC	-mCH4
3 	mreactor-3 	day-10=

FCH4_out-FCH4_in	[m
3h-1]

Vreactor[m3]*24	[h	day-1] 
Eq. (1) 

The PC is based on the increase of CH4-flow, volume of the reactor and then multiplied to be 

expressed daily. 

The other parameter is the elimination of CO2, measuring the conversion of CO2 based on the 

concentration at the inlet and outlet (Eq. 2). 

:;<>	[%] =
>*?)[($	ℎ+,] ∗ @;<>_*?)
>@A[($	ℎ+,] ∗ @;<>_@A

∗ 100% Eq. (2) 

Both PC and eCO2 indicate the performance of the biomethanation in the BTF. 

2.3 Experimental periods 
In this study, the reactors were designed to assess a real-life operation of a biological 

methanation system, which would reflect on the commercial aspect of the technology. Hence, 

four major areas were investigated. 

Parallel operation: The focus was to validate the technology in operational environment, 

compared to the previous laboratory scale studies (Ashraf et al., 2021b, 2020; Dahl Jønson et 

al., 2020; Ebrahimian et al., 2022; Ghofrani-Isfahani et al., 2022; Jønson et al., 2022; 

Tsapekos et al., 2021). The BTFs were operated under identical conditions of temperature, 

flow, and trickling.  
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Serial operation: Serial operation of the BTFs was tested to elucidate if the methanation 

process would become more efficient. The feed gas would enter the first BTF and output 

would enter the second BTF. The overall gas load to the system was kept unchanged. 

Packing material: The initial packing material, referred as PE08, were estimated to be non-

adequate for larger commercial scale operation by Biogasclean A/S, in which another type of 

packing material was tested. The new packing material (17x17mm) had lower surface area 

(740 m2/m3) and was of a different plastic type (PP), onwards mentioned as PP17. The 

manufacturer was not provided, due to company interests. PP17 was tested due to its physical 

properties of strength, which would be more adequate for larger scale biomethanation. 

Intermittent feeding: Previous studies (Jønson et al., 2022; Strübing et al., 2018) have shown 

the potential of this type of biomethanation technology to work under an intermittent energy 

system, where H2 production would be fluctuating. The intermittent feeding, or dynamic 

operation, is an important parameter for implementation of this technology into the current 

energy system which have been described more in Jønson et al. (2022). The results from 

Jønson et al. (2022) was going to be validated herein, to show the scalability of the optimized 

parameters for downtime operation of the BTFs. This flexible operation is one of the most 

important areas to be investigated to assess the applicability of this technology. 

3 Results and discussion of pilot scale study 
3.1 Operational performance from pilot scale BTFs 
Due to equipment calibrations and sensor challenges, H2 was periodically added in a higher 

ratio than 4, and therefore H2 output is neglected on all figures while the outlet ratio of CH4 

and CO2 were used instead. The BTFs have been operated for more than 500 days, not all 

data will be shown here, as some was commissioning, and others was steady state operation 

between the experimental periods. The commissioning of the BTFs took around 100 days 

(data not shown) due to the equipment and signals that needed to be between the pilot 

container, the electrolyser unit and the biogas plant, along with safety installations and 

signals. The results during this period were used for calibration and adjustments of the 

equipment. 

The BTFs were started in parallel operation to ensure uniform performance. 10 days after 

inoculation, the outlet gas of the BTFs had CH4 >90%. After 45 days of steady-state 
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operation the GRT was lowered to increase the PC of the BTFs. This ramp-up technique of 

gas flow was mimicked from commercial scale biogas digester ramp-ups and being based 

upon studies (Aramrueang et al., 2016; Babaee and Shayegan, 2011; Wijekoon et al., 2011), 

investigating organic loading rate (OLR) changes in anaerobic digestions. Specifically, an 

increment in the OLR could have negative impacts on the performance due to over-feeding. 

With this ramp-up, the GRT was lowered to 20 min after 28 days. However, due to 

challenges with the H2 supply from the electrolyzer unit and equipment difficulties, the stable 

operation at the GRT of 20 min was reached after 112 days after initial ramp-up start. GRT of 

20 min, on average, resulted in PC of 10	mCH4
3 	mreactor-3 	day-1, with a H2 loading of 41 mH2 	

mreactor-1 	d-1, and the BTFs were kept at this GRT during the parallel operation trials.  

3.1.1 Parallel operation 

From day 188 to day 266, the BTFs were operated in parallel at steady state with a flow of 

0.48 mCO2
3 	mreactor-3 	h-1 per BTF, giving a GRT of 20 min. The outlet ratio of CH4 and CO2 is 

illustrated in Figure 2, where H2 was neglected as previously mentioned. 

 

Figure 2 – Operation of the pilot BTFs with outlet concentrations of CH4 and CO2, from day 188 to day 322. 

Parallel operation: Day 188 to 266. Serial operation: Day 266 to 322. 
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For the whole period, an average between both BTFs showed 95.7±2.2% CH4 and an eCO2 

of 89.8±5.2% with a peak in eCO2 of 97.3%. A mean PC of 9.44±2.37	mCH4
3 	mreactor-3 	day-1 

was reached with a maximum of 11.1 mCH4
3 	mreactor-3 	day-1. During the 78-day parallel 

operation (Day 188-263), three occasions with loss of H2 supply happened that were related 

to the operation of the electrolyzer unit. The occasions with loss of H2 was at day 197, 230 

and 250, and the periods without H2 supply had a duration of 1.5 days, 6 days, and 0.6 days, 

respectively. During the loss of H2 the outlet switched to raw biogas concentrations and when 

H2 feeding was reinitiated, the performance was regained within a day of operation. This 

regain of performance was unexpected, as no strategy was implemented for this loss of H2, 

but the relative fast recovery was a clear sign for the potential of flexibility of the technology. 

Neglecting the periods with loss of H2 the averaged concentration of CH4 in the outlet was 

95.73±2.17%.  

3.1.2 Serial operation 

In the serial operational, the total gas flow was not changed from 0.48 mCO2
3 	mreactor-3 	h-1 per 

BTF, but instead of dividing the flow between the reactors, the total inlet flow was directed 

into BTF-1 and that outlet was used as feed gas in BTF-2. Figure 2 shows the output 

concentrations of CH4 and CO2 for both BTF in the serial operation mode from day 266 to 

day 322. With all flow going through BTF-1, the GRT was halved to 10 min, while the 

precise inlet flow and GRT of BTF-2 was unknown due to equipment failure on the inlet 

flowmeter in this period. Although, the outlet of BTF-2 expressed the total CO2 conversion. 

During the 58-day period of serial operation, BTF-1 had a PC of 16.8 ± 2.6	mCH4
3 	

mreactor-3 	day-1, which was higher than the results obtained during parallel operation due to 

increased feed. The eCO2 was 73.5 ± 11.4% and the high variation was due to feed flow 

adjustments at day 293, which lowered the conversion of BTF-1 for the rest of the period. For 

the whole biomethanation system, the PC during the 58 days was 10.6 ± 0.6	mCH4
3 	

mreactor-3 	day-1 corresponding to a 10% increase compared to the parallel BTFs operation. The 

eCO2 increased to 93.4±5.33% in serial operation, which was also higher than during the 

value achieved during the parallel operation of the BTFs. 
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3.1.3 Packing Material 

During the more than 500 days of operation, a certain period was dedicated on testing 

different packing material. During a 14-day period from day 399 to 413, the alternative 

packing material PP17 was tested versus the previously used PE08. Specifically, BTF-1 was 

filled with PP17, and BTF-2 was filled with new PE08 and the reactor were operated in 

parallel to equally test the packing materials start-up and steady-state operation as shown in 

Figure 3. While there was no direct mass flow control between the reactors, manually 

adjustments on a valve ensured that both reactors were fed with the same inlet gas flow rate. 

 

Figure 3 – Testing of different packing material over a 14-day period. BTF-1: New packing material, BTF-2: 
PE08 packing material.  

For the inoculation, the BTFs were not flooded but only trickled. In the first 5 days of the 

enrichment phase, from day 399 to day 404, there was already a significant difference in 

performance of the two BTFs. BTF1 with PP17 had a much lower conversion of CO2, while 

BTF-2 with PE08 was limited by a lack of H2 which was obvious from day 401 to day 404. In 

the period from day 404 to day 413, BTF-1 had a CH4 of 72.1 ± 1.9%, with a peak of 75% 

CH4 in the outlet. The PC of BTF-1 peaked at 4.4	mCH4
3 	mreactor-3 	day-1, while the eCO2 was 

33.6 ± 4.6%. In the same period, BTF-2 had a steady state operation with an CH4 of 
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97.2±1.32% in the outlet and a PC of 10.6 ± 0.4	mCH4
3 	mreactor-3 	day-1. BTF-2 also reached 

an eCO2 of 93.8 ± 3.1%, almost a 3-fold of BTF-1 in the same period. These results obtained 

in BTF-2 were very similar to the previously obtained results and performances in parallel- 

and serial operation, described in section 3.1 and 3.2, respectively. 

The results from the different packing materials show the significant difference on 

performance between PE08 and PP17. While the large difference in surface area could have 

had an influence on these results, another study (Strübing et al., 2017) successfully used 

packing material with similar surface area and obtained 98.5 % CH4 with a PC of 15	mCH4
3 	

mreactor-3 	day-1. The packing used in that study was a PE packing, just as the PE08 used in this 

study. The similarities indicated the difference in performance was due to the new packing 

material, PP17, being a PP plastic and not a PE plastic. This needs more in-depth research to 

be confirmed, but the results from this study does indicate PP being a worse packing material 

for biomethanation. This could be a difference in hydrophilic properties, which could 

negatively affect the formation of biofilm. Due to these differences in performance the 

experimental period of testing new packing materials was ceased after 14-days. 

3.1.4 Intermittent feeding 

With the importance of dynamic operation due to the intermittent energy system, a validation 

test was performed. The first test was unintentional, where downtimes occurred due to the 

loss of H2 have occurred. As mentioned previously, a loss of H2 was not uncommon as the 

electrolyzer unit was not performing optimally. In the period from day 90 to day 120 there 

had been multiple occasions with losses of H2, ranging from 12 to 72 hours (data not shown). 

For these periods the regain of performance after H2 was reinitiated took between 6 and 12 

hours. Common for these downtimes was no strategy for refeeding of the H2, which could be 

a reason for the relatively longer time to regain conversion. Therefore, a downtime period of 

24 hours was tested with a refeeding strategy, as was used in Strübing et al. (2018), and the 

results were compared to the earlier lab-scale study from Jønson et al. (2022). 

For the second test, a method was investigated for the development of a refeeding strategy. A 

3-hour downtime was used for testing no refeeding strategy and a strategy where the H2 

refeeding was increased slowly and gradually to avoid high H2 concentrations in the product 

gas. This was done due to limitations of the Wobbe index in the gas grid (Erhvervsministeriet 
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- Sikkerhedsstyrelsen, 2018). The results from both tests of refeeding strategy in a pilot scale 

operation are shown in Figure 4. 

 

Figure 4 – A comparison of the output concentrations of CH4 and H2 from different downtime periods and the 
effect of refeeding strategy within pilot scale operation. The downtimes were mostly controlled, except for (a). 
(a) Spontaneous downtime of 18 hours with instantaneously H2 refeeding from 0% to 100%; (b) Controlled 
downtime of 24 hours with usage of successful refeeding strategy of H2 from laboratory scale. (c) Controlled 
downtimes of 3 hours with instantaneously H2 refeeding from 0% to 100%; (d) Controlled downtime experiment 
of 3 hours with controlled refeeding of H2, focused on lowest output of H2 possible. 

By comparison of the unintentional downtime at Figure 4a with the intentional downtime of 

Figure 4b, a significant difference in product gas development is noticed. With the controlled 

refeeding strategy, a H2 peak of 19.0% was noticed after 2 hours but dropped to 2.2% after 7 

hours. Compared to no refeeding strategy, 16.8% H2 was noticed in the product gas after 2 

hours, which was lower than with the refeeding strategy, but no signs of improvements were 

noticed as 17% of H2 was still in the outlet after 7 hours. This significant difference was a 

clear result of proper implementation of a refeeding strategy.  

A shorter downtime was tested with no refeeding strategy (Figure 4c) and peaked with 10.1% 

H2 in the outlet, whereas the gradually increasing H2 input reduced this peak to 4.4% H2 in 

the product gas. Besides this, the time to regain <0.5% H2 in the outlet was reduced with 
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more than 3 hours, as 0.4% H2 was achieved 5 hours after refeeding (Figure 4d) while after 7 

hours the H2 concentration was still 2.6% without a refeeding strategy (Figure 4c). The 

comparison of all results from Figure 4 highlighted the influence and importance of 

optimizing the refeeding strategy. 

3.2 Validation of pilot scale results 
With the overall objective of this study to validate the use of BTFs for biomethanation in 

larger scales, the results obtained in this study needs to be compared with laboratory scale 

studies. To meet this target, the laboratory studies from the groups within this project were 

used (Ashraf et al., 2021b, 2020; Dahl Jønson et al., 2020; Ebrahimian et al., 2022; Ghofrani-

Isfahani et al., 2022; Jønson et al., 2022; Tsapekos et al., 2021). For the validation of this 

study, an overview of operational parameters along with specifications from the other studies 

are shown in Table 1. 
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3.2.1 Non-enriched inoculum vs. pre-enriched inoculum 

The method for inoculation differs between the studies presented in Table 1. The inoculum 

used for inoculation in SDU 1, DTU 1, DTU 2 and DTU 4 was pre-enriched inoculum for 

hydrogenotrophic methanogens in a two-stage system from Bassani et al. (2015a). The 

method for inoculation of the BTFs in these studies were by trickling. NE 1, NE 2, SDU 2, 

and SDU 3 used non-enriched inoculum (direct inoculation), liquid fraction of digestate from 

full-scale biogas plants, and the inoculation methods were both trickling and flooding.  

As this study was focused on the potential of biomethanation in a BTF for larger scale 

operations, the enrichment phase was important. For larger scale operations, to pre-enrich 

inoculum with the same method as used for SDU 1, DTU 1, DTU 2 and DTU 3 would be 

expensive in terms of operating cost and time. Using a direct inoculation with non-enriched 

inoculum would reduce the expenses for enrichment of the BTF. Comparing the pre-enriched 

and non-enriched studies, it was found that the pre-enriched BTF would require between 7 

and 16 days to reach >90% CH4 in the outlet. With the pre-enrichment period added from 

Bassani et al. (2015), which was 35 days for thermophilic enrichment, the total enrichment 

time would take between 42 and 51 days to reach >90% CH4 in the outlet of a BTF. With the 

non-enriched inoculum used in this study, NE 2, SDU 2, and SDU 3 the threshold of >90% 

CH4 in the outlet was reached within 5 to 25 days, which have halved the total enrichment 

process. The same results were found in (Dahl Jønson et al., 2020), and it has now been 

proven to fit for larger scale biomethanation in BTF by this study. It should be mentioned that 

the inoculum taken from Bassani et al. (2015) was enriched in planktonic environment and 

grown at GRTs above 10 h. In the present study, significantly higher gas rates were fed to 

achieve the targeted GRTs (<0.5 h) and, the utilized BTFs utilized that rely on biofilm 

formation which is a completely different reactor design. Thus, the microbiomes at SDU 1, 

DTU 1, DTU 2 and DTU 3 were subjected to more intense operating conditions and 

completely different environment (i.e., from planktonic to biofilm) leading to relatively 

prolonged lag phase. Nevertheless, high biomethanation was achieved in all the cited studies 

of this project. On the long run, syntrophic associations of bacterial and archaeal strains 

accelerated biofilm formation through the secretion of extracellular polysaccharides aided by 

both microbial groups. Hence, archaeal strains were enriched over time at the packing 

materials and strong biofilm was formed to achieve the increased production capacities. 
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3.2.2 Flooding or trickling for inoculation 

Flooding of a BTF has been proved to be an effective strategy for supplying nutrients at high 

concentrations in the packing material (Ashraf et al., 2021b). However, it also had negative 

impacts on the steady performance afterwards compared to trickling, due to thicker water 

film formation from flooding. Applying this knowledge to inoculation of a BTF, the flooding 

would ensure even distribution of inoculum on the packing material and at a faster rate than 

trickling. Flooding was applied for inoculation in the present study as well as NE 2. 

Enrichment periods were observed varying between 10 and 14 days, respectively, before 

reaching >90% CH4. Comparing this strategy to the inoculation with trickling (section 3.3) 

the outlet reached >90% CH4 after 5 days, having a similar performance with the DTU 3 

study which also used trickling for inoculation, and reached >90% CH4 within 7 days after 

inoculation using a pre-enriched inoculum. The studies of SDU 2 and SDU 3 also used 

trickling and non-enriched inoculum and they reported a need of 25 and 22 days to reach 

>90% CH4 in the outlet, respectively. This shows that inoculation by flooding in this study 

resulted in a 3- to 4-fold reduction in the time needed for enrichment of the BTF as compared 

to lab-scale studies that used inoculation by trickling. For the inoculation using trickling in 

this study (section 3.3), it should be noted that the packing material (PE08) was previously 

used but has been cleaned with water. This could leave residues of inactive hydrogenotrophic 

methanogens or bacteria that can biosynthesise extracellular polymeric substances and 

improve the biofilm formation on the packing material, which could improve the enrichment 

period, decreasing the time needed to reach >90% CH4 in the outlet. Relating the inoculation 

process to larger scale operation, the trickling would be preferable over flooding. Flooding a 

large scale BTF would result a large water pressure at the bottom of the BTF, which would 

require more expensive materials, higher operating costs, and more strict safety 

measurements. Based on the results discussed, there was no substantial difference between 

flooding and trickling during inoculation to reach >90% CH4, but with the requirements of 

separate tanks, extra pumps, and piping for culture when flooding larger scale BTF, trickling 

would be the preferable method for inoculation in larger scales. 

3.2.3 Buffer capacity in nutrient supply 

For most DTU and SDU studies, the nutrient supply was from a biologically origin (i.e., 

digested manure and pasteurized manure) while only DTU 3 exploited the effluent of an AD 

reactor fed with source separated municipal biowaste. Digested manure contains all needed 
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nutrients, both macro-nutrients and trace elements (Awais et al., 2016) along with natural 

occurring buffer capacity (Westerholm et al., 2012). Also, all the essential nutrients were 

available in the digested biowaste (Khoshnevisan et al., 2018) and no shortage of the essential 

elements was detected during ex-situ upgrading tests (Tsapekos et al., 2021). Comparing the 

present work in which the nutrient supply was artificial, consisting of N+P+K and trace 

elements (Fe, Mn, Mo, Cu, etc.), the major difference was the missing buffer capacity. The 

consequence of the limited buffering capacity was seen from day 201 to 210 (Figure 2), when 

the outlet concentration dropped from 96.1% CH4 to 85.3% CH4 at day 204 before returning 

to 95.5% CH4 at day 210. The drop in CH4 was found to be related to a loss of buffer capacity 

in the BTFs due to dilution from H2O produced (Eq. 1) along with no addition of buffer 

capacity to the system. A similar drop in CH4 was found for SDU 3 (Ashraf et al., 2021b) 

where it was linked to insufficient amounts of NH4+ and Fe, but this was available for NE 1. 

After this period, regular addition of decanted liquid from Nature Energy Videbæk A/S was 

followed to ensure sufficient buffer capacity for the biomethanation process. Subsequently, a 

positive effect on the performance stability was detected after day 210 (Figure 2). With the 

weekly addition of 25 L liquid fraction, no intensively adverse phenomena (e.g., 

homoacetogenesis) was observed, which could be due to the frequently invaded 

microorganisms. The microorganisms added weekly were of same origin as the inoculum 

used, which showed signs of being beneficial towards performance stability. 

3.2.4 Performance parameters (Gas supply, GRT, steady state, PC, purity) 

Studies of NE 2, DTU 1, DTU 2, SDU 1, SDU 2, and SDU 3 all used bottled dry gases of 

>99.9% purity, without any impurities. The study of DTU 3 was implemented on a biogas 

plant using biogas after H2S removal. A key parameter in the present study was the use of 

raw and saturated biogas containing 3000 ppm H2S, volatile organic compounds and other 

trace gasses (Ryckebosch et al., 2011). Securing a well-performing process at such conditions 

would be beneficial in larger scale biomethanation implemented on a full-scale biogas plant, 

as the need for traditional biogas upgrading for removal of CO2 would be reduced. The H2S 

would still need to be removed.  

It is worth mentioning that alternative technologies, which are available in high technological 

readiness level, explored pure autotrophic archaeal cultures to optimize biomethanation 

(Wegener Kofoed et al., 2021). Previously, a similar technical study examined the scaling-up 

of biomethanation from lab to field growing Methanothermobacter thermoautotrophicus 
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(Thema et al., 2021). However, the study was only demonstrated using chemicals of 

analytical grade as nutrients and gases of high purity. Thus, the robustness of the monoculture 

at real conditions utilizing gas and liquid streams from a biogas plant as a source of CO2 and 

nutrients, respectively, cannot be concluded. In contrast, the present technology utilizes 

naturally evolved microbes prevailing in biogas plants that can efficiently couple CO2 from 

biogas with renewable H2 and utilize digestate as nutrients source. Indeed, robust 

microbiomes were evolved handling gas impurities, pH variation, alternation of nutrients’ 

content and without the need for sterile conditions.  

Furthermore, when comparing the present research to the studies using bottled gas, there have 

been no significant differences in the obtained GRT at steady state operation. This study has 

been operated at a GRT of 20 min with steady state performance (Figure 2), whereas DTU 2 

and SDU 3 have been operated at 21 min and 25.7 min, respectively, with steady state 

operation. All the studies used the same packing material (PE08), had different reactor 

dimensions, but reached similar PCs of 7.0	to	9.44	mCH4
3 	mreactor-3 	day-1 with purities of 

90.4% CH4 to 98.9% CH4, respectively. With a gas grid quality requirement of +97% CH4 in 

Denmark (Erhvervsministeriet - Sikkerhedsstyrelsen, 2018) these studies reached a steady 

state operation where the product gas would require minimal gas upgrading for injection to 

the gas grid.  

Comparing the GRTs, PCs, and purities, it is proven that this study has validated the results 

found in lab. This shows great potential for the performance of biomethanation in larger 

scales, and how implementable it would be to a raw biogas supply. 

3.2.5 pH and VFA concentrations 

With discussed steady state operation and performance, pH and VFA concentrations can be 

used as process indicators to retain stability. The most common VFA to measure in 

biomethanation have been reported to be acetate, as it is also a product of CO2 and H2, while 

propionate is also accumulated at high partial pressure of H2. An overview of pH and VFA 

from the studies mentioned in Table 2 have been made to compare these process parameters 

during steady state operation. 
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Table 2 – Comparison of pH and VFA from seven studies using BTF for biomethanation. All results are from 

the same steady state operation period as used for Table 1. 

 NE 1 NE 2 DTU 1 DTU 2 DTU 3 SDU 1 SDU 2 SDU 3 

pH 8.47±0.5 8.67±0.1	 7.57±0.2	 8.12±0.1	 8.58	±0.1	 7.9±0.3	 8.08±0.1	 8.41±0.2	
VFA 

[g/L] 
2.12±0.7 2.29±0.3	 1.62±0.3	 1.65±0.2	 1.08±0.1	 0.07±0.0	 2.13±0.2	 0.09±0.0	

Acetate 

[g/L] 
0.51±0.3 0.85±0.2	 1.43±0.3	 0.58±0.1	 8.89±0.0	 0.06±0.0	 1.55±0.1	 0.07±0.0	

The pH in the sump is affected by the VFA concentration as increased concentration of these 

acids can lower the pH. pH in the sump is connected to the carbonate buffer which is affected 

by the CO2 partial pressure over the sump (Bassani et al., 2015; Savvas et al., 2017), which in 

the case of co-flow operation is the CO2 content at the outlet of the reactor. A lower CO2 

partial pressure can lower the carbonate and bicarbonate concentrations in the sump causing 

an increase in the pH. One way to keep the pH from increasing is maintaining the carbonate 

buffer by keeping the H2 to CO2 ratio slightly lower than the stoichiometric value of 4:1 [4]. 

The H2 to CO2 ratio used for the pilot-scale unit in this study was 3.8:1 and on average the pH 

remained lower than 8.5. These results are alike the lab-scale studies where a long-term 

operation with pH lower than 8.5 was achieved by using H2 to CO2 ratio of 3.8:1 (Ashraf et 

al., 2021b, 2020). 

Regarding VFA, a part of the gaseous feedstock can be driven towards acetate at H2/CO2 

fuelled reactors (Liu et al., 2016). Indeed, acetic acid was accumulated at DTU 1, DTU 2 and 

DTU 3 in periods with decreased biomethanation efficiency, while in this study no 

performance instability was observed with the accumulated acetic acid. In addition, propionic 

acid – which demands a low H2 partial pressure for its oxidation – is considered as stress 

indicator (Tsapekos et al., 2022). In accordance, propionic acid was the second most 

abundant VFA in DTU 1 and DTU 3, while also being the most abundant in this study. 

3.2.6 Flexibility towards an intermittent energy system 

With validation of laboratory results in the pilot scale and showing the potential for 

biomethanation in larger scales, the successful scalability of dynamic operation was needed. 

While the steady-state operation of pilot scale biomethanation in BTFs indicated the 

technology would return to initial performance after variating downtimes at day 196, 230, 

250, there was still a need to control and optimize these periods. To compare the scalability 
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and dynamic operation in this study, Table 3 shows a comparison with other studies 

investigating dynamic operation. 

Table 3 – Comparison of studies with investigated dynamic operation. The results investigated was the length of 

downtime along with time needed to reach initial performance. 

Ref. 

This study This study 

DTU 3 

(Tsapekos et 

al., 2021) 

(Strübing et 

al., 2018) 

(Strübing et 

al., 2019) 

(Jønson et 

al., 2022) 

Downtime [h] 12 - 72 24 600  1800 24 24 24 24 

Temperature [°C] 52-57 52-57 52 8-12 25 55 25 52 

Time to regain [h] 6 - 12 7 >120 >120 3.1 4.7 2 1.5 

The flexibility obtained in this study have been comparable to multiple laboratory studies. 

DTU 3 does not directly compare but do show the potential of having downtimes of a higher 

order downtime periods. The downside would be the prolonged time to regain performance, 

but this could be optimized with a refeeding strategy.  

Comparing the study 24-hour controlled downtime in this study, using the same refeeding 

strategy as both Strübing et al. (2019) and Jønson et al. (2022), it was observed that pilot 

scale needed significantly longer time to regain performance (i.e., magnitude of 2-fold to 4.5-

fold in time). This observation could the attributed to several reasons. The first one being the 

GRT of the different systems. This study had 20 min GRT which was around half of the 

value used in Jønson et al. (2022) which had 45 min. Thereby, the feed loading of this study 

was higher, which could be a reasoning of the longer time needed to regain performance. 

Strübing et al. (2018) had a cooled downtime and a normal operating temperature downtime, 

which both regained faster than in the present study. While the refeeding method was 

identical for this study, during the downtime of the 24 hours, the constant trickling of both 

BTFs was kept on. This error led to a difference between the full laboratory method used in 

Jønson et al. (2022), semi-pilot study of Strübing et al. (2019) and this pilot-scale study. This 

could be the reasoning for the reasoning for the unexpected result from the 24-hour 

downtime. Further testing would be needed to validate if this was the reasoning. 

The flexibility of biomethanation and dynamic operation have been demonstrated within this 

study in larger pilot scale. While there have been found areas which needs further 

investigation and improvements, these results do show the great potential of this technology. 
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4 Perspective 
To assess the performance of biomethanation in larger pilot scale, lab-based results have been 

compared and do validate the scalability and great potential of conducting biomethanation in 

BTF for future Power-to-X solutions. Nevertheless, there are some areas which needs more 

in-depth research and development for larger scale operations, to ensure more scalability 

within the methods used. (i) An area could be deeper understanding for nutrient requirements, 

with focus on which specifically are the needs for the hydrogenotrophic methanogens and 

how the nutrient supply could be optimized. Despite the present study demonstrated the use 

of commercial NPK and micronutrients solutions, optimization of the dosage is still needed. 

(ii) Another area of focus would be optimization of the methods used for dynamic operations. 

This study demonstrated that the previously found optimized refeeding strategy (Strübing et 

al., 2019) of H2 after downtime periods did not have the same response time as in other 

studies (Jønson et al., 2022; Strübing et al., 2019, 2018), this could be due to constant 

trickling which would need further testing. The method also resulted in a higher H2 output 

compared to legislation (Erhvervsministeriet - Sikkerhedsstyrelsen, 2018). This was 

improved with testing of another refeeding strategy which decreased the H2 in the product gas 

with a 2.3-fold and was low concentration enough to not interfere with legislations. Research 

on these areas could contribute towards up scaling of this technology even further. 

5 Conclusions 
This study successfully demonstrated the implementation of a pilot-scale biomethanation 

system into a full-scale biogas plant for biogas upgrading. The operation and results obtained 

were validated by comparison with laboratory results.  Under steady state and with GRT of 

20 min a PC of approx. 10 mCH4
3 	mreactor-3 	day-1 was achieved with output gas quality 

matching the grid requirements of methane composition. The flexibility and dynamic 

operation of the technology was successfully demonstrated and showed the potential for 

implementation of larger scale biomethanation in an intermittent energy system, such as solar 

or wind powered electrolysers.  
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the potential for using Microbial Electrolysis Cell as 
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8.1 Introduction to study 
Another PtX technology, which have been known for a long time, and is getting increased 

research interest is microbial electrolysis cells (MEC). MEC is a system where an electric 

potential is applied to improve the degradation of organic matter by electroactive microbes and 

improve the production of H2 and/or CH4 from the microbial reduction of CO2 with H2 [104–

106]. A visualization of a MEC system (Figure 17) shows how the potential is applied to a 

cathode and an anode via a power source, while the chambers can be separated by a membrane, 

depending on the desired product. 

 
Figure 17 – Overview of a microbial electrochemical cell with a membrane separation the cathode and anode. 

Source: [107]. 

Without the membrane, the system would be a direct conversion of electricity, H2 and CO2 to 

produce CH4 – and thereby could be an approach to produce biomethane (Table 1). This system 

has also been referred to as an electro methanogenesis reactor (EMR), which essentially still is 

a MEC. This would produce CH4 as main product, with CO2 and H2 as traces if not converted 

in the system. The system can be configured to use CO2 as a gaseous feed directly instead of 

an organic reduction of a sludge stream. In this system, CO2 can be reduced to products (organic 

compounds) directly in the system, bypassing the microbial conversion of organic matter to 

CO2 as in MEC [108]. 

Due to the increased research interest along with the potential for co-operation between MEC 

and biomethanation in BTFs, a study abroad to the Alfred M. Spormann Lab at Stanford 

University, California, USA was conducted during this PhD thesis. In a period of 4 months, 
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the potential of MEC was investigated as a viable solution to utilize the carbon in the liquid 

fraction of biogas digestate. 

Hypothesis: Removal of organic matter and/or production of H2 and/or production of CH4 

from the liquid fraction of biogas digestate (LFD) is a viable technology through MEC, using 

the microorganisms originating from LFD. 

8.2 Methods and experimental setup 
To investigate the hypothesis, several MEC system were constructed and operated. These 

consisted of small H-cells of 2x100mL, which had an anode and cathode. The anode was a 

NiMo coated nickel rod of 3.8cm in length, and 0.6cm wide with a total surface area of 4.1 

cm2. The cathode was a fine carbon brush to have maximum surface area, surface area unknown 

but approx. Ø2.5cm and 2.5cm long. The potentiostat used for the experiments, was 

unfortunately not noted. The whole setup was put in a 30 °C heated room to ensure mesophilic 

conditions for the experiments. COD measurements was done once a week, to compare with 

initial COD content. Gas measurements was run on manually injections to a GC (unknown 

setup). The column and method were calibrated for CH4 and CO2 content in the sample. 

Experiment 1: Two experiments were conducted, the first was to investigate the potential of 

using MEC to reduce organic matter. This was measured by chemical oxygen demand (COD) 

which could be related directly to volatile solids (VS) and thereby organic matter. The 

potentiostat was set as voltages of -0.2V, 0V and +0.2V vs ref. (reference electrode of 

Ag/AgCl). Two sets of H-cells were set up, the first set contained a nafion membrane, which 

separated the anode and cathode chambers. The other set did not have a membrane to separate 

the anode chamber and cathode chamber. A control flask containing LFD with no added 

potential, was used for background production. 

Experiment 2: The second experiment would be based on the first experiment and the 

objective was to reach maximum COD removal at best voltages from experiment 1. This 

experiment would operate under constant voltages without a reference. Due to technical 

failures observed in the reference electrodes during Experiment 1, they were not used hereafter. 

Instead, whole cell voltages of 1V or 1.5V were tested in experiment 2. For each voltage a 

’dead’ control was added, which contained autoclaved LFD which would show if the 

production of gasses would be a product of microbial or chemical reaction. The LFD was 

spiked with 5% v/v part of the inoculum from experiment 1 with the intention that the initial 
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lag-phase would be reduced, as electroactive microbes had been enriched during the first 

experiment. A control flask was kept in this experiment to measure background production. A 

picture of the setups is shown in Figure 18, which was identical for both setups. 

 

Figure 18 - Experimental setup of the H-cells for both experiments. The 500 mL bluecap (upper right) was the 
control flask with no potential added, to measure background production.  

8.3 Results and discussion from Stanford University 
Experiment 1 

From the first set of experiments, an issue with the reference electrodes was found. The 

potentials had drifted during the experiment, making the supplied potential different from the 

expected voltages. The drifted potential is shown in Table 4, where the initial potential has 

been compared with the potential measured at the end of the 26-days experimental period. 
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Table 4 – Overview of drifted potentials in reference electrodes during the experimental period of 26 days in the 
different H-cells. 

Initial set potential Drift in Potential Measured end potential 

H-cells without membranes 

-200 mV vs ref + 3 mV -200 mV vs. ref 

0 mV vs ref – 150 mV -150 mV vs. ref 

+200 mV vs ref – 450 mV -250 mV vs. ref 

H-cells with membranes 

-200 mV vs ref – 530 mV -730 mV vs ref 

0 mV vs ref – 480 mV -480 mV vs. ref 

+200 mV vs ref – 550 mV -350 mV vs. ref 

As it is not known when or how fast the potential has drifted, the obtained results have been 

used as they were measured, with no changes to the data. The drifted potentials are very high, 

mostly in the H-cells with membranes, which can be due to the porous tip of the Ag/AgCl 

reference electrodes and over time the LFD has diffused through this and contaminated the 

reference. With the decreased potential, the system will go into a more reductive state, 

regarding the electrodes, which could make the anode become the cathode instead. While in 

this system, both chambers contain LFD, the system would work in an identical way if the 

order of electrodes were shifted. The shift might worsen the performance, as the electrode are 

of two different kinds, and therefore would not be beneficial for a shift in electrode type.  

With the drifted potentials, the MEC systems were still producing CH4 and H2, depending on 

the setup. The results of this are found in Table 5, where a comparison has been made to find 

the most optimal potentials used. The total cell potential was calculated by EWE–ECE, where 

EWE was the potential at the working electrode and ECE was the potential at the counter 

electrode. 
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Table 5 – Results of COD removal and CH4 produced during the 26-day experimental period, along with 
maximum total cell potential reached. 

Setup Drifted  
potential 

COD removal mL CH4 Maximum total  
cell potential 

No membrane  
+200mV -250 mV 10% 369 0.99V 

No membrane  
0mV -150 mV 20% 503 0.99V 

No membrane  
-200mV 

-200 mV 22% 444 1.5V 

With membrane  
+200mV - anode -350 mV 16% 267 0.93V 

With membrane  
+200mV - cathode -350 mV 10% 74 – 

With membrane  
0mV - anode 

-480 mV 14% 234 1V 

With membrane  
0mV - cathode -480 mV 9% 53 – 

With membrane  
-200mV - anode -730 mV 13% 203 0.91V 

With membrane  
-200mV - cathode 

-730 mV 3% 121 – 

Control cell – 10% 115 – 

From Table 5, it was observed that the control flask had a COD reduction of 10% during the 

experiment. When comparing the set potentials, it was found that the setups without a 

membrane had the highest COD removal with 20% and 22%. A direct comparison with the 

anode and cathode chambers for the membrane systems is not possible, as multiple parameters 

affect this. With the great results of COD removal, it was decided that membranes were not 

needed for the second experiment. The two non-membrane setups showed the highest COD 

removal and the highest CH4 production. From these two H-cells, the maximum total cell 

potential measured was 1V and 1.5V, which was then used for the second experiment. 

Experiment 2 

During the second experiment, a lag phase of equally long time was observed. The effect of 

spiking was not noticeable, which could be due to the low amount of 5% added. The lag-phase 
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was around 10 days as seen in Figure 19, together with the gas production during the 

experiment. 

 

Figure 19 – Comparison of the accumulated gas produced from the H-cells during experiment 2. The gas was 
primarily CH4 but contained some H2 and CO2. 

First noticeable gas production from Figure 19, is the lack of gas production from the two 

‘dead’ controls. These proves that the observed gas production, and COD removal, are a 

product of microbial activity and not chemical reactions. Besides this, both duplicates of H-

cells are very similar, showing the difference in effect and how the higher voltage (1.5V) gives 

a higher gas production. The issue with experiment 2, is the blank control. Somehow, the 

control flask started to produce more gas and CH4, especially compared to experiment 1. There 

have been no additions to the bottle during the testing, but better stirring was implemented in 

experiment 2 compared to experiment 1, also applied to all H-cells. A comparison of the CH4 

production and the COD removal from experiment 2 can be found in Table 6.  

Table 6 – Comparison of COD removal and CH4 production from experiment 2. 

Setup 
1.5V – 

1 

1.5V – 

2 

1.5V – 

Dead 

1.0V – 

1 

1.0V – 

2 

1.0V – 

Dead 
Blank 

COD 

Removal 
16% 17% 2% 7% 10% 1% 14% 

mL CH4 386 369 0 185 230 0 389 

0
50

100
150
200
250
300
350
400
450

0 5 10 15 20 25

A
cc

um
ul

at
ed

ga
s o

ut
pu

t[
m

L]

Days

Experiment 2 – Product gas from experiment

Methane 1.5V - 1 Methane 1.5V - 2 Methane 1.5 - dead

Methane 1.0V - 1 Methane 1.0V - 2 Methane 1.0V - dead

Methane blank



MEC Research at Stanford University  
 

Page 101 of 124 
 

When comparing the CH4 production to the COD removal (Table 6), the results indicate that 

the control flask has as high COD removal as the 1.5V duplicates. This should not be the case, 

as the 1.5V should be assisted more by electroactive microbes, just as the difference between 

1.5V and 1.0V shows, both in CH4 produced and COD removed. The reasoning for the blank 

to have such high COD removal and CH4 production is unknown. One of the reasons could be 

the stirring has improved, but this does not explain the difference between 1.5V and 1.0V since 

these have equal stirring. It can be concluded that something is not correct, but whether it is 

the measurement from 1.0V, the production from the control or even the 1.5V is unclear. The 

results from experiment 2 were unclear, and it must be redone to validate results and find the 

maximum COD removal possible. 

The best observed COD removal from experiment 1 was 20-22%, while in experiment 2 it was 

observed to 16-17%. The reasoning for the lower COD removal could be a change in the gas 

sampling between the experiments. In the first experiment it was a closed system, where a 

needle was used to measure the gas every day, which resulted in quite a buildup of pressure 

inside the H-cells. This was changed in the second experiments as gasbags were used to remove 

the gas buildup of pressure in between measurements during the experiment. As the specific 

effect of this is unknown, it is plausible that the buildup of pressure could give higher H2 partial 

pressure or improve microbial activity, methanogenesis, by an increased pressure and thereby 

remove more COD. 

8.4 Conclusion of Study 
With the hypothesis of, “Removal of organic matter and/or production of H2 and/or production 

of CH4 from the liquid fraction of biogas digestate (LFD) is a viable technology through MEC, 

using the microorganisms of origin.”, the hypothesis can be confirmed. MEC is a viable 

technology to utilize excess carbon from the liquid fraction of biogas digestate. Although 

optimization is needed, results indicated how a non-membrane MEC could be beneficial, and 

results indicated a 20% COD removal in 26 days. With optimization and further research, this 

could be improved both in COD removed and time needed for such. 

  



Beyond State of the Art  
 

Page 102 of 124 
 

9 | Beyond State of the Art 
This chapter will be a combined discussion and perspectivation on the research aspects within 

this thesis and relate it to the current existing technologies. The chapter will relate the studies 

performed within this thesis to each other, how the interfere with each other and what findings 

have been made. Challenges and further aspects of the investigated biomethanation technology 

will be discussed during this chapter. A final assessment of biomethanation in BTF and 

alternative uses of biomethane will be addressed. 

9.1 Summary of results from publications 
With the results found during this thesis, the fundamental research and knowledge about 

biomethanation in biological trickling filters have been significantly improved. With results 

from Chapter 5 a new improved method of enrichment and start-up of a BTF was established. 

With DNA analysis the change within the microbial environment confirmed the effectivity of 

this inoculation. The method was called direct inoculation and refers to an inoculation with a 

culture that had not been pre-enriched before using it in the BTFs. This method reduces the 

overall time needed from a non-enriched culture to an enriched culture with CH4 production in 

the BTF from 2 months down to 14 days. Chapter 6 demonstrated the potential for 

biomethantion in BTFs within the present energy system, where energy supply can become 

intermittent. The results from this study clearly stated how beneficial it becomes for 

biomethanation to have the optimal conditions when reinitiating the process. With longer 

downtimes, a benefit from lower temperatures was found. Implementing a maintenance flow 

of H2 of 10% or 20% during the longer downtimes would also benefit the process and reduce 

the time needed for the BTFs to return to initial performance. Implementation of these methods 

could reduce time needed to reach initial performance down to 60 min. Upscaling with 

implementation of methods from both Chapter 5 and Chapter 6 was demonstrated in Chapter 

7, with an upscaling from laboratory scale to pilot scale. By designing, constructing, and 

operating 1000 L BTFs a validation and assessment of the technology could be performed, 

compared to the laboratory scales of 0.291 L (Chapter 5) and 8 L (Chapter 6) Within this study 

comprehensive research of parameters were tested along with the challenges and benefits of 

upscaling the technology. Parallel operation demonstrated results which validated, and 

exceeded, laboratory results of performance and product quality. Serial operation of the pilot 

scale BTFs demonstrated better overall performance as the production capacity and product 
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gas quality in serial operation matched and exceeded parallel operation, with up to 78%. It was 

therefore estimated that parallel operation was not running at full potential. Implementation 

and validation of the methods used for downtime operation from Chapter 6, did not show the 

same responsiveness in the pilot scale operation as for the laboratory operation. This implied a 

need for optimization towards the flexibility, to reduce the time needed for reaching initial 

performance, which have not been performed yet. Besides this, the pilot scale study 

demonstrated how effective and technology ready the biomethanation process is using BTFs. 

9.2 Interconnections of Studies 
Inoculation Method 

The improved method of direct inoculation and start-up from Chapter 5 was validated through 

the pilot scale operation in Chapter 7 as a sufficient method of initiation of the BTFs. This is 

not only beneficial for the lag-phase before reaching optimal performance but would also 

reduce CAPEX and OPEX within upscaling to larger size biomethanation. If the method of 

external enrichment, as used in the study of Bassani et al. [101], would be implemented in full 

scale, it would be required to have a system of two CSTR reactors to produce, and maintain, 

an enriched culture. The culture would need be of sufficient levels of volume, activity, etc. 

From Bassani et al. [101] it would require 15 days in the first stage and 20 days in the second 

stage, both at thermophilic conditions. This would result in an increased CAPEX to design and 

build the two-stage system, while also an increase in OPEX to enrich this culture and maintain 

the activity. Besides this, there would be a lag-phase from using the finalized enriched product, 

until sufficient volumes would be available again. This could be avoided by increasing the size 

of the two-stage system, but this also would increase CAPEX and OPEX further. Therefore, 

the method developed in Chapter 5 have simplified the method and saved plausible CAPEX 

and OPEX. 

Dynamic Operation study 

In section 1.3, the fluctuations in the electricity market were illustrated (section 1.3 – Figure 8) 

and how the price would fluctuate with the hour of the day, along with the seasons. Further 

assessment of the electrical spot prices was made in Chapter 6 – Figure 1. The results found 

in Chapter 6 indicated the potential for flexibility of biomethanation and implementation into 

the energy system, but when implemented into the pilot-scale study in Chapter 7, some 

challenges were met concerning the time needed to regain performance. The results found in 
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Chapter 6 validated the results found in the studies by Strübing et al. [99,100]. These studies 

investigated a dynamic operation of a BTF and during the two studies they developed new 

refeeding methods. These methods would benefit the dynamic operation of a BTF by reducing 

the time required for the regain of initial performance. The results obtained during Chapter 6 

improved the found methods by optimizing temperature and gas flow during the downtimes. 

One major difference between Chapter 6 and Strübing et al. [99,100] was the gas retention 

time (GRT), and thereby the H2 loading. While the results were improved, the used GRT was 

also more than doubled compared to Strübing et al. [99,100]. This was raised as a concern 

within Chapter 6, and the methods were implemented in the pilot-scale study (Chapter 7), 

which had a GRT and H2 loading near Strübing et al. [99,100]. While the pilot-scale study in 

multiple cases confirmed the flexibility of biomethanation with unintentional losses of H2 

supply, it did not validate the optimized method from Chapter 6. When implementing the 4-

step refeeding strategy (section 2.2 & chapter 5) in the pilot-scale study, a significant difference 

was found between the laboratory results and the pilot scale results. The method did not seem 

to be relatable to upscaling. The time needed for a 24-hour downtime, at normal operating 

temperature with 0% H2 flow, should range between 90 min (Chapter 6) and 281 min [99,100], 

which was both found in laboratory scale with same refeeding strategy. When the same strategy 

was implemented in the pilot-scale study (Chapter 7), the time needed to initial performance 

was 420 min, which was 1.5 to 4.7 times as long time as found in laboratory scales. This is 

illustrated in Figure 20. This indicates the need for optimization of pilot scale methods. 
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Figure 20 - Result comparison from this thesis laboratory and pilot scale studies, with previous study of Strübing 
et al., 2019. The dashed lines for Strübing, are estimates as published data only were for hour 0 to hour 2. 

The H2 loading could have an influence on the time needed, but when comparing the pilot-

scale study with a H2 loading of 41 mH2
3 	mReactor

-3 	d-1 to Strübing et al. [99,100] at 62 mH2
3 	

mReactor
-3 	d-1, they operated with a higher H2 loading, but got better results than the pilot-scale 

study. This could then be a question of reactor configuration and process parameters such as 

sprinkling, or even packing material. The packing varied between the two studies but 

comparing the results from Chapter 6 and Strübing [99,100], the packing should not be an 

issue – as these results have already been discussed as possibly better in Chapter 6. Regarding 

trickling, a calculated flux, which is the volume of trickled liquid per surface area of the packed 

bed, for the pilot-scale study and Strübing have been found to 1.3 m3	m-2	h-1 and 0.9 m3	m-2	

h-1, respectively. The method for downtime and refeeding was taken from Strübing et al. 

[99,100], which also included no trickling during downtime. This was also the method used in 

Chapter 6 in laboratory scale, but during the downtime in pilot-scale, the trickling was 

unintentionally kept constant during the whole period, thus changing the method and not being 

a 100% validation of the method developed in laboratory scale. Other studies [69,97] have 

demonstrated and discussed the negative effect of too much trickling, resulting in a thicker 

layer of water, which can impact the mass transfer and thereby, lower the performance. At 

steady state this might not have been a visual issue, as the process stabilized and had sufficient 
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activity of the biofilm, and maybe also in the water-layer. Although when the downtime 

appeared the thicker water layer and constant trickling in the pilot-scale study could have 

lowered the performance significantly, thus showing a method with constant trickling will be 

less effective for larger scale implementations. This testing is required to be tested again with 

no trickling to validate the method used in Chapter 6 and Strübing et al. [99,100]. 

Pilot-Scale study 

The heart of this thesis was the pilot-scale study (Chapter 7) and the technology assessment, 

development, and fundamental knowledge provided from the operation of this. The operation 

and results obtained in the pilot-scale will be one of the fundamental studies that has proven 

how effective this biomethanation technology is, and what potential it has. No published results 

from similar pilot-scale studies have been found. The closest has been semi-pilot studies, which 

have operated BTFs in sizes of up to 61 L. These studies have also been presented earlier in 

Table 3 (section 2.2), but now they can be compared with the pilot-scale study from this thesis. 

Table 7 shows a comparison of study objectives, configurations of BTFs, operational 

conditions and performance in the form of production capacity. 

Table 7 - Comparison of performance in previous semi-pilot studies with this thesis pilot-scale study. *PC: 'mCH4
3 	

mreactor
-3 	d-1+ 

Study objective Reactor 

size 

Reactor 

ratio [h:d] 

Enrichment 

place 

Feed gasses Temp. 

[°C] 

PC* Ref. 

Assessment of 

technology 
1000 L 1.3 Internal 

Raw biogas 

+ H2 
52-57 10.6 Chap. 7 

Normal operation 61 L 6.7 Internal 
CO2, H2, 

CH4 
37 1.49 [78] 

Long term stability 61 L 6.7 External 
CO2, H2, 

CH4 
38 5.75 [57] 

Start-up, 

performance, and 

stability 

58.1 L 7.4 Internal CO2, H2 55 15.4 [77] 

Normal operation 58 L 4.5 External 
Desulfurized 

Biogas + H2 
52 1.75 [76] 

Maximizing CH4 

production 
30 L 9.4 External CO2, H2 65 11 [75] 

When comparing the results of performance within the pilot-scale in this thesis (Chapter 7), 

the results clearly show how biomethanation in BTFs have a great potential. The pilot-scale 
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has similar results as in the study of Thema, et al. [75] which used a pure culture. One study 

[77] demonstrated a better PC than found in the pilot-scale study. Their PC of 15.4 mCH4
3 	

mreactor
-3 	d-1 was significantly higher than 10.6 mCH4

3 	mreactor
-3 	d-1, but they also used a higher 

loading of a pure feed gas mix of only CO2 and H2. The full potential of the PC in Chapter 7 

was never determined or tested. A production capacity of 10.6 mCH4
3 	mreactor

-3 	d-1 was satisfying 

for the project, along with time limitations due to the other areas of research that needed to be 

demonstrated. Therefore, it is estimated that the maximum PC of the pilot scale is greater than 

10.6 mCH4
3 	mreactor

-3 	d-1, and the serial operation confirmed this theory with a much higher PC 

for the first BTF. But the PC from the pilot-scale validated the semi-pilot studies and their 

performance. The performance and results from Chapter 7 also indicate the potential for 

implementation of biomethanation with industrial process gasses and the impurities within, 

such as biogas with H2S, VOC, etc., as demonstrated in the pilot-scale. 

Reactor Configurations 

The reactor configurations have been a concern for some researchers and briefly discussed, but 

never given words to in research. One of the most mentioned configurations is the reactor 

dimensions. From Table 3 (chapter 2.2), it is shown how studies vary between 1.5:1 and 18.8:1 

in the ratio of height:diameter (h:d) of the active volume in the BTF. There is no determination 

or research concerning which ratio is most optimal, and therefore studies vary within this 

configuration. There does seem to be a larger part of the studies which prefer larger ratios. A 

reasoning for this could be the idea that a physically longer reactor, would automatically results 

in a higher volume of biofilm that the gasses pass, due to the longer path it gets from the reactor 

length. While this is one line of thought, most studies are based on gas retention time (GRT) 

which is determined as the amount of time that the gas is present in the active volume of the 

BTF. For example, if a GRT of 20 min was set in two different BTFs with equal active volume 

but one with high h:d ratio and one with low h:d ratio, the gas velocity of the high h:d ratio 

reactor would be higher. The lower h:d ratio reactor would have lower gas velocity but would 

also have a shorter path for the conversion of feed gas, but the lower gas velocity could benefit 

the mass transfer e.g., higher GRT are often resulting in better conversions, compared to when 

GRT is lowered [109]. In this thesis, for both the laboratory reactors used in Chapter 6 and 

the pilot-scale study in Chapter 7 the ratios were 3:1 and 1.3:1, respectively, which both are 

in the lower range of what previous studies have used. With the lower ratios, it has been proved 
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through this thesis that the performance was not compromised, and similar PC and purities 

were obtained through the studies in Chapter 6 and Chapter 7. The higher ratios of +9:1 

would result in full scale BTF that would mimic chimneys, or a higher number of BTF for same 

volume. While this might not be impossible, it does imply an increase in CAPEX and OPEX 

if there is a need for more BTFs. If the BTFs were to mimic chimneys, there might be 

engineering challenges with trickling height, heat removal with trickling, filling, or emptying 

the packing material, and more. 

Comparison with Another Pilot-scale Study 

A pilot-scale reactor was built at a facility called PFI Energiepark Pirmasens-Winzeln, 

Germany, which consisted of two BTFs of 40 m3 volume each [110,111]. While there is limited 

information on the performance and results, it is possible to find reactor configurations and 

operational conditions, which can be compared to the pilot-study from this thesis (Table 8). 

Table 8 – Comparison of this thesis pilot-scale with currently largest publicly known BTF for biomethanation. 

 Thesis Pilot-scale (Chapter 7) PFI Pilot-scale [111] 

Total Reactor size [m3] 1.7 42 

Active volume [m3] 1 10 

Height [m] 1.3 5.7 

Diameter [m] 1 1.5 

Height:Diameter ratio 1.3:1 3.8:1 

Packing material MBBR PE08 – 

Temperature [°C] 52-57 Up to 100 

Operating pressure [bar] Ambient Max. 10 

Trickling rate [m3 h-1] 1 15 

Flux [m3 m-2 d-1] 1.3 8.5 

Goal PC [mCH4
3  mreactor

-3  d-1] 10 5 

Obtained PC [mCH4
3  mreactor

-3  d-1] 10.6 – 

When comparing the pilot-scale from this thesis (Chapter 7) with the available information on 

the pilot-scale built in Germany, there are some differences between them. First noticeable 

difference is the size, the one built in Germany is 4.4 times larger in active volume than the 

pilot-scale from this study, but the total size of the BTF is 24.8 times larger. This also gives 

them a height:diameter ratio of 3.8:1 compared to 1.3:1 in this thesis pilot-scale. A ratio of 

3.8:1 is not high, as mentioned in the previous section, but the ratio of the total BTF is ~16:1, 

which is very high. Besides this, the PFI pilot scale has been designed to operate under pressure 
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and very high temperatures, while having an extremely high flux compared to the pilot-scale. 

The goal PC for the PFI pilot-scale is half of the goal for the thesis pilot-scale. If PFI reached 

their goal is not known as there are no publicly available results. Based on the reactor 

configurations and previous discussed sections, the flux might reduce their PC, but it also 

depends on the packing material used, which have not been specified in the available 

specifications. Based on the available information regarding the PFI pilot-scale, it is estimated 

that the pilot-scale from this thesis will be the first foundation for upscaled biomethantion in 

BTF. 

9.3 Learnings for Further Upscaling 
Dynamic Operation 

The results and learning provided from this thesis show the potential for biomethanation in 

larger scales, using BTFs. Further upscaling of this technology is very feasible, at least when 

it needs to be operated under continuous, steady-state conditions.  

As our current energy system will contain periods with increasing electrical prices, which 

indicates a shortage of electricity. This will not provide a feasible H2 production, it is required 

that this technology can work in a dynamic operation as discussed and demonstrated in 

Chapter 6. As previously discussed in section 9.2 these results were not directly validated in 

Chapter 7. The pilot-scale study of this thesis provided evidence of the technology to work 

and operate in a dynamic operation, but there needs to be more optimization in this area. This 

is not limited to the method used, but also investigating downtimes of longer than 3 days. With 

the current energy system, and increasing demand on electricity, downtime periods of weeks 

or maybe months, are not unimaginable and testing this would be of great benefit for upscaling 

of this technology. This area needs more research focus and optimization for the technology to 

be feasible for larger scale operation, if dynamic operation cannot be avoided. 

Heat Development and Removal 

Another area of focus is heat development, or more specifically heat removal, from the 

methanation process. As mentioned in section 1.5, the methanation process is an exothermic 

reaction and will produce heat. The heat removal was controlled by trickling in the pilot-scale 

study of Chapter 6. A heat exchanger was installed, which could cool the sump to the desired 

temperature, which was then trickled over the packing material. Temperature measurements 

were installed throughout the packed volume to control the temperature, and automated cooling 
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and heating sequences were added to keep the temperature of the BTF between 52 and 57 °C. 

Since the BTFs were completely insulated, the heat loss was estimated to be non-existing. Due 

to this, a few examples of temperature issues occurred and a maximum temperature of 78 °C 

was obtained twice which also resulted in a loss of performance. These two incidents happened 

due to a lack of cooling, which was a realization towards upscaling, as this could be a potential 

issue. Heat removal has been designed to be managed by the trickling, which would be a 

measure of the flux and the temperature of the trickling liquid. As discussed in section 9.2, 

increasing the flux to ensure enough liquid for heat removal could potentially decrease the 

performance as a thicker water-film will be formed on top of the biofilm. If the flux should not 

be increased too much, an idea could be lowering the temperature of the trickling liquid. This 

method would generate another issue, which is the lower temperature of the packing material. 

The metabolism of hydrogenotrophic methanogens is highly dependent on temperature [112], 

and the methane productivity will be lowered significantly with lower temperatures for 

thermophilic methanogens. This reasoning was one of the founding reasons for the method 

with lowering the temperature during the downtimes used in Chapter 6 and was also observed 

for Strübing et al. [99,100], where the lower temperature had positive effect on the regaining 

of performance from downtimes. Due to this, it would not be beneficial to decrease the 

temperature of the trickling liquid too much, while increasing the flux might also have a 

negative effect on the performance. With the knowledge of keeping a steady temperature 

throughout the packed volume from the pilot-scale study (Chapter 7), it could be assumed 

trickling would be effective enough for keeping a stable operating temperature, but with 

upscaling it is not given that it would transfer directly from pilot-scale. A solution could be 

installing cooling rods throughout the filter to ensure temperature stability or divide the packed 

volume into several sections and trickle them individually. The latter would result in a higher 

flux for each section downwards, as the liquid from the above section would go through the 

following sections. These solutions would increase CAPEX for the upscaling but would not be 

of significant size. Therefore, this is an important area to be aware of, as it potentially can limit 

a successful upscaling of this technology or lower the performance of the upscaled facility. 

Packing Material 

Upscaling the technology will also put requirements towards the packing material. The packing 

material used during laboratory tests and pilot-scale tests in this thesis have been the same, 

which is referred to as PE08 (MBBR PE08, Tongxiang Small Boss Special Plastic Products 
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Co. Ltd). This packing material is a polyethylene (PE) packing with a high surface area to 

volume ratio of >3500 m2/m3 and a size of 5x10mm. The packing material has proven to be 

very feasible for biomethanation as it has yielded a production capacity (PC) of 10.6 mCH4
3 	

mreactor
-1 	d-1 in the pilot-scale study (Chapter 7) with near full conversion of H2. A PC of 5.1 

mCH4
3 	mreactor

-1 	d-1 was obtained in the laboratory scale study (Chapter 6) and for other studies 

it has also been used successfully too [69]. While the packing material of PE08 has some 

promising results, it has been considered unfit for larger scale operations by Biogas Clean A/S. 

This is due to it being a PE material which is soft, has a weak structure, and in larger scale 

could then be squashed due to the pressure from the higher column. Due to this, a short test of 

14 days was implemented into the pilot-scale study testing a stronger plastic type, 

polypropylene (PP). It had a stronger structure, but also had a lower surface area to volume 

ratio of 740 m2/m3, which is 4-5 times lower than PE08. The results indicated that it was not a 

valid packing material, as the maximum PC obtained was 4.4 mCH4
3 	mreactor

-1 	d-1 and full 

conversion of H2 was not obtained. Both surface area and plastic type could be the reason for 

the lower performance with this packing material. Other studies have successfully used packing 

material with similar surface area, such as Strübing et al. [77], with a specific surface area of 

859 m2/m3 (HXF12KLL, HEL-X). This is also a PE packing material, which could indicate 

that the plastic type of PP is not a suitable plastic for biomethanation. It would require more 

studies to determine if this is the case, or what other parameters could negatively impact the 

performance. One way to get around this issue would be dividing the BTF into sections, which 

would lower the stress and pressure on the packing material, making PE08 a suitable packing 

material for larger scale biomethanation. But overall, this area is also important to investigate 

more for potential upscaling, especially if sections are not possible to implement in the BTF. 

Nutrients 

During the pilot-scale study, and laboratory scale study, a sufficient supply of nutrient was 

always supplied. This was to ensure a stable operation, but not with focus on the lower limits 

of nutrient supply. During the laboratory study, a switch in nutrient solution was applied as 

unstable micronutrient solutions was used. This resulted in the usage of a product called BC 

TEplex AKUT (Schaumann BioEnergy GmbH), and was an unknown solution of trace 

elements, which was promised to contain Fe, Cu, Mo, Ni, and more. It was, by dialogue with 

the company, designed to improve biogas production as it would provide enough trace elements 
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which could be insufficiently supplied in normal biogas operation. The addition and usage of 

this improved and stabilized production in laboratory BTFs and was therefore applied towards 

the pilot scale. Nutrient supply for pilot-scale needed to be simplified, as it would not be 

possible to mix several nutrient solutions in the lab when the scale was in 1m3 BTFs. For this 

a sulphur free, commercially available, liquid NPK solution was chosen as macro-nutrients and 

with addition of TEplex, the supply of macro- and micronutrients would be covered. During 

the operation a volume of 0.1 Lnutrients BTF-1 day-1 was added in the mixture ratio of 50:1 of 

NPK to micronutrients. The results from the pilot-scale study (Chapter 7) indicated an 

unexpected issue in loss of performance and product quality, as no buffer solution was added 

in the pilot-scale, and this was needed. The buffer capacity was then maintained by weekly 

addition of liquid fraction from digestate (LFD), the same material as used for inoculation of 

the process. This provided sufficient buffer capacity, but optimization will be needed. With 

using LFD there would be more expenses with upscaling of this technology, as transport or 

storage of LFD would be needed. An illustration of the nutrient supply to each BTF during a 

week of operation are shown in Figure 21. 

 

Figure 21 – Overview of nutrient supply to the each BTF in the pilot-scale plant during steady state operation. 
This indicates the total amount of nutrient added within a week. 

In the 1m3 BTFs, 25L LFD was added once a week and if the technology were to be upscaled 

e.g., to a 300 m3 BTF, it would require 7.5 m3 LFD a week or more than 1m3 LFD a day per 

BTF. As no testing during the pilot-scale has been towards optimization of nutrient and buffer 

supply, this area needs to be investigated before upscaling. Addition of macro- and 

micronutrients was not in as significant volumes as LFD, but the cost is. As LFD was a part of 

Nature Energy A/S, it was supplied for free contrary NPK solution which was in the lower 

price range of 900 EUR/m3. The costly nutrient was the micronutrients which have been 
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informed to a price of >9,500 EUR/m3. With this extremely high cost, it is very important that 

the nutrient supply is optimized, both with added volume and mixture ratio between NPK and 

micronutrients. Buffer source could also be investigated and optimized to acquire a low-cost, 

storable solution, which could benefit towards biomethanation which does not have access to 

LFD. 

Process Water 

With the technology used in this thesis being a biological approach to methanation, it comes 

with some restrictions and limitations regarding the process water and discharge of such. From 

Table 1 (section 1.5), it is known that water is a product from methanation, which will then 

lead to a discharge of such. With the constant trickling and nutrient supply, the sump will 

consist of nutrients, active microorganisms, maybe some volatile fatty acids, and water. With 

this process water being microbially active it cannot be directly pumped into a sewer, due to 

legalisations. It will need to undergo post-treatment to remove active microbes, but with the 

nutrient content present, it is possible that it will be above limits for sewage water. A possibility 

could be to do nutrient recovery through filtrations or similar, while this could prove to be an 

expensive operation, it could be more beneficial in several ways, compared to disposal. If the 

biomethanation is placed at a biogas plant, such as the pilot-scale study (Chapter 7) during 

this thesis, the process water can be pumped to a pre-storage or after storage, in which digestate 

is collected after the biogas digestion. With nutrient values from NPK and micronutrients, 

along with active microorganisms that originated from the same type of biogas digesters, the 

process water would not negatively influence the nutrient value and benefits of the biogas 

digestate. The disposal of the process water is an important aspect to investigate, especially if 

the biomethanation is placed outside of biogas plant territory e.g., at another process plant 

which has an off gas containing CO2. 

9.4 Impact of Thesis 
As the results from this thesis have proven the feasibility and potential of biomethanation in 

BTFs, some areas have been disclosed for further investigation and research upon upscaling. 

While these areas are important to have researched, none of them are impossible to solve which 

makes this thesis one of the founding research projects on the transition of biomethanation 

from laboratory scale towards larger scales. This thesis has run the pilot-scale in 1m3 BTFs, 

which is the largest reported study through research articles, but not the largest BTFs used for 
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biomethanation, as PFI in Germany has reported a pilot-scale BTF of 40m3 [110,111] which 

was in operation in 2015/2016. But as mentioned in chapter 9.2, the limited details and missing 

available results from that operation, result in this thesis to be one of the founding research 

projects for the future and upscaling within biomethanation. 

This thesis has proven biomethanation in BTF to be a valid technology for CO2 utilization, and 

thereby it is a ready CCU technology. The technology has proven that it can utilize raw biogas 

with 3000 ppm of H2S without being inhibited. This makes biomethanation a plausible biogas 

upgrading technology, which can utilize the CO2. Nature Energy A/S, which is the single 

biggest biogas producer in the world, produced 158 Mm3 biomethane, referred to as CH4, in 

2021 and has estimated to produce >200 Mm3 CH4 during 2022. The composition of produced 

biogas varies from plant to plant, but usually it is close to 60% CH4, 40% CO2, 3000 ppm H2S, 

along with other trace gasses [113]. With a yearly production of 200 Mm3 CH4, there will be 

133 Mm3 CO2 which mostly will be non-utilized. By implementing the biomethanation 

technology used in this thesis, the raw biogas could be upgraded from 60% CH4 and 40% CO2 

to 95% CH4 and 5% CO2, which will utilize 116 Mm3 CO2 and by that, increase yearly 

biomethane production from 200 Mm3 to 316 Mm3, which will suppress even more fossil fuels 

and thereby save the environment from CO2. If all the CO2 from Nature Energy A/S biogas 

plants were to be utilized, it is an indirect saving of 230,000 tons of CO2 emission, as fossil 

fuels will be displaced, but the CO2 from CCU will be released in the atmosphere after usage. 

This is equal to the yearly CO2 emissions from 50,000 passenger vehicles e.g., small cars, 

family cars, etc., that drive around 20,000 km per year. While this is a lot, it is not enough. In 

the bigger picture CO2 needs to be utilized from more than biogas, to make a greater impact. 

The total CO2 emissions from Denmark in 2020 was 25,570,000 tons [114], which makes the 

utilization of the 230,000 tons, merely an indirect saving of 0.9% in the total CO2 emissions. 

Although this is low, this could increase if biomethanation would be used on other industrial 

processes with have a CO2 process stream. 

Utilizing the CO2 will not only spare the environment of GHG emissions but will also be a way 

towards more renewable energy and energy stability. The need of green gas, biomethane, has 

increased dramatically during 2021 and 2022. The war in Ukraine and Russia threatening to 

cut off gas supply to Europe after maintenance [115–117], have made the prices and demand 

of gas increase dramatically [118]. In 10 years prior to July 2021, the natural gas price in EU 

has not exceeded 35 EUR/MWh, but since July 2021 the price has increased rapidly and in 
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August 2022 the price for natural gas in Europe has averaged above 200 EUR/MWh [118]. As 

the price increases due to the demand, it put this thesis’ results into perspective. 

Biomethanation is a strongly needed technology and with its proven potential this needs to be 

upscaled quickly to provide more stability into the natural gas market. As the technology cannot 

be upscaled to affect the present market situation, it would benefit future scenarios of similar 

situations with increasing demand and low supply. 

The clarified need of biomethane has been acknowledged from the government in Denmark, 

which has made a yearly climate and progression status that states the importance of 

biomethane in the future [119]. The increased production of CH4 from biogas provides more 

easily accessible CO2 which can be converted to more CH4 through biomethanation. This 

increase in CH4 can help to stabilize the electrical market as it can be used in gas turbines. Even 

though the efficiency is very low (25-35%) it can be necessary in certain situations. The use of 

CH4 would benefit further in other renewable fuels, such as liquid fuels e.g., aviation fuel, 

bunker fuels, liquid CH4, methanol, etc., which could help reduce GHG emissions. Aviation 

and shipping are both transportation options representing some of the highest categories of 

GHG emissions worldwide, and therefore a green alternative to the currently used petroleum 

would be of great benefit to the environment. 

9.5 Other Biomethanation Technologies 
Biomethanation has been the focus of this thesis, conducted in BTFs. But there are other 

solutions to biomethanation, and even more PtX solutions. Some technologies are more 

matured than others, within biomethanation it is limited but PtX solutions e.g., methanol 

production, is a more matured technology.  

Regarding biomethanation, another available technology is developed by Electrochaea GmBH, 

which utilizes a pure culture of hydrogenotrophic methanogens in a liquid reactor [120–122]. 

They have selectively chosen a high-performance strain of archaea, which they utilize as a 

biocatalyst in their process to convert CO2 and H2. From publicly available information, a 

commercial scale facility was operated during 2019 in Switzerland as part of Horizon 2020. 

The facility had a capacity of 50 mCH
3

4	h
-1 with a 350 kW electrolyzer capacity, to produce a 

>97% CH4 product gas. The operational conditions were 63 °C and pressurized to 10 bar 

[120,123]. The CO2 used during the operation in 2019 was pure CO2, but during a pilot plant 

operation in a 10 m3 reactor located at Foulum, Aarhus University in Denmark, they utilized 
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impure CO2, containing H2S [120]. There have been published limited number of results from 

Electrochaea which makes comparison with this thesis limited. But from the available data and 

information, the technology seems promising. Utilizing a pure strain has advantages, such as 

higher production capacity, as older studies (chapter 2 – Table 2) have shown the potential with 

pure strains in CSTR reactors. The technology published by Electrochaea is a liquid reactor, 

either bubble column or CSTR, utilizing pure strain methanogens. The possibility of using 

impure feed gasses with a pure culture improves the potential for implementation of this 

technology, and which feed gasses that can be utilized. A disadvantage compared to the BTFs 

used in this study is the increased OPEX as Electrochaea need stirring of the reactor. There 

would also be a disadvantage as Electrochaea needs to keep the process pressurized which 

increases CAPEX and OPEX for equipment suitable for these conditions, compared to the 

biomethanation in BTF from this thesis, which is running at ambient pressure. The technology 

that Electrochaea has developed seems to be more mature than the biomethanation used in this 

thesis, but limited information is available on the upscaling and current state of Electrochaea. 

Besides Electrochaea, other biomethanation projects have taken place. Veissmann operated a 

biomethanation plant in 2015, with a 400 kW electrolyzer and built to a capacity of 15 mCH
3

4	

h-1. This is a smaller size than Electrochaea [124,125], but it got approved to increase its size 

to 50 mCH
3

4	h
-1 equal to the pilot plant from Electrochaea. A 40 m3 BTF operated by PFI in 

Germany [110,111]  (Table 8), was also a previous operated biomethanation project, but 

available results are limited. Another biomethanation project was operated by Swisspower and 

Limeco in 2018. This was a Hybrid Power Plant, which consisted of a 2 MW electrolyzer and 

could utilize 225 m3 h-1 of sewer gas as input [126]. Common for these projects is that the 

results are very limited, which complicates the improvement in research towards larger scale 

biomethanation, as upscaling issues are not addressed. Apart from these previously operated 

projects, an upcoming project of full-scale biomethanation have been announced. The company 

Power-to-Gas Hungary Kft. has announced that they are planning for a 10 MW facility of 

electrolyzer capacity for biomethanation [127]. While details and information are limited, it 

proves that interest for biomethanation is increasing, and it is desired to run biomethanation in 

larger scales. 

In Chapter 8, another PtX technology was introduced, which also has a potential for the future. 

This technology is MEC, and this technology has been researched for more than 15 years in 
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the laboratory, while some pilot-scale studies of 1m3 volume have also been reported tested 

[104–106,128]. The technology has the potential for producing CH4, but also building blocks 

such as CO2 and H2. This gives potential to be implemented together with a biomethanation 

unit, as it could produce CO2 and H2, which both are used in biomethanation. The technology 

could also work as a standalone technology, producing CH4, or even producing CO2 and H2 as 

products. Since MEC would need organic matter to produce CO2 and H2, it would not be seen 

as an alternative to biomethanation, but rather as a complementary to it. For example, in a full-

scale biogas production, the biogas produced could undergo biomethantion to convert the 

produced CO2 to CH4, while the digestate could undergo a separation process, and the liquid 

fraction with excess (non-converted) carbon could be utilized in a MEC. The latter was proven 

to be a feasible solution with the results from the research conducted at Stanford University 

(Chapter 8). The production of CH4 and/or CO2 and/or H2, could be mixed into the raw biogas, 

and being converted or go through upgrading processes to be put on the natural gas grid. 

Multiple companies such as, Cambrian Innovations, Vertus Energy, and Electro-Active 

Technologies [129–131] are all looking into upscaling and maturing the technology. This 

technology is, as biomethanation, moving from a laboratory scale and pilot scale technology 

towards a more mature and larger scale PtX technology. 

9.6 Alternative Use for Biomethane 
As mentioned in section 9.5, other uses of biomethane are available or being researched, 

opposed to putting it on the natural gas grid. An illustration of some of the major biomethane 

based products have been shown in Figure 22. 

 

Figure 22 – Illustration of biomethane based products. Natural gas grid is used for CNG (compressed natural 
gas). LNG is abbreviation of liquid natural gas. 
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Some are simpler, such as LNG (liquid natural gas), which is a process where the biomethane 

is liquified by cooling to a temperature of max. -162 °C and can then be transported easier and 

used as fuel in trucks or ships. The specific energy in CH4 is 55.6 MJ kg-1 but energy density 

shifts between gas and liquid. For compressed CH4 (CNG), at 80 bars in the gas grid, the energy 

density is ~2.9 MJ L-1 but if the CH4 is liquefied (LNG) the energy density increases to 22 MJ 

L-1. This increase in energy density is why LNG is more preferred as a fuel than CNG. 

Transportation is also easier, as it can be transported by trucks or ships and not only in pre-

built natural gas grids, which increases accessibility of the renewable fuel. The LNG can be 

converted back to gas by heating it up or used directly by trucks and ships that are being built 

to use LNG as a fuel [132–134]. Production of LNG has been in commercial scale for more 

than 50 years, as Shell built their first LNG plant in 1964 [132].  

While LNG has a promising potential as a liquid, the requirements of -162 °C storage is not 

ideal. Therefore, other liquid renewable fuels from PtX are being researched and produced, one 

of which is methanol as mentioned in section 1.5. Methanol has a specific energy of 20 MJ kg-

1, or an energy density of 16 MJ L-1, which is lower than LNG, but methanol is a liquid at 

ambient temperatures and pressure. Production of methanol, as a renewable fuel and through 

PtX technologies, can utilize biomethane [135–137]. The process from CH4 towards methanol, 

starts with a reforming of CH4 to CO and H2, also known as syngas. This step can be processed 

through two alternative reactions, steam reforming and dry reforming (eq. 5 & eq. 6). 

Steam reformation: 𝐶𝐻,(#) 	+ 	𝐻(𝑂(9) 	⇌ 	𝐶𝑂(9) 	+ 	3𝐻((#)  (Eq. 5) 

Dry reformation: CH4(9)	+	CO2(#) ⇌	2CO(9)	+	2H2(#)  (Eq. 6) 

The production of syngas is catalytic, which sets strong requirements for no impurities such as 

H2S which will break the catalyst [54]. Therefore, the feed gasses must be upgraded before use 

– which complicates the usage of biogas. As both reactions are endothermic, heat is required. 

Depending on the catalyst, which mostly consist of a Ni-catalyst, the temperature needed for 

the reformations can be variating between 550 °C to above 850 °C, while mostly operating at 

ambient pressures [136]. The use of dry reformation opens the possibility of using biogas 

without having to upgrade it to gas grid levels first. The syngas produced are chemical building 

blocks, which can be used for a variety of products e.g., chemicals and fuels [138,139]. Steam 

reformation is a well-known technology, which is currently commercially operated, while dry 

reformation has not yet been commercially operated. Methanol is produced with a catalytic 



Beyond State of the Art  
 

Page 119 of 124 
 

reaction (section 1.5) and is currently being produced commercially by companies such as 

Enerkem [140]. The advantage of methanol is the use as fuel in engines, especially for future 

bunker ships [31], which can help reduce GHG emissions and as mentioned, it is a liquid at 

ambient temperature and pressure, which makes transport and storage easier and cheaper. 

The diversity of the products made from syngas varies from products as chemicals (acetic acid) 

to fuels (ethanol or hydrocarbons) which can be produced both catalytically and biologically 

[138,139]. Ethanol is a chemical and a fuel, it is used to substitute gasoline – known as E10, 

for a 10% bioethanol in gasoline, which can be produced biologically by fermentation. This 

will help reduce GHG emissions from transportation, as the ethanol used is bioethanol [63]. A 

more direct GHG emission reduction would be seen from converting syngas to hydrocarbons, 

which can replace fossil gasoline with a green fuel, through Fisher-Tropsch synthesis (FTS). 

FTS needs a catalyst which is primarily Fe-based but can also be Ni- or Pd-based, operating 

temperatures of 200-350 °C under pressures of 20 to 300 bar [141]. Utilizing FTS to produce 

hydrocarbons e.g., C5 to C10, would yield products than can substitute gasoline directly. Using 

biomethane for the syngas and then the syngas through FTS to produce a green fuel, would 

reduce GHG emissions significantly as fossil fuel would be replaced with a green alternative. 

The FTS is a mature technology and is operated in commercial scales [142], but is mostly using 

natural gas instead of biomethane, as biomethane can be less accessible in the areas of 

commercial FTS. 

With these alternative usages of biomethane and biogas, there is a lot of potential within 

technologies to reduce GHG emissions and utilize the carbon neutral produced gasses. 

Implementations of these technologies could help reduce GHG emissions enough to reach the 

EU 2050 goals of carbon neutrality. 
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9.7 Summary of Beyond State of the Art 
The chapter have discussed the results obtained from all research performed during this thesis. 

It has been clarified how the different research aspects and laboratory experiments have 

influenced and benefitted from each other. Methods developed in laboratory scale have been 

validated in the pilot-scale plant, as well as methods have been disproved in the pilot-scale 

plant. This requires re-testing and possible development of new methods. Upscaling challenges 

have been addressed, both what have been observed throughout the pilot-scale plant (Chapter 

7) and the perspectives towards further upscaling. The pilot-scale plant from this thesis have 

been compared to existing, and pre-existing, biomethanation technologies which have been 

performed within the last 8 years, with the limited results from these. Perspectivations on the 

use and impact of biomethane have been briefly mentioned, as biomethane has more use than 

as an end-product. 
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10 | Conclusions of PhD Thesis 
In chapter 3, the aim of this PhD study was presented, which consisted of three hypotheses, 

with associated objectives, which would confirm the overall hypothesis. The objectives were 

the foundation for the conducted research, which has been described in chapter 4. An overview 

of the connections of the hypotheses and research conducted throughout this thesis can be seen 

in Figure 23. 

 

Figure 23 – Connection of hypotheses with short conclusions based on each hypothesis objectives. 

The first hypothesis: “A universal enrichment and start-up procedure can be optimized by 

using a direct enrichment, and will reduce technical-, economical- and enrichment-time 

aspects for a biological trickling filter”, has been confirmed as the objectives were fulfilled. 

Design, development, and operation was successful for laboratory scale BTFs, which were then 

used for optimization of the enrichment method. The successful research resulted in a 

publication (Chapter 5) where the main results were the following: 

» Biological trickling filters were applicable for biomethantion with 95.3 ± 4.4% CH4 in 

the product gas with no residual CO2 during an 85-day period. 

» Enrichment period was reduced from 2 months to 14 days using a direct inoculation of 

the biotrickling filters. 

» Active hydrogenotrophic methanogens were verified using UV-microscopy at 

wavelength 420nm, where their co-enzyme F420 would emit fluorescence light. 

» DNA analysis also verified hydrogenotrophic methanogens by showing a relative 

increase in Methanotermobacter. 
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With these research results it was proven that the new optimized enrichment method reduced 

the enrichment period significantly, which reduces the requirements for the inoculum, while 

also being an easier implementation for larger scale biomethanation. 

The second hypothesis: “Biomethanation in a biological trickling filter is a technology which 

can be operated dynamically and be implemented into the existing intermittent energy system, 

where H2 can become a limited resource in periods of time”, was also confirmed as the 

objectives were fulfilled by the research, by investigation of the energy systems with 

optimization and implementation parameters for successful dynamic operation of a BTF. The 

results were published (Chapter 6) with the main finding being: 

» Design, construction, and steady-state operation of 4 new laboratory biological trickling 

filters with different reactor configuration and packing materials. 

» Investigation of current energy system in Denmark to highlight periodically downtimes 

and length of these. 

» Optimization of operational parameters, temperature and gas feed, during downtime to 

minimize required time to regain performance. 

» Successful optimization verified the use of biological trickling filters as a dynamic 

biomethanation technology for the current energy system. 

» With optimization of operational parameters, the time to regain initial performance was 

found to be 60 min for 6-hour downtime, 90 min for 24-hour downtime and  more than 

180 min for a 72-hour downtime. 

» Optimization of operation parameters reduced the time to regain initial performance by 

a factor of 3, compared to other studies. 

These results indicated the flexibility of the BTF and how dynamic operation is plausible with 

optimal operational conditions. The dynamic operation is crucial towards implementation of 

this biomethanation technology into the current energy system, but the methods need to be 

validated in larger scales. 

The third hypothesis: “It is viable to operate biomethanation in pilot-scale biological trickling 

filter implemented at a full-scale biogas plant, using optimized methods developed in 

laboratory scale”, has been confirmed after research conducted in a pilot-scale plant, which 

fulfilled the objectives. The results obtained from the operation of the pilot-scale plant have 
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resulted in a manuscript, which is under review (Chapter 7). The main findings for the pilot-

scale plant were: 

» Designing a pilot-scale plant with two 1m3 biological trickling filters constructed for 

parallel and serial operation. 

» Controlling and operating this technology with a steady state product gas of >95% CH4. 

» Validation of using raw biogas as feed substrate for biomethanation in biological 

trickling filters. 

» Validating and exceeding laboratory results of production capacity with 9.4 mCH4
3 	

mreactor
-3 	d-1 in parallel operation, while reaching 10.6 mCH4

3 	mreactor
-3 	d-1 in serial 

operation. 

» Validation of dynamic operation in larger scale for implementation to an intermittent 

energy system. 

» Responsiveness found to be lower for dynamic operation than in laboratory scale, with 

implementation of the optimized method from laboratory scale. 

» Upscaling challenges regarding operational conditions e.g., nutrients, heat removal and 

packing material have been discovered during the operation of the pilot-scale plant. 

The results from the pilot-scale plant are seen as founding research towards the future within 

PtX and biomethanation. The results indicate challenges regarding upscaling, but these can be 

solved, as proposed within section 9.3. The successful upscaling of the technology also showed 

the potential of dynamic operation, and although the methods need more optimization, the 

preliminary results show a potential for implementation into the current intermittent energy 

system in larger scale. 

Besides the three hypotheses, a 4-month study abroad at the Alfred M. Spormann Lab, Stanford 

University was conducted during the PhD thesis. During this study, a new technology for 

biomethanation was investigated. Microbial electrolysis cell (MEC) was researched as a PtX 

technology for production of biomethane. The substrate used was a liquid fraction of biogas 

digestate (LFD), as it contains excess carbon that has not been converted to biogas through the 

anerobic digestion process. From this study the main results were the following: 
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» LFD can be utilized in a MEC system to produce H2 and/or CH4 

» MEC had up to 12% more COD removal compared to normal anerobic digestion, in the 

same period of 26 days. 

» A membrane-less system was preferable, as results showed more COD removal. 

These results indicate that biomethane and/or H2 can be produced with the excess streams from 

a biogas plant. The study showed how a membrane-less system indicated higher COD removal, 

which benefits an upscaling of this technology. The technology could help towards a zero-

carbon emission goal in 2050, by increasing biomethane output from the biomass fed into the 

biogas plant. 

The overall hypothesis: “Biomethanation using biological trickling filters is a validated 

technology which can be implemented in energy productions e.g., biogas production for power-

to-methane production by carbon capture utilization”, has been confirmed, along the three 

main hypothesis, as development and validation of this biomethanation technology have been 

obtained.  

This PhD thesis has shown a comprehensive study of biomethanation using biological trickling 

filters, of which upscaling was the focus. Designs, operational parameters, and methods have 

been developed in laboratory scale and implemented in a pilot scale plant. Laboratory reactors 

in ~0.3L scale was the foundation for the pilot-scale plant in 1000L scale, an upscaling of a 

factor of more than 3000. With this upscaling and the results obtained in laboratory- and pilot-

scale studies, this PhD thesis has created the foundation for future further upscaling of this 

biomethanation technology. 
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