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Zusammenfassung  
Der Ausbau der erneuerbaren Stromproduktion bewirkt, dass die Produktion und die Nachfrage mit 

Strom bezüglich Zeit, Menge und Leistung zunehmend divergiert. Dadurch ist der Bedarf nach 

unterschiedlichen Energiespeicherlösungen gegeben. Die saisonale Energiespeicherung in Form von 

erneuerbaren Gasen wird neben den Formen für kurz- und mittelfristige Speicherbedürfnisse eine 

wichtige Rolle spielen. Im Kontext von Power-to-Gas kombiniert das Projekt Underground Sun 

Conversion - Flexible Storage erneuerbare Methanproduktion mit großvolumiger Energiespeicherung. 

Die dabei verwendete Geo-Methanisierung wandelt in unterirdischen Lagerstätten H2 und CO2 in CH4 

um. Die Ermittlung der für eine Umsetzung wichtigen Betriebsparameter auf technischer, 

mikrobiologischer und systemischer Ebene, sowie die konzeptionelle Einbettung in das übergeordnete 

Energiesystem und Infrastruktur, als auch die Anforderungen an die Geologie waren dazu zu tätigen. 

Im Rahmen dieses Projektes wurden die Potenziale und Möglichkeiten der Geo-Methanisierung 

erarbeitet und erprobt. Ein besonderer Fokus liegt dabei auf dem flexiblen Betrieb von Underground 

Sun Conversion, einschließlich konzeptioneller Überlegungen, der Suche nach geologisch und 

infrastrukturell optimalen Standorten sowie dem tatsächlichen Betrieb der Geo-Methanisierung im Feld 

und in begleitenden Versuchen im Labormaßstab.  

In den Feldversuchen konnte die sichere Speicherung und Umwandlung von H2 und CO2 in einem 

unterirdischen Reservoir demonstriert werden. Darüber hinaus wurde eine Steigerung der 

Konversionsraten in Methan durch die Verwendung bestimmter Betriebsmodi erreicht. Dies wird durch 

Ergebnisse aus Laborexperimenten gestützt. Hier konnten die ablaufenden Reaktionen, die beteiligten 

Mikroorganismen und die Randbedingungen der Geo-Methanisierung näher beschrieben werden. 

Variationen der Betriebsparameter führen zu unterschiedlichen Betriebskonzepten der Underground 

Sun Conversion. Die drei Vielversprechendsten wurden ausgeführt und im Detail betrachtet. 

Besonderes Augenmerk wurde dabei auf das flexible Zusammenspiel mit einem zukünftigen 

Energiesystem gelegt. Hinsichtlich der Einbettung der Underground Sun Conversion in dieses Umfeld 

zeigen verschiedene Szenarien das Potenzial sowohl für die Schweiz als auch für Österreich. Für die 

Schweiz wurden zahlreiche vielversprechende Standorte für die Realisierung einer Underground Sun 

Conversion-Anlage identifiziert, die an die notwendige Infrastruktur (erneuerbare Stromproduktion, 

Gasnetz, CO2-Quelle) angeschlossen sind. Ob diese Standorte alle geologischen Kriterien erfüllen, 

muss durch kommerzielle Erkundungen nachgewiesen werden. Zusätzlich wurden drei 

Anwendungsfälle für Underground Sun Conversion ï Flexible Storage entwickelt, die als Produkt- und 

Sektorenkopplungsdienst dienen.  

Die erzielten Ergebnisse bilden die Grundlage für die Skalierung der Technologie. Mit der Kombination 

von Speicherung und Umwandlung im Kontext von Power-to-Gas kann Underground Sun Conversion 

ï Flexible Storage einen wichtigen Beitrag zur saisonalen Energiespeicherung und damit zur 

Energiewende leisten.  

Wichtigste Ergebnisse:  

- Nachweis der sicheren unterirdischen Speicherung von H2 und CO2 und Optimierung des Geo-

Methanisierungsprozesses  

- Definition von betrieblichen Randbedingungen und Entwicklung von Anwendungen der 

Technologie Underground Sun Conversion 

- Identifikation von explorierbaren Standorten für die Geo-Methanisierung 

- Einbettung von Underground Sun Conversion ï Flexible Storage in künftige 

Energiesystemszenarien  
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Résumé 
Le développement de la production d'électricité renouvelable a pour conséquence une augmentation 

de la demande d'électricité divergent de plus en plus en termes de temps, de quantité et de puissance. 

Il en résulte des besoins de différentes solutions de stockage d'énergie. Le stockage saisonnier de 

l'énergie sous forme de gaz renouvelable devient, à part d'autres besoins de stockage à court et moyen 

terme. Dans le cadre du power-to-gas, le projet Underground Sun Conversion - Flexible combine la 

Storage associe la production de méthane renouvelable et le stockage d'énergie à grande échelle. La 

La géométhanisation utilisée transforme dans des réservoirs souterrains le H2 et du CO2 en CH4. 

D®terminer les param¯tres importants pour une mise en îuvre param¯tres d'exploitation au niveau 

technique, microbiologique et systémique, ainsi que l'intégration conceptuelle dans le système 

énergétique général et les infrastructure, ainsi que les exigences en matière de géologie est fait. Dans 

le cadre de ce projet, les potentiels et les possibilités de la géométhanisation ont été élaborées et 

testées. Une attention particulière a été portée à la flexibilité des operation de l'Underground Sun 

Conversion - Flexible Storage, y compris les considérations conceptuelles, la localisation de sites 

géologiquement et optimale en termes d'infrastructures, ainsi que les opérations réelles de 

géométhanisation dans le terrain et lors d'essais d'accompagnement à l'échelle du laboratoire. 

Les tests réalisés sur cette installation ont permis de démontrer la sécurité du stockage et de la 

conversion de H2 et de CO2 dans un réservoir souterrain, en reproduisant les conditions réelles à grande 

échelle. De plus, l'utilisation de certains modes d'exploitation a permis d'obtenir une augmentation des 

taux de conversion en méthane. Ceci est étayé par les résultats d'expériences en laboratoire. Les 

réactions qui se produisent, les micro-organismes impliqués et les conditions marginales de la géo-

méthanisation ont pu y être décrits plus en détail. Des concepts d'installations interagissant avec des 

installations aériennes et souterraines ont été développés, et les trois plus prometteurs ont été examinés 

en détail. Une attention particulière a été accordée à la flexibilité de l'interaction avec un futur système 

énergétique. En ce qui concerne l'intégration de la géo-méthanisation dans le futur système 

énergétique, différents scénarios de système montrent le potentiel aussi bien pour la Suisse que pour 

l'Autriche. Pour la Suisse, de nombreux sites prometteurs ont ®t® identifi®s pour la mise en îuvre d'une 

installation souterraine de conversion solaire, qui sont accessibles à l'infrastructure nécessaire 

(production d'électricité renouvelable, réseau de gaz, source de CO2). La question de savoir si ces sites 

remplissent tous les critères géologiques doit être prouvée par une exploration commerciale. De plus, 

trois cas d'application pour l'Underground Sun Conversion ï Flexible Storage ont été développés afin 

de démontrer de manière exemplaire le potentiel des produits et des services, notamment dans le 

domaine du couplage sectoriel. 

Les résultats obtenus constituent la base de la mise à l'échelle de la technologie. En combinant le 

stockage et la conversion dans le cadre du Power to Gas, l'Underground Sun Conversion ï Flexible 

Storage peut apporter une contribution importante au stockage saisonnier de l'énergie et donc à la 

transition énergétique. 

Principaux résultats : 

- Démonstration de la sécurité du stockage souterrain de H2 et de CO2 et optimisation du processus 

de géo-méthanisation. 

- Définition des conditions limites d'exploitation et développement des applications de la technologie 

dôUnderground Sun Conversion 

- Identification de sites explorable pour géo-méthanisation. 

- Intégration dôUnderground Sun Conversion dans les scénarios des systèmes énergétiques futurs.  
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Summary  
Seasonal energy storage in forms of renewable gases will play an important role in future energy 

systems. As the expansion of renewable electricity production means that production and demand do 

not coincide sufficiently in terms of time, amplitude and magnitude, the need for different energy storage 

solutions is given. Besides short-term energy storage, seasonal storage of energy in forms of gas will 

play an important role. In the context of Power-to-Gas, Underground Sun Conversion - Flexible Storage 

combines renewable methane production with large-scale underground energy storage. The used 

process of geo-methanation describes the conversion of H2 and CO2 to CH4 in underground reservoirs. 

In order to enable implementation on a commercial scale, some topics need to be further addressed. 

These concern operating parameters at the technical, microbiological, and systemic level as well as the 

embedding in the higher-level energy system, the underlying geology, and the associated infrastructure. 

In the course of this project the potential and possibilities for Underground Sun Conversion were 

elaborated and tested. A special focus is set on the flexible operation of an Underground Sun 

Conversion system, including conceptional considerations, the search for optimal locations in terms of 

geology and infrastructure as well as the actual operation of geo-methanation in field, accompanied by 

laboratory-scale research.  

In the field tests, the safe storage and conversion of H2 and CO2 in an underground reservoir was 

demonstrated. In addition, an increase in conversion rates was achieved through the use of certain 

operation modes. This is supported by results from laboratory experiments. Here, the reactions taking 

place, the microorganisms involved, and the boundary conditions of geo-methanation could be further 

described.  

Variations in the operating parameters result in different operation concepts of Underground Sun 

Conversion. The three most promising ones were developed and considered in detail. Particular 

emphasis was placed on their flexible interaction with a future energy system. Regarding the embedding 

of Underground Sun Conversion into this environment, different system scenarios show the potential for 

Switzerland as well as for Austria. For Switzerland, numerous promising locations for the implementation 

of an Underground Sun Conversion facility were identified, which are accessible to the necessary 

infrastructure (renewable electricity production, gas network, CO2 source). Whether these sites fulfil all 

geological criteria needs to be proven by commercial exploration. Additionally, three use cases for 

Underground Sun Conversion ï Flexible Storage were developed, serving as product and sector 

coupling service. 

The results obtained will form the basis for scaling the technology. With the combination of storage and 

conversion in the context of Power-to-Gas, Underground Sun Conversion ï Flexible Storage can make 

an important contribution to seasonal energy storage and thus to the energy transition. 

Main findings: 

- Demonstration of safe underground storage of H2 and CO2 and optimization of the geo-methanation 

process 

- Definition of operational boundary conditions and development of applications of the Underground 

Sun Conversion technology 

- Identification of explorable locations for geo-methanation in Switzerland 

- Embedding Underground Sun Conversion in future energy system scenarios 
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1 Introduction 

1.1 Background information and current situation 

Interseasonal Energy Storage is increasing in its anticipated importance for the energy-supply-system 

for Europe. Concerning electricity, the Federal Electricity Commission (ElCom) for instance, raises 

concerns regarding increasing import risks. Within its report, ElCom strongly recommends to not to 

exceed yearly electricity imports of ten (10) TWh. This is due to a foreseen increase of imports in all of 

Switzerlandôs neighboring countries at similar times as Switzerland would need to (ElCom, 2021), which 

hints at the scale of the problem in the heart of Europe and its transmission system. 

While electricity and scarcity thereof in especially winters to come, the demand for renewable gas is 

increasing rapidly. Austria is as of this year demanding a domestic production of renewable gas in the 

year 2030 of 7.5 Terrawatthours. The corresponding legislative procedures are ongoing at the time of 

writing this report. The fact, that there are discussions of this kind at all, and that the proposal of the 

government is including a quota with sanctions for utilities who miss those, speaks at the same time for 

an increasing demand for renewable gas as a mean to decarbonize economies. 

During the course of this project, the seemingly given implicitness of secure, stable and cheap energy 

supply has been shaken in our societies. Energy, as the year of 2022 has clearly demonstrated, is not 

merely a vital commodity for the functioning of economies, but rather a prerequisite for stable political 

and societal environments within industrialized nations and unions. 

Energy storage with the ability to store large amounts of energy over a timespan of at least months 

therefore does have a strategical value. This strategic viewpoint was evaluated in the present project, 

the implications and possibilities of the outlined possibilities are nevertheless inescapably to be drawn. 

What is researched though, is the potential for the generation of renewable gas by giving an estimation 

on the surplus of electricity, compared to the deficits at other times of this supply. 

1.2 Purpose of the project 

The project aims to explore an inter-seasonal energy storage technology for its potentials and limitations. 

By doing so, the project embeds the technology as an option in a socio-economic and political frame in 

order to contribute to a sustainable, reliable and secure energy future relying on renewable production. 

Converting excess power in H2, adding CO2, storing the two feed gases and converting those to methane 

while in an underground storage, geo-methanation may contribute to this goal. Given its large scale of 

storage area, boundary conditions are examined as well as the future need from the energy systemôs 

standpoint. The geological potential for underground storage outside of depleted gas-fields is 

researched by screening the geology of Switzerland. As no technology will be able to be implemented 

without a positive economic outlook, these aspects are covered as well with a focus on entirely new 

storages. 

Working through a feedback loop in between of Austrian and Swiss partners, models and operation-

modes of the test facilities were adapted to the indicated boundaries of flexibility regarding feed-gas-

ratios, pressures, and temperatures. 

Together with the need owners, the systemic potential and projected shortcomings, and the economic 

feasibility of a large-scale application of the technology is examined. This includes ongoing talks with 

the respective organizations responsible for certifying the produced renewable gas on the test-side and 

the common understanding for the requirements to trade these certificates independently of the 

underlying commodity across borders and registries. Social, legal, and regulative acceptance of such a 

process is examined with Switzerland in mind and backed by practical experiences in Austria. 
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1.3 Objectives 

In preparation of the project, the tasks and their respective objectives were assigned to work packages. 

In addition, deliverables were scheduled and KPI defined where appropriate. Those objectives were 

reached in quality and time. This report is a mean to disseminate the achieved knowledge and results 

and represents a condensed form of the common work, the necessary iterations in between of all 

partners and plausibility checks in the field and across the project. The KPI and a summary on 

conclusions and findings can be found in chapter 7. 

In short, the objectives of the project can be stated as follows: 

¶ Define cautionary boundary conditions of the metagenomic microbiome and its adaption then 

exposed to different reservoir conditions and gas compositions; 

¶ Specify simulation-requirements, operations-concepts and establish operational flexibility while 

replicating findings on the test facility; 

¶ Estimation of costs for a green-field installation for geo-methanation, while defining use cases 

for need owners for inter-seasonal storage; 

¶ Determine potential and needs for inter-seasonal storage in Switzerland compared to Austria, 

map inputs for geo-methanation over time and locations; 

¶ Locate potential storage sites in Switzerland and estimate exploration costs. 
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2 Investigation on microbial activities during Geo-
Methanation 

2.1 Introduction 

 Overview on the microbial potential in natural gas storages 

Natural gas in underground gas reservoirs has formed either via thermogenic or biogenic processes. 

The USC-FlexStore project investigates the potential of traditional and newly established natural gas 

storages for the sustainable production of renewable methane in a circular economy framework. It may 

be assumed, that the respective microbes responsible for the production of methane are contained in 

such reservoirs and hence be accessible as inducible biocatalysts. 

Based on molecular methods such as 16S rRNA gene analyses (Woese and Fox, 1977), the impressive 

microbial biodiversity in reservoir brine originating from unaffected underground gas reservoirs has 

previously been described (Kimura et al., 2010). For the purpose of description, the resolved microbial 

community contained in the reservoir brine collected from the scientific field test facility (SFTF) in Lehen 

is depicted in figure 2-1 and forms the basis for a subsequent description of the key metabolic processes 

and microbes involved in geo-methanation.  

 
Figure 2-1: Most abundant microbial genera occurring in formation water of the SFTF in Lehen prior to the 

start of the USC-FlexStore project as determined via Illuminaôs MiSeq DNA sequencing and bioinformatic 

analysis of the 16S rRNA gene. The taxonomic profile is based on 114.559 quality filtered and merged 

sequencing reads. 
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 Archaea 

Of central interest for geo-methanation are archaea, one of the three domains of life as introduced by 

the pioneering work Carl Richard Woese (Woese and Fox, 1977). All known methanogens to date 

belong to the phylum of Euryarchaeota, which further can be subdivided into more phylogenetic taxa. 

The initial microbial consortium in the SFTF was particularly enriched, up to 41% of all detected taxa, in 

the anaerobic genera Methanobacterium and Methanosarcina, both known for the generation of 

methane (Thauer et al., 2008). 

Species belonging to the genus Methanobacterium convert both hydrogen (H2) and carbon dioxide 

(CO2) to methane and use this reaction as their main source of metabolic energy. This biochemical 

pathway is called hydrogenotrophic methanogenesis (HM) and is given in equation 2-1. 

 

Equation 2-1: Hydrogenotrophic methanogenesis (HM): CO2 + 4 H2 Ÿ CH4 + 2 H2O; ȹGoǋ = ī131 kJ/mol 

 

Members of the genus Methanosarcina are more versatile in terms of their methanogenic substrate 

spectrum and have previously been reported as the dominating methanogens contributing most to global 

microbial methane production. For instance, Methanosarcina barkeri may utilize CO2 and H2, methanol, 

methylamines and/or acetate to generate CH4. However, this versatility comes at a cost of higher 

maintenance expenses (e.g., for the replication of the bigger genome in comparison to 

Methanobacterium species) and hence arising disadvantages in specific selective environments: It may 

be speculated at this point, that Methanobacterium sp. may outcompete Methanosarcina sp. when being 

fed high quantities of both H2 and CO2. Two alternative methanogenic reactions of Methanosarcina are 

summarized in equation 2-2 and 2-3, namely acetoclastic (AM) and methylotrophic methanogenesis 

(MM), respectively (Kurth et al., 2020). 

 

Equation 2-2: Acetoclastic methanogenesis (AM): CH3COOī + H+ Ÿ CH4 + CO2; ȹGoǋ = ī36 kJ/mol 

Equation 2-3: Methylotrophic methanogenesis (MM): 4 CH3OH Ÿ CO2 + 3 CH4 + 2 H2O; ȹGoǋ = ī107 

kJ/mol 

 

Methanogenic archaea prefer to grow at neutral to slightly alkaline pH values in a wide range of different 

temperature regimes. Several physiological and ecological aspects were previously investigated in the 

context of anaerobic digestion and biogas applications, which delivered valuable information for the 

implementation of a Geo-Methanation process. Most notably, it was reported that volatile fatty acids 

(VFAs) such as acetate, butyrate or propionate inhibit methanogenesis (Wang et al., 2009). 

 Bacteria 

The remaining 59% of all detected taxa could be assigned to the domain of bacteria. As with archaea, 

bacteria are extremely divers in terms of their metabolisms and may conduct a huge variety of different 

reactions to generate energy. 

Since geo-methanation primarily interferes with the local carbon pool in underground gas storages, the 

following paragraph will focus on the respective microbial pathways involved with the cycling of carbon. 

As a starting point, another chemolithotrophic, derived from the Greek terms 'lithos' (rock) and 'troph' 

(consumer), pathway may be highlighted. 

Homo-acetogenesis requires both H2 and CO2 to produce acetate (CH3COO-), which may serve as a 

building block for cellular growth or potentially for the synthesis of more complex organic molecules in a 

process called chain elongation. The generation of acetate is catalyzed by certain anaerobic acetogenic 

bacteria, typically belonging to the genera Acetobacterium or Morella (Steger et al., 2017). In 

comparison to methanogenic archaea, homo-acetogens tend to thrive at lower pH values and seem to 

tolerate higher concentrations of VFAs such as acetate. As apparent from the chemical reaction 
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equation given in equation 2-4, a direct competition with hydrogenotrophic methanogens for the gaseous 

substrates CO2 and H2 becomes obvious. 

 

Equation 2-4: 2 CO2 + 4 H2 Ÿ CH3COOī + H+ + 2 H2O; ȹGoǋ = ī95 kJ/mol 

 

A quick comparison of the tabulated thermodynamic yields of both hydrogenotrophic methanogenesis 

and homo-acetogenesis as determined by the standard Gibbs free energy at physiological conditions 

(ȹGoǋ) indicates a slight energetic advantage for hydrogenotrophic methanogenesis. The competitive 

character of both previously mentioned reaction pathways (Kotsyurbenko et al., 2001) will be further 

elucidated in the upcoming section describing the outcomes of the conducted reactor experiments.  

The majority of bacteria detected prior to the start of the field test trial belong to the genus of 

Anaerobaculum, which has recently been reclassified to Acetomicrobium (Hania et al., 2016). As 

indicated by the higher-level taxonomic assignment to the family of Synergistaceae, these bacteria 

synergistically interact with other microbes in order to propagate. Most notably, Acetomicrobium has 

been described to be proficient of Syntrophic Acetate Oxidation (SAO), a biochemical pathway which 

converts acetate to H2 and CO2. The reaction equation is given in equation 2-5: 

Equation 2-5: CH3COOī + H+ + 2 H2O Ÿ 2 CO2 + 4 H2; ȹGoǋ = +95 kJ/mol 

 

This process can be considered as óreverse homo-acetogenesisô and requires an external source of 

energy for the reaction to occur. As commonly occurring in biochemistry, the required Gibbs free energy 

gets supplied via coupling to another, more energy-yielding reaction. Indeed, syntrophic associations 

between SAO-bacteria and hydrogenotrophic methanogens have been reported earlier at specific 

environmental conditions (Schnuerer et al., 1999). This type of associations will be referred to as SAO-

HM. From this perspective it may be emphasized that the generation of acetate (according to equation 

2-4) in underground gas storages is no energetic dead end, but that microbes of both domains of life 

are competent re-utilize acetate towards methane (as outlined in equation 2-2 and 2-5). 

Prior to the start of the field test of USC-FlexStore another anaerobic bacterial genus, namely 

Thermovirga, was richly abundant. This genus has been associated with sulfur reduction and alternative 

fermentative pathways and might have enriched due to the most recent history of the underground gas 

reservoir. Previously, the same reservoir has been exposed to limited amounts of both H2 and CO2 

within the framework of the predecessor FFG project Underground Sun Conversion. Minimal 

concentrations of hydrogen sulfide could be detected in the produced gas at the beginning of the field 

trial, which steadily declined in later phases of the trial. Throughout USC-FlexStore, hydrogen sulfide 

production further ceased, which may be explained on basis of depleted sulfur or sulfate sources in the 

formation (see chapter 3.2.2). Two upcoming publications will further investigate the extent of sulfur 

metabolism and other aforementioned metabolic pathways by the means of comparative metagenomic 

data analysis. 

 Outline of activities 

The work focus of partner BOKU during the first project year revolved around revisiting insights linked 
to experiments of the predecessor FFG flagship project Underground Sun Conversion (USC), the 
collection of field data and samples from the scientific field test facility (SFTF) in Lehen plus other 
reservoirs, as well as the setup and conduction of high-pressure reactor experiments. 

Due to apparently slow gas conversion rates in the SFTF at the beginning of the project, a thorough 
literature study was anticipated to identify potential factors limiting the observed in situ geo-methanation 
potential. Previous and most recent field data was evaluated and brought into context with laboratory 
experiments of the USC project to provide a recommended course of action for the activities outlined in 
the chapter ógeo-methanation. The further progression of the field trial was monitored at a short interval, 
confirming a steady and considerable increase of microbial activity as quantified via ATP measurements 
in the well óLESP-001Aô of the SFTF at the end of the first project year. 
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Formation water samples from the ongoing field experiment could be collected during five independent 
sampling events throughout the project to provide the basis for realizing milestone A, namely the 
establishment of a methanogenic consortium, which has been adapted to off-stoichiometric gas 
mixtures. Hydrochemical and molecular-biological analyses of the water samples were conducted, and 
ultimately selected reservoir brines were used as inocula for two major series of reactor experiments. 

Considerable efforts were taken to adapt and improve the preexisting high-pressure bioreactor 
infrastructure, in particular the Confined Core Reactors (CCR), which were central to more realistic geo-
methanation experiments involving non-stoichiometric gas mixtures applied close to reservoir 
conditions. Thermic treatment and subsequent washing steps were carried out to minimize and control 
viable biomass in the reactors prior to the inoculation with reservoir brine of the óNussdorf-W-002ô well. 
This particular reservoir brine was selected for inoculation of the CCR to mitigate a potential risk of 
process failure due to high concentrations of VFAs in the reservoir brine of the SFTF by that time. 
Subsequently, the microbial community was exposed to substrate gas to initiate the adaptation towards 
in vitro geo-methanation. The adaptation phase, hence the establishment of a methanogenic microbial 
consortium, was finished by January 2022. Subsequently, extensive experimental geo-methanation 
series were started involving both stoichiometric and non-stoichiometric gas mixtures. A continuous 
enhancement of methanogenic activities could be observed and data for the computation of reaction 
rates for two formation water samples from two different wells, óNussdorf-W-002ô and óLESP-001-Aô, was 
collected. Methanogenic reaction rates at optimal conditions were reported to the project consortium in 
March 2023.  

Furthermore, in silico sequence simulations were conducted and interpreted to select for optimal 
sequencing techniques to be used in the metagenomic sequencing campaign of two selected reactor 
experiments. DNA extraction methods were reassessed and optimized to provide sufficient material for 
shotgun metagenomic sequencing. The analysis and interpretation of metagenomic data is highly 
complicated and thorough reporting of the results will occur in the framework of two scientific articles. 
Extra efforts were invested to develop a molecular assay based on quantitative PCR involving two 
selected functional markers, to approximate the biochemical potential of the microbial community for 
methanogenesis and acetogenesis. This method may be applied as a timely and low-cost monitoring 
tool to assess the current state of the observed geo-methanation system.  

2.2 Materials, Methods 

 Sampling of formation brine 

We presume that reservoir brine accumulating in the wellbore tubing constitutes a representative sample 

of water from the respective sandstone formation. Brine was sampled in collaboration with RAG Austria 

AG and RED Drilling & Services GmbH using a customized bailer (4.42 meters length, 2.5 L volume), 

which was cleaned with pressurized steam and decontaminated with 70% ethanol. After two minutes of 

exposure time to ethanol, the bailer was washed with sterile ultra-pure water and eventually flushed with 

Argon (purity 5.0, Messer Austria) prior to running it into the well. Brine withdrawn from the reservoir 

was then transferred to autoclaved gas tight glass bottles (Pyrex®) filled with Argon. All manipulations 

of sampled reservoir brine were carried out under aseptic and anaerobic (oxygen-free atmosphere) 

conditions. Hydrochemical measurements were conducted at the sampling site, namely pH, EC 

(electrical conductivity) and ATP measurements (2nd Generation ATP® Testing, LuminUltra 

Technologies Ltd., Canada) to proxy for microbial activity. Samples for DNA extraction, TC and HPLC 

were processed at the laboratory in Tulln upon arrival. All withdrawn samples were cooled down to 4 °C 

and stored in the dark until further usage.   

In total, five sampling events at the SFTF óLESP-001Aô as well as óLEH-002ô in Lehen (April, June and 

September 2021, March and October 2022) and two sampling events at an unaffected observation well 

óNussdorf-W-002ô (April 2021 and October 2022) were realized. Two further sampling events took place 

at two different sites, investigating the microbial composition of underground gas and oil storages from 

a more general perspective. 
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 Substrate Gas Mixtures 

Gas mixtures and pure gases were provided by Messer Austria GmbH. The custom-made gas mixtures 

were ordered in ñLablineò quality and were certified according to ISO 6141:2015 ñGas analysis - 

Contents of certificates for calibration gas mixturesò by the manufacturer. Argon 5.0 high purity gas was 

used for reactor purging and leakage testing. The addition ñ5.0ò denotes a purity of 99.999 Vol.% and 

was necessary to provide anoxic conditions for the experiments. In the following, the simple abbreviation 

ñArgonò is used for the high purity argon gas. 

Four different feed gases were used and are listed in table 2-1. Pressure values are described either in 

bar(a), defining absolute pressures or bar(g), defining relative gauge pressure respectively. 

 
Table 2-1: Used gas mixtures in Messer Austria GmbH ñLablineò quality (purity ó5.0ô) and corresponding 

gas certificates, ± 2% relative deviation. 

[% v/v]   

H2 target H2 actual CO2 target CO2 actual Carrier gas 

10.0 9.6 0.5 0.5 Argon 

10.0 10.0 2.5 2.5 Argon 

40.0 40.3 10.0 10.0  Argon 

80.0 80.0 20.0 20.0 - 

 

 

 Wellbore Simulation Reactors (WSR) 

This simplified reactor system was employed to understand the fundamental principles of geo-

methanation and to further inform later experimental designs applied to the more comprehensive CCR 

system which mimics reservoir conditions in a more realistic way. Therefore, only reservoir brine 

originating from the unaffected observation well óNussdorf-W-002ô without additional rock material was 

introduced to the WSR and gas conversion experiments started for the screening of most optimal 

process conditions and the identification of critical boundaries. 

Two WSR were engineered by MAL Metallbau GmbH Austria and manufactured by S.K.M. GmbH 

Austria. To withstand potential corrosion, an austenitic steel alloy (1.4571 ï X6CrNiMoTi17-12-2, AISI 

316Ti) and a rubber Viton seal (75° shore, Neotecha GmbH) were used. The reactors were specified to 

a maximum operating pressure of 26 bar(g) and temperature of 45 °C. The total internal volume per 

reactor was calculated to 1.2 L with an inner diameter of 101 mm and height of 140 mm. A schematic 

technical drawing of a WSR can be seen in the following figure 2-2. 
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Figure 2-2: Sketch of the mini reactor with installed sensors, valves, bursting disc and heating jacket. TÜV 

Austria approval was renewed in February 2022, assuring that the system is safe to operate at the 

conditions specified. 

Both reactors were equipped with a digital PA-33 X combined temperature and pressure sensor 

(KELLER AG, Winterthur, Switzerland) directly connected into each top flange lid via a G ıò port. The 

measuring pressure range was 0 ï 100 bar(g) and temperature range of -10 °C to 80 °C with an accuracy 

of ± 0.1% FS (Full Scale). The reactors were heated with custom made heating sleeves 

(Mikanitheizband 114 mm, 50 W) made by ñcarloò Loysch GmbH Austria. For insulation, two layers of 

sheep wool (DAEMWOOL, Naturdämmstoffe GmbH & Co KG) and a housing made from XPS (extruded 

polystyrene foam) boards (Austrotherm GmbH) were used.  

The digital control and data logging unit was set up in house and comprised a CompactLogix, 16DI, 

16DO, 24VDC PS and CompactLogix ASCII Interface Modul (Routeco GesmbH, Austria). The PLC 

(programmable logic controller) was coded in "RS Logix" and further connected to "FactoryTalk" 

(Rockwell Automation) for data logging and visualization. 

For sampling and feeding operation the reactors were equipped with a ball valve (HOKE® GYROLOK® 

7122G6YMM, Crane Holdings, Co) followed by a needle valve (HOKE® GYROLOK® 1711G6YMM, 

Crane Holdings, Co) on top. Both valves as well as all connectors were made from high-quality steel 

(AISI 316) and were mounted into the second G ıò port. A bursting disc with an opening pressure of 

38.5 bar(g) at 47 °C (Type B18r35-01, Berstscheiben Schlesinger GmbH, Austria) was installed in the 

G İò port and connected to an off-gas line to comply to legal safety regulations. 

 Confined Core Reactors (CCR) 

One important characteristic of the Confined Core Reactor (CCR) system, in comparison to the 
previously described WSR, is the installed porous rock core which should resemble the gas carrying 
rock encountered in a natural gas reservoir. The one-meter long rock cores were tailored to fit into the 
reactor casing to leave a minimum of remaining vacant gas volume. Since different gas components 
exhibit different diffusion patterns in water-saturated porous rocks (Bauer, 2021), a gas-tight sealing was 
applied at the lateral surface of the porous core matrix and the outlet side of the CCR to account for 
arising concentration differences along the horizontal axis of the reactor. 
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Gray Berea sandstone, which is widely used for scientific applications in the oil and gas industry, was 
selected for the mounting into the CCR. Berea consists mainly of quartz and comparably small shares 
of calcite (as shown in table 2-2), with an average gas permeability of 200 ï 315 mD, a brine permeability 
of 60 ï 10 mD and a porosity of 19 ï 21 %, as specified by Kocurek Industries, USA. Considering a 
homogenous porosity of 20%, the calculated free pore volume of approximately 1.6 L (diameter = 101 
mm, length = 1002 mm) allowed for an adequate volume for both gas and liquid samplings. 
 
Table 2-2: Mineralogical composition of Grey Berea sandstone as specified by Kocurek Industries. 
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Gray Berea 87 3 2 0 0 6 2 0 8 No data  

 
The dimensions of the CCR were defined according to the length and diameter of the acquired Berea 
sandstone cores. The reactors were designed by MAL Metallbau GmbH Austria with an inner diameter 
of 101 mm, a length of 1002 mm (final internal reactor volume of 9 L) and manufactured by S.K.M. 
GmbH Austria from high-quality stainless-steel alloy (1.4571 ï X6CrNiMoTi17-12-2, AISI 316Ti). Sealing 
rings for both flanges were made from Viton (75° shore, Neotecha GmbH). The maximum pressure and 
temperature for each CCR was specified with 50 bar(g) and 50 °C, respectively. A schematic technical 
drawing of a CCR can be seen in the following figure 2-3. 
 

Figure 2-3: Schematic drawing of a Confined Core Reactor with attached periphery such as valves and 

sensors. Injection of feed gases always occurred at the same end of the reactor, labelled Inlet. Gas and 

liquid samples were withdrawn at the Inlet and Outlet sides to investigate the effects of arising substrate 

gradients proximal and distal of the injection side.  

Each CCR was equipped with two digital PA-33 X sensors (KELLER AG, Winterthur, Switzerland) with 
a pressure range of 0 ï 100 bar(g) and temperature range of -10 °C to 80 °C. The sensors were directly 
attached to each flange (Inlet & Outlet side) via a G ıò port. Temperature measurement at the flanges 
showed a certain offset and was not appropriate for the feedback-controlled heating setup due to an 
inhomogeneous temperature distribution. For more precise temperature monitoring and controlling, two 
additional temperature sensors (RS PRO PT100 2 mm x 10 mm, RS Components GmbH) were attached 
to the outer shell between the flange lids and used for heating control and monitoring.  
The digital control and data logging unit was set up in house and comprised a CompactLogix, 16DI, 
16DO, 24VDC PS and CompactLogix ASCII Interface Modul (Routeco GesmbH, Austria). The PLC 
(programmable logic controller) was coded in "RS Logix" and further connected to "FactoryTalk" 
(Rockwell Automation) for data logging and visualization. All three reactors were heated with custom 
made heating-bands (Teflon Konstantheizband, 180 W) by ñcarloò Loysch GmbH Austria. The 6 m 
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heating band was attached between the two flange lids with a winding distance of approximately 50 mm. 
Sheep wool (DAEMWOOL, Naturdämmstoffe GmbH & Co KG) was used for the inner layer and a 
reflective thermal insulation mattress for the outer layer thermal insulation.  
Needle valves (HOKE® GYROLOK® 1711G6YMM, Crane Holdings, Co.) and ball valves (HOKE® 
GYROLOKÈ 7122G6YMM, Crane Holdings, Co.) were directly connected to the G ıò ports on the inlet 
and outlet side of the reactors. ATEX Zone 2 classified solenoid valves (ASCOÊ Series 
E262K080SGV00F8, Emerson Electric Co., Austria) were used for automatic gas feeding operation and 
were implemented into the digital control interface. Additionally, all reactors were equipped with a burst 
disc (type WBs-SUM-4-G, Type B18r35-01, Berstscheiben Schlesinger GmbH, Austria) fixed to the G 
İò port on the inlet flange and connected to a safety tubing system for gas release to the exterior. The 
burst disc was specified for a burst pressure of 60 - 70 bar(g) at 47 °C. All described valves, adapters 
and piping were made from high quality steel (AISI 316). 

 Measurement of available gas volume in CCR 

Knowledge of the available free gas volume in the employed CCR is critical for the computation of geo-

methanation rates plus the assessment of quantitative information on the biocatalytic process. Hence 

the available pore space in the CCR was determined with a thermal mass flow meter (SFAH-5U-Q6S-

PNLK-PNVBA-L1, Festo SE & Co. KG, Germany) and Argon gas of the purity 5.0 (Messer Gase, 

Austria). For a faithful measurement of the available gas volume after the fed-batch experiments, 

remaining reactor brine was discharged from each CCR by repetitively using a gas pressure gradient of 

10 bar(g) against ambient pressure until no further liquid was released from the reactors. The dry CCRs 

were then filled with Argon gas up to either 10 or 40 bar(g) and the pressurized reactor atmosphere was 

released through the thermal mass flow meter, which quantified the volume of Argon gas at room 

temperature. In order to obtain reproducible measurements at both pressure regimes, a pressure 

reducer (FUTURA Druckregler, G 1/4", 0,5 - 10bar, Baureihe 0, Germany) and a fine dosing valve 

(HOKE® GYROLOK® 1315G4Y, Milli-Mite 1300 Series, Crane Holdings, Co., USA) were installed 

between the reactor and the flow meter to sustain a constant input pressure to the flow meter. Five 

volume readings per pressure level were recorded and an average of the corresponding values was 

computed. Eventually the available free gas volume per CCR at ambient pressure could be determined.  

 Computation of Geo-Methanation rates 

Based on the determined available free gas volume per CCR, the known volume of brine, the total 

pressure reading at the end of the respective fed-batch campaign and differential pressure information 

of all cumulative feedings, quantitative information on the molar amount of gas in the reactors could be 

obtained. This information was complemented with averaged GC-derived gas composition data from 

both the Inlet and Outlet of each CCR, which allowed the calculation of molar quantities of all educt and 

product gases on basis of the ideal gas law at the respective reactor temperature of 40 °C. 

The required temporal information for the computation of geo-methanation rates was derived according 

to live pressure monitoring: For all fed-batch experiments, the relative pressure loss curve of the last 

feeding of each fed-batch trial was selected and the time point determined, where 95 % of the maximum 

observed pressure loss had occurred (t95). For this timepoint, 95% consumption of all gaseous 

substrates was assumed, which could be correlated to quantitative information on the molar amounts of 

individual gas components. All pressure loss profiles were checked for plausibility in terms of their 

apparent relative pressure loss ï for all fed-batches an exclusive hydrogenotrophic methanogenesis 

was assumed, which allowed to compute the expected relative pressure losses for all employed gas 

mixtures.   

Eventually, a methane evolution rate (MER) was computed which involved the quantity of formed CH4 

per extrapolated time duration for a 100 % conversion and per free available porous gas volume. 
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 Hydrochemical and product gas analyses 

Electrical conductivity (EC) and pH of temperature equilibrated (25 °C) samples were measured using 

a HACH HQ40d multi base unit equipped with a HACH IntelliCAL PHC101 standard gel filled pH 

electrode and a HACH IntelliCAL CDC401 standard conductivity probe (Hach Lange GmbH, Austria). 

Additional pH measurements of both reservoir and reactor fluids were carried out on a FiveEasy 

Benchtop F20 pH/mV system equipped with a LE422 pH-Micro-Electrode (Entry-Level, 4.3 mm 

diameter), both Mettler-Toledo GmbH, Germany. Prior to pH measurements, all pH and EC meters were 

calibrated with SINGLET standard solutions (pH = 4, pH = 7, EC = 147 µS / cm) of Hach Lange GmbH, 

Austria.   

Volatile fatty acids (VFAs) and other organic compounds in liquid samples were analyzed on a high-

pressure liquid chromatography (HPLC) system (Agilent 1260 Infinity II series) consisting of an 

autosampler, isocratic pump, degasser, column oven and refractive index-detector. The injected sample 

volume for standards and samples was 40 µL and were separated on a Transgenomic ICSep-ICE-ION-

300 column equipped with the corresponding Coregel-Ion300 guard column at an operating temperature 

of 45 °C. The flow rate for the mobile phase 0.01 N H2SO4 was 0.325 mL min-1 with a maximum runtime 

of 120 minutes. Calibration standards ranged from 10 up to 1000 mg L-1 and were divided into three 

compound groups to avoid peak overlapping. 

Relevant sum parameters associated to the carbon content in the liquid samples such as TOC (total 

organic carbon), TIC (total inorganic carbon) and TC (total carbon) were determined using a TOC 

analyzer TOC-V CPH of Shimadzu GmbH, Germany. 

Gas samples for gas chromatography (GC) were collected from reactor headspace using evacuated 

1 L gas bags (SUPEL Inert Foil Gasbags, Art. Nr.30227-U, Sigma-Aldrich Co LLC) and were measured 

on an AGILENT gas chromatograph (7890A). Helium (quality 5.0, Messer Austria GmbH) was used as 

a mobile phase after an additional purification step (Valco Instruments Co. Inc.). To detect individual 

components, gas samples were split into separate streams. Stream 1 was equipped with a PlotQ15 

Agilent 19095P-Q03 [15 m x 530 µm x 40 µm] and a PlotMS Agilent 19095P-MS6 column [30 m x 530 

µm x 50 µm], leading to a pulsed discharge detector (PDD) for quantifying H2, H2S, O2 and N2. In stream 

2, CH4 and CO2 were separated on a PlotQ30 Agilent 19095P-Q04 column [30 m x 530 µm x 50 µm] 

and detected using an FID (CO2 reduction prior to detection using H2 and a nickel catalyst). Each sample 

was analyzed twice using a split ratio of 1:25, so enlarging the calibration range to meet concentrations 

of all individual gas components (injection volume 2.5 µL, inlet temperature 105 °C). 

 Molecular methods 

2.2.8.1. DNA extraction from reservoir brine and reactor fluids 

For subsequent molecular analyses and DNA sequencing, genomic DNA (gDNA) had to be extracted 

from reservoir brines and reactor fluids. Since most processed fluids were relatively low in extractable 

DNA, an enrichment step had to be implemented for the subsequent kit extraction: A defined volume of 

fluid was centrifugated for precipitate separation (4000 g, 15 mins, 4 °C) and the supernatant was filtered 

through a 0.2 µm Cellulose Nitrate membrane filter to capture remaining cells. Both the precipitate and 

the corresponding filter were transferred to an extraction tube of the FastDNA Spin Kit for Soil, MP 

Biomedicals Germany, and 80 µL of p.a. acetone was added to disintegrate the membrane filter. The 

DNA extraction procedure was carried out according to default parameters specified in the manual. 

Quantification of the retrieved gDNA samples was carried out on the Nanophotometer NP80 

spectrophotometer (Implen GmbH, Germany) and by using the Qubit dsDNA HS (High Sensitivity) 

Assay Kit by Thermo Fisher Scientific, Austria. 
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2.2.8.2. Illumina MiSeq DNA amplicon sequencing 

Selected gDNA samples retrieved from DNA extraction were further prepared for amplicon sequencing 

of the V4 region of the 16S rRNA gene. The analysis of 16S amplicon data allows the creation of a 

taxonomic profile of the present microbial community along with relative abundance information, as 

earlier shown in Figure 2-1. For the amplification of the 1st step amplicon library, 10 µL of 2 ng/L of gDNA 

template were mixed with 3.6 µL DMSO, 3.2 µL H2O, 20 µL NEBNext Ultra II Q5 Master Mix (New 

England Biolabs, Germany) and 1.6 µL of forward (515F (Parada et al., 2016)) and reverse primers 

(806R, (Apprill et al., 2015)) each at 10 µM and with added indexing sequences for library prep. The 

final reaction volume was 40 µL, the amplification was carried out on a SureCycler 8800 system (Agilent, 

USA) consisting of 30 iterative PCR cycles with 10 seconds of denaturation (98 °C), 20 seconds of 

annealing (55 °C) and 30 seconds of elongation (72 °C). A hot start at 98 °C and a final elongation at 

72 °C for 1 min were included. All amplified 1st step libraries were quality assessed via agarose gel 

electrophoresis and delivered to Microsynth AG, Balgach, Switzerland for further library prep, Illumina 

MiSeq 2 x 300 bp (v3 chemistry) sequencing and bioinformatic amplicon analysis. 

2.2.8.3. Quantitative PCR of selected functional marker genes 

Real-time quantitative PCR measurements were performed in triplicates on a qTOWER3 (Analytic Jena, 
Germany) detection system. The amplification of the mcrA gene fragment (~550 bp) was performed with 
MLas_for (5ô-GGTGGTGTMGGDTTCACMCARTA-3ô) and ML_rev (5ô-
TTCATTGCRTAGTTWGGRTAGTT-3ô) primer pair (Steinberg and Regan, 2008), and the amplification 
of the FTHFS gene fragment (~250 bp) was performed with fhs1_fw (5ô-
GTWTGGGCWAARGGYGGMGAAGG-3ô) and FTHFS_rev (5ôGTATTGDGTYTTRGCCATACA-3ô) 
primer pair (Leaphart and Lovell, 2001; Xu et al., 2009). The qPCR assays were performed with 
FIREPol® EvaGreen® qPCR Supermix (Solis BioDyne, Estonia), primer concentration of 10 nM, for 40 
cycles, at following conditions  
 
Table 2-3: qPCR amplification protocol to amplify both mcrA and FTHFS marker genes 

 Temperature, °C Time Ramp speed, °C / s 

 mcrA FTHFS mcrA FTHFS mcrA FTHFS 

Initial denaturation 95 95 12 min 12 min 4 4 

Denaturation 95 95 20 s 15 s 3 2 

Annealing 53 55 35 s 45 s 2.5 2 

Elongation 72 
72 

1 min 10 s 
1 min 

2.5 
2 

Measurement 80 10 s 3 

Melting curve 60-95 55-95 15 s 15 s 5 5 
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2.3 Results and Discussion 

As noted in chapter 2.1, several independent reactor trials were conducted to comprehend and 

characterize the geo-methanation technology from several different perspectives. As a starting point, 

we decided to first focus on fundamental physicochemical and biological limitations inherent to the 

process with respect to varying microbial activities being encountered at different environmental 

conditions. To describe such potential limitations, a simplified experimental setup with unaffected 

formation water from the well óNussdorf-W-002ô without any additional porous rock was chosen and two 

experimental series were initiated in the earlier described WSR systems.  

The obtained insights from these trials served as a basis for the rational definition of feeding schemes 

for more substantial experiments, which were carried out in our rock-bearing CCR systems. This reactor 

configuration closely resembles the environmental, in situ conditions in natural gas reservoirs and was 

therefore selected for gas conversion experiments, which provided data for the computation of 

methanogenic rates. 

 

 Identification of key factors affecting geo-methanation 

Findings of the predecessor project of USC-FlexStore, Underground Sun Conversion, indicated that the 

ratio of ongoing methanogenic and homo-acetogenic activities may directly be linked to the operational 

mode applied to the bioreactors, in particular to the administered partial pressures of introduced 

substrate gases and the time of exposure. Previously we could observe, that methanogenic conversion 

rates were receding and homo-acetogenic process became apparent, when critical threshold 

concentrations of introduced substrate gases were reached for a prolonged timespan (Bauer, 2021). 

The continuous accumulation of acetate led to accompanying detrimental effects on methanogenic 

conversion rates and severely impaired long-term process stability. In an effort to avoid and bypass such 

unfavorable dynamics during the bioprocess, an alternative operational mode for geo-methanation was 

anticipated. 

 

2.3.1.1.  Operational modes in geo-methanation 

In earlier reactor trials during the Underground Sun Conversion project, batch injections introducing high 

partial pressures of gaseous substrates such as H2 and CO2 at stoichiometric (for methanogenesis) 

ratios were pursued. Microbial communities in the respective reactors were instantly confronted with a 

high abundance of available substrates, which allowed both hydrogenotrophic methanogenic and homo-

acetogenic processes to occur simultaneously. A continuation of this feeding scheme at short time 

intervals led to a batch-wise increase of acetate concentrations and a consequential reduction in 

methanogenic activities over a longer period (Wang et al., 2009). Despite the fact, that the accumulated 

acetate could be re-mobilized via acetotrophic pathways to generate methane at distinct process 

conditions, it needs to be emphasized that the observed reaction speed was slow and hence not suitable 

for an industrial-scale application of geo-methanation. To our understanding, higher methanogenic 

conversion rates in geo-methanation may be feasible, when central homeostatic boundary conditions 

are not being exceeded and long-term net acetate turnover equals zero.  

Instead of injecting large quantities of substrate gases at once (= batch operation), we propose to limit 

the feeding quanta to smaller portions and repeatedly inject at given time intervals (= fed-batch 

operation). Such an operational mode would also be more in line with the proposed central advantage 

of the geo-methanation technology, namely to properly respond to the volatile generation of excess 

renewable energy (Rüdisüli et al., 2023). 
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2.3.1.2. Fed-Batch geo-methanation with óleanô and órichô substrate gas mixtures 

The previously suggested fed-batch feeding scheme was applied to an experimental series involving 

formation water óNussdorf-W-002ô, originating from an observation wellbore of the 7Fields reservoir 

which has not been affected by exogenous injections of H2 and CO2. The microbial community in the 

sampled formation water may therefore be considered mostly representative for natural gas reservoirs 

in the molasse basin and thus in need of metabolic adaptation to initiate a successful geo-methanation 

campaign. Therefore, 2x 750 mL of formation water was transferred to two WSRs operated at 40 °C, 

which had been decontaminated, rinsed with autoclaved water and brought to an anaerobic atmosphere 

prior to the transfer. As earlier mentioned, no rock cores were introduced to this setup. With the scope 

of slowly reestablishing the metabolism of the dormant (4 °C storage after sampling) microbial 

community, natural gas was introduced to the WSRs to reconstitute in situ conditions for a duration of 

10 days.  

To eventually induce geo-methanation processes in the WSRs with formation water, three consecutive 

batch feedings with a non-stoichiometric gas mixture containing 10% (v/v) H2, 0.5 % (v/v) CO2 in Argon 

at 5 bar(g) for a duration of 10 days were performed. In all of the three individual batch runs, 

conventionally called ócyclesô, CH4 production could be detected. Most interestingly, the molar amount 

of formed CH4 clearly exceeded the amount of introduced, exogenous CO2, which implies the presence 

of alternative carbon sources in the observed system, which could be mobilized for methanogenesis. A 

more detailed discussion of this and other phenomena will be provided in an upcoming scientific article, 

which is currently in preparation. 

After initiating methanogenic processes in both WSRs, a fed-batch campaign with a lean 

stoichiometric gas-mixture containing 10 % (v/v) H2, 2.5 % (v/v) CO2 in Argon at 5 bar(g) per feeding 

was started. The used gas mixture introduced partial pressures of p(H2) = 0.5 bar(g) and p(CO2) = 0.125 

bar(g) per feeding cycle, which were processed for a duration of 7 days each. In total four feedings were 

carried out, summing up to a total duration of 28 days for the complete fed-batch campaign. The choice 

for the relatively small amounts of introduced H2 and CO2 could be explained on basis of low biomass 

and hence biocatalyst concentrations being present in the system before the start of the experiment. 

Thus, the limitation of substrates may be considered a preventative measure to not overload the system 

with gaseous substrates to induce unfavorable homo-acetogenesis. 

An informative and simple way to live monitor the ongoing gas conversions in WSRs or other reactor 

systems is via pressure measurements. A closer look at equation 2-1 and 2-4 outlines, that both 

hydrogenotrophic and homo-acetogenic conversions are accompanied by a pressure drop, which can 

be accounted to the consumption of gaseous substrates from the atmosphere. Illustrating the example 

of exclusive hydrogenotrophic methanogenesis, five mole of substrate gases get converted to one mole 

of product gas, resulting in a pressure loss down of 1/5th (= 20 %) of the initial pressure. The relative 

pressure loss for exclusive homo-acetogenesis with stoichiometric gas mixtures (4:1 ratio for H2:CO2) 

on the other hand is smaller, since residual H2 remains in the system as derivable via equation 2-4. For 

the earlier outlined fed-batch feeding campaign in the WSRs, a relative pressure loss of 10 % (pt/p0 = 

0.1) may be presumed, if all substrate gases were entirely converted to CH4. Figure 2-4 depicts the 

averaged relative pressure losses of all individual feeding cycles (A ï first feeding to D ï last feeding) 

for both WSRs. The shown relative pressure loss curves were normalized to account only for the injected 

feeding gas quantum of the respective cycle (p0 = top up feeding pressure å 5 bar(g)). 
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Figure 2-4: Normalized relative pressure loss curves of a fed-batch feeding campaign with óNussdorf-W-

002ô formation brine involving gas mixture 10 % (v/v) H2, 2.5 % (v/v) CO2 in Argon at 5 bar(g) per feeding. 

The standard deviations for both the first and last feeding cycles are given (n = 2). The horizontal line at 

pt/p0 = 0.90 represents the maximum theoretical pressure loss per feeding cycle, if exclusive 

hydrogenotrophic methanogenesis is assumed. 

The relative pressure loss curves of all feeding cycles combined show ongoing gas conversions to the 

expected range indicative for hydrogenotrophic methanogenesis. Notably, the relative pressure loss of 

the initial feeding cycle A was not as pronounced as the ones for the later feeding cycles B-D. It might 

be assumed, that not the entire provided substrate was consumed until the end of cycle A and hence 

was further introduced to feeding cycle B. Additionally, the apparent gas conversion speed as derived 

from the curvature of the pressure loss curves is steadily accelerating between the individual feeding 

cycles. The most likely explanation for this observation is the continuous increase of biomass in the 

reactors during the fed-batch, which has also been supported by higher concentrations of extractable 

gDNA from reactor brine at the end of the fed-batch campaign in comparison to the start samples.  

At the end of the fed-batch conversion, gas samples were withdrawn from the WSRs and the gas 

composition was analyzed, as summarized in table 2-4. Evidently, nearly all CO2 in the reactor systems 

was consumed and CH4 was produced. However, only 63 % of the molar carbon contained in CO2 (= 

15.2 mmol) was converted to CH4, additionally considerable amounts of H2 remained in the WSRs. The 

HPLC profile of withdrawn liquid samples revealed a moderate increase of acetate from 100 mg/L at the 

start of the fed-batch to 138 mg/L at the end of it, which corresponds to an increase of 0.26 mmol of 

acetate. The pH in the system slightly dropped from 9.2 to 9.0 units. 
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Table 2-4: Computed cumulative molar mass of injected gas and measured averaged molar quantities of 

H2, CO2 and CH4 at the end of the fed-batch series in the WSRs, which involved the gas mixture óleanô 

containing 10 % (v/v) H2, 2.5 % (v/v) CO2 in Argon.  

 Fed-Batch 

óleanô 

H2 [mmol] CO2 [mmol] CH4 [mmol] 

 
× Feedings 65.4 ± 1.5 15.2 ± 0.4 n.d. 

End 12.8 ± 3.6 0.1 ± 0.0 9.7 ± 0.7 

 
The provided data indicates that the bulk of CO2 was converted to CH4, however also acetate was 

generated to a minor extent. An acceleration of the gas conversion process became obvious, which may 

be due to increasing biomass in the system, which would also explain the share of missing carbon in 

the total carbon balance of the system. The introduced formation water óNussdorf-W-002ô originated 

from an observation probe of the 7fields reservoirs and hence has never been in contact to exogenous 

substrate gases. Therefore, a strong accumulation of biomass in response to the initial injection of H2 

and CO2 may be expected. 

Directly after completing the fed-batch campaign involving the lean gas mixture, another fed-batch 

conversion series was started in both WSRs involving a gas mixture with a substrate concentration four 

times higher than before. Similar to the prior fed-batch process, 5 bar(g) of the rich gas mixture 

containing 40 % (v/v) H2, 10 % (v/v) CO2 in Argon was repetitively injected into the WSRs, however 

the interval between the feedings was doubled to 14 days to allow for the complete consumption of the 

introduced substrates. The used gas mixture introduced partial pressures of p(H2) = 2 bar(g) and p(CO2) 

= 0.5 bar(g) per feeding cycle. In total four feedings were conducted with a total experimental run time 

of 56 days. As previously, the total pressure and the temperature were live monitored and liquid samples 

for various analyses were withdrawn at the end of the fed-batch trial. 
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Figure 2-5: Normalized relative pressure loss curves of a fed-batch feeding campaign with óNussdorf-W-

002ô formation brine involving gas mixture 40 % (v/v) H2, 10 % (v/v) CO2 in Argon at 5 bar(g) per feeding. 

The standard deviations for both the first and last feeding cycles are given (n = 2). The horizontal line at 

pt/p0 = 0.60 represents the maximum theoretical pressure loss per feeding cycle, if exclusive 

hydrogenotrophic methanogenesis is assumed. 

The relative pressure loss curves shown in figure 2-5 demonstrate ongoing gas conversion in both 

WSRs throughout the fed-batch experiment. Similar to the fed-batch campaign with the lean gas mixture 

(Figure 2-4), the first feeding cycles with the rich substrate gas mixture revealed smaller relative 

pressure losses than all later cycles. Remarkably, the relative pressure loss curve of the first feeding 

cycle, A, followed a linear reaction kinetic, which may imply that the gas conversion process was running 

at the maximum speed for the given microbial biomass in the system in analogy to Michaelis-Menten 

kinetics (Johnson and Goody, 2011). The curves of the subsequent feeding cycles B and C both show 

progressive acceleration in reaction rates as indicated by the increasing steepness of the relative 

pressure loss curves, in particular during the second half of the respective conversion cycles. This 

tendency may again be attributed to ongoing biomass growth in the WSRs in response to the rich 

abundance of gaseous substrates. The assumption of ongoing biomass growth was also reflected in the 

yields of extractable gDNA, which increased by 45 % during the fed-batch with the rich gas mixture. The 

relative pressure loss curve of the last feeding cycle D graphically illustrates, that the apparent nature 

of the conversion kinetic eventually shifted to follow a first order rate law, which introduces a 

concentration dependency of the reaction rate. The cumulative decrease in relative pressure in the 

WSRs over all feeding cycles does not fully account for an exclusive complete hydrogenotrophic 

methanogenic conversion to methane. To understand the carbon fluxes in the given system, both gas 

and liquid samples were withdrawn and analyzed. 
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Table 2-5: Computed cumulative molar mass of injected gas and measured averaged molar quantities of 

H2, CO2 and CH4 at the end of the fed-batch series in the WSRs, which involved the gas mixture órichô 

containing 40 % (v/v) H2, 10 % (v/v) CO2 in Argon.  

 Fed-Batch 

órichô 

H2 [mmol] CO2 [mmol] CH4 [mmol] 

 
× Feedings 250.6 ± 1.9 58.9 ± 0.4 n.d. 

End 20.6 ± 1.6 0.5 ± 0.1 45.7 ± 0.3 

 
Obtained gas chromatography data as shown in table 2-5 demonstrate, that ~99 % of all CO2 was 

consumed by the end of the fed-batch process. On the contrary, about 92 % of the available H2 was 

metabolized during the same time, indicating modest homo-acetogenic processes might have occurred 

during the gas conversion. The methanogenic yield considerably improved during this fed-batch 

campaign in comparison to the experiments with the lean gas mixtures. Instead of 63 % as with earlier 

trials, now 77 % of the totally introduced carbon could be converted to CH4. 

The HPLC profile of the withdrawn samples revealed a neglectable increase in acetate concentrations 

in the reactor brine from 138 mg/L to 146 mg/L, other VFAs could not be detected. The pH value in the 

reactors continued to decrease from pH 9 down to pH 8.5. 

  

Overall, it may be concluded, that the fed-batch campaign involving the rich gas mixture containing 

40 % (v/v) H2, 10 % (v/v) CO2 in Argon generated almost exclusively CH4 as its end product. The 

microbial community adapted to the feeding campaign by growth processes, which fixed CO2 for 

anabolic processes, as also substantiated by increases in extractable gDNA yields. The shape of the 

relative pressure loss curve of the last feeding in figure 2-5 implies, that the fed-batch campaign did not 

completely finish by the time of the final sampling, which could explain the residual H2 in the headspace 

gas and the slightly elevated acetate levels in the reactor brine: It may be hypothesized at this point, 

that both hydrogenotrophic methanogenesis and homo-acetogenesis take place simultaneously 

(Kotsyurbenko et al., 2001) during the fed-batch feedings. After all CO2 is depleted from the headspace 

via both microbial pathways, the residual H2 in the WSRs could serve as an electron donor for 

acetotrophic, methanogenic processes, if the extractable Gibbs free energy exergonically facilitates this 

reaction. The synthesis of intermediary acetate might therefore be considered for the proper 

implementation of geo-methanation in the field. To further elucidate the role of acetate, subsequent 

experiments were conducted to demonstrate the effects of higher substrate concentrations and 

insufficient conversion times on the yields of both hydrogenotrophic methanogenesis and homo-

acetogenesis. 

 

2.3.1.3. The long-term effects of excessive substrate gas feeding on geo-methanation 

After establishing a predominantly methanogenic microbial community in both WSRs via fed-batch 

feeding operations, the pre-conditioned mixed culture was exposed to excessive amounts of both H2 

and CO2. The intention of this experiment was to demonstrate the inherent dynamics of the microbial 

carbon cycle and how elevated partial pressures of substrate applied for several weeks affect the 

progression of geo-methanation and its stability. Two WSRs containing óNussdorf-W-002ô reservoir brine 

with a highly-active methanogenic consortium were selected for two consecutive batch injections with a 

substrate gas mixture containing 80 % (v/v) H2 and 20 % (v/v) CO2 at 20 bar(g). This resulted in partial 

pressures of p(H2) =16 bar and p(CO2) = 4 bar per injection in each WSR. The brine used for this 

experiment was pre-treated identically to that in fed-batch campaigns described in the preceding 

chapter, however the initial acetate concentrate was higher (745 mg/L). Nevertheless, both WSRs were 

predominantly methanogenic directly before the start of the two consecutive batch injections, which had 
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a runtime of 28 days each. Headspace gas samples were taken after each batch injection, before the 

WSRs were flushed with Argon to remove residual H2 and CO2 and subsequently refilled with new 

substrate gas to 20 bar(g). Liquid samples for HPLC analyses and pH readings were collected before 

the first injection and at the end of the second batch conversion. 

  
Table 2-6: Computed molar masses of injected substrates and measured averaged molar quantities of H2, 

CO2 and CH4 at the end of each of the two batch injections into the WSRs (n = 2), which involved a gas 

mixture containing 80 % (v/v) H2 and 20 % (v/v) CO2 applied at 20 bar(g). Each batch conversion lasted for 

a duration of 28 days. 

 

   H2 [mmol] CO2 [mmol] CH4 [mmol] 

 1st Batch 
Start 553.6 ± 12.0 140.2 ± 2.7 0.3 ± 0.1  

End 468.1 ± 30.8 93.6 ± 6.8 12.5 ± 7.5 

 
2nd Batch 

Start 578.7 ± 7.0 141.2 ± 1.8 n.d.  

 End 485.5 ± 2.7 108.3 ± 1.8 4.1 ± 4.1 

 
The compiled gas composition measurement results of both individual batch injections (see table 2-6) 

reveal an incomplete gas conversion as indicated by the high concentrations of residual gaseous educts. 

Most interestingly, an over-stoichiometric consumption of CO2 with regards to hydrogenotrophic 

methanogenesis became apparent in both batches, as deduced from the molar ratios of H2 to CO2. A 

complete conversion of both substrates to CH4 exclusively via hydrogenotrophic methanogenesis would 

result in a 4:1 ratio of consumed H2 to CO2, respectively (compare with equation 2-1). On the other hand, 

this ratio for an exclusively homoacetogenic conversion is 2:1 H2:CO2, respectively (compare with 

equation 2-4). Considering the sum of consumed H2 and CO2 from both batch injections and computing 

the ratio of utilized H2 to CO2, a ratio of 2.2:1 becomes evident, suggesting predominantly homo-

acetogenic conversions to take place in the WSRs. Additionally, the limited generation of CH4 after the 

first batch injection further seized during the course of the second batch, which may imply the subtle 

manifestation of an inhibition of methanogenesis in the WSRs. A more detailed view on the assessed 

hydrochemical parameters compiled in table 2-7 further depicts a substantial shift towards acidic 

conditions, accompanied by an enormous increase of acetate in the reactor brine.  

 
Table 2-7: Selected hydrochemical parameters of reactor brine samples withdrawn from WSRs (n = 2) before 

and after the start of two consecutive batch injections with a gas mixture containing 80 % (v/v) H2 and 20 

% (v/v) CO2 applied at 20 bar(g). 

  pH  

[/] 

Acetic acid 

[mg L-1] 

Formic acid  

[mg L-1] 

Start: 1st Batch 8.4 ± 0.1 745 ± 193 14 ± 1 

End: 2nd Batch 5.0 ± 0.1 4915 ± 195 72 ± 13 

 

Strikingly, the continuous long-term exposure of the previously methanogenic WSRs to gas containing 

high partial pressures of H2 and CO2 induced a functional shift of the microbial community to homo-

acetogenesis. Unfavorably, methanogenic activities ceased at the specified conditions, initiating a self-

enhancing process which holds the potential to terminally abort first methanogenic and eventually 

homo-acetogenic processes, in analogy to failed anaerobic digestion processes (D. T. Hill et al., 

1987). 
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The provided data suggests that the long-term exposure of the methanogenesis-competent microbial 

community of the well óNussdorf-W-002ô to excessive amounts of H2 and CO2 gases (in 4:1 

stoichiometric ratio, respectively) leads to the accumulation of acetate in the given system. If high levels 

of the gaseous substrates are sustained for longer time periods, the affinity towards homo-acetogenic 

pathways continuously rises, resulting in a consequential interruption of methanogenic processes (D. T. 

Hill et al., 1987; Wang et al., 2009). For monitoring purposes during geo-methanation, the ratio of 

consumed H2/CO2 may be considered to approximate the extent of both methanogenic and homo-

acetogenic processes. It needs to be emphasized that acetate also serves as a methanogenic substrate 

which may be re-utilized for the generation of CH4. Acetotrophic reactions are common in analogous 

anaerobic digestion processes but under heavily thermodynamic regulation (Dolfing et al., 2008), which 

directly corresponds to the concentrations / partial pressures of substrate and product gases in the 

observed system. 

To our understanding, the formation of intermediary acetate during geo-methanation cannot be 

completely prevented, thus an efficient bioprocess which utilizes acetate for CH4 production must be 

anticipated to sustain physiological conditions for the proper functioning of methanogenesis. The 

practicability of such a process was demonstrated in our CCR and is described in chapter 2.3.2.1. In 

the following, the applicability of an in-house developed molecular assay to quantify the extent of 

potential methanogenesis and homo-acetogenesis is described. 

2.3.1.4. Molecular assay to assess the extent of acetogenic and methanogenic 

processes 

Within the framework of USC-FlexStore, a molecular biological assay based on quantitative real-time 
polymerase chain reaction technique (qPCR) was under development. In contrast to conventional end-
point PCR, qPCR allows for quantification of a target DNA sequence in the sample. Briefly, in qPCR a 
fluorescence signal is measured in real-time that is directly proportional to the number of target DNA 
molecules generated via the PCR amplification. This amplification is performed in consecutive cycles; 
theoretically, the amount of target is doubled every cycle of amplification. When the fluorescent signal 
rises above the fluorescence threshold (Figure 2-6, horizontal black line), the Ct values (Figure 1, 
intersections of sample amplification curves (colored curves) and the fluorescence baseline) are 
obtained, which are directly proportional to the number of target gene copies in the original sample. The 
more target material in the original sample (Figure 2-6, ñtarget inputò section), the smaller the resulting 
Ct value 
. 

 
Figure 2-6: Relative fluorescence (y axis) vs. cycle number (x axis). Amplification plots are created when 

the fluorescent signal from each sample is plotted against cycle number; therefore, amplification plots 

represent the accumulation of product over the duration of the real-time PCR experiment. The samples 

used to create the plots in this figure (Thermo Fisher Scientific Inc., 2014) are a dilution series of the target 

DNA sequence. 
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In microbial ecology applications of qPCR, the target genetic material typically is the marker gene: a 
gene involved in a specific metabolic pathway and shared across diverse microbial groups that employ 
this metabolism. For methanogenesis, the established marker gene is mcrA (encoding the methyl 
coenzyme M reductase subunit alpha), and for homo-acetogenic metabolism the marker gene is FTHFS 
(encoding for formyltetrahydrofolate synthetase). Quantification of these marker genes allows to 
evaluate the significance and dynamics of the respective metabolisms in the total metabolic network of 
the community. Furthermore, establishing ratios between values obtained for methanogenesis and 
acetogenesis and comparing them at varying conditions allows to evaluate the impact of these 
conditions on the metabolic behaviour of the community on the biomolecular level. The following 
expression 
 

     
ὅὸρά

ὅὸρὥ
Ⱦὅὸςά
ὅὸςὥ
ȟ  Equation 2-6  

 
where ñCt1mò is the Ct value for methanogenesis at condition 1, ñCt1fò - for homoacetogenesis at 
condition 1, ñCt2mò - for methanogenesis at condition 2, ñCt2fò - for homoacetogenesis at condition 2, 
allows to obtain and compare these ratios. If the resulting value is below 1, total metabolism of the 
community shifted towards acetogenesis; if the resulting value is above 1, the total metabolism of the 
community shifted towards methanogenesis 
 
The described analysis was applied to evaluate two samples as a proof-of-concept: 
 

METH (Figure 2-7, blue triplicate): DNA extracted from Nussdorf brine incubated at 10% H2 / 2.5% CO2, 

which demonstrated predominantly methanogenic conversions, 

ACET (Figure 2-7, red triplicate): DNA extracted from Nussdorf brine incubated at 80% H2 / 20% CO2, 

which is expected to promote homo-acetogenesis (compare with table 2-6). 
 

 
Figure 2-7: Amplification curves of target genes mcrA and FTHFS in samples a) METH (blue curves ï 

methanogenic setting), and b) ACET (red curves ï homo-acetogenic setting). All qPCR amplifications were 

carried out as technical triplicates: 

 
The mean Ct values (calculated from technical triplicates) are presented in table 2-8: 

 
Table 2-8: Mean Ct values of qPCR amplification of mcrA (methanogenesis marker gene) and FTHFS 

(acetogenesis marker gene) at two conditions: METH (methanogenic condititions) and ACET (acetogenic 

conditions) 

 METH ACET 

mcrA 14.53 16.89 

FTHFS 22.47 19.38 

 

After equation 2-6, the desired ratio may be calculated as follows: (METHm/METHf)/(ACETm/ACETf) = 

(14/22.47)/(16.89/19.38) = 0.74 
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The value obtained is below 1, which suggests that the total metabolism of the community shifted 

towards acetogenesis in response to the series of treatments provided in between. This is in good 

agreement with the observed decrease in methane generation (Table 2-6) and measured acetate 

accumulation in the reactor brine (Table 2-7) in response to the injection of 80 % (v/v) H2 and 20 % (v/v) 

CO2 at 20 bar(g). 

 

Additionally, a ratio may be established between the same marker gene across the two samples (given 

that input DNA amount has been normalized) via the following expression: 
 

      Ƞ  Equation 2-7 

 
From this ratio it can be determined whether the share of a certain metabolism in the total metabolism 

of the community has increased (value >1) or decreased (value <1). For methanogenesis, the value 

calculated is 0.86, suggesting a decrease in methanogenic activity, whereas for acetogenesis it is 1.16, 

suggesting an increase of acetogenesis in the total metabolism of the community. Note that while these 

calculations may appear to suffice an identical enquiry as compared to the ratio obtained via calculation 

of equation 2-6, a scenario may be imagined where both metabolisms decrease over the course of the 

evaluated period, but one decreases less and the other decreases more, e.g., both values obtained are 

>1. In this case, it may still be further determined that, within the share of the community that employ 

the two compared metabolisms, a shift has occurred towards the metabolism with the larger value (that 

is still below 1). 

 

However, the following consideration must be taken in account. The so-called amplification efficiency ï 

the ñcompletenessò of doubling of the target material during each cycle ï will affect the resulting Ct 

values. If the amplification efficiency is outside of the recommended range of 90%-110%, the Ct values 

obtained are not considered optimal (Ruijter et al., 2013). Several ways exist to estimate amplification 

efficiency (Brankatschk et al., 2012). Here, the LinRegPCR methodology (Ramakers et al., 2003) was 

employed to obtain the following efficiency values (Table 2-9): 

 
Table 2-9: Amplification efficiency values for amplification of mcrA (methanogenesis marker gene) and 

FTHFS (acetogenesis marker gene) at two conditions: METH (methanogenic conditions) and ACET 

(acetogenic conditions) 

 METH ACET 

mcrA 85% 88% 

FTHFS 89% 85% 

 
On the one hand, these amplification efficiency values are slightly below the recommended range. On 

the other, they are comparable to each other, therefore an interpretation of resulting Ct values is 

possible. However, additional optimization of the method is required to reproducibly obtain desired 

amplification efficiencies. 

Furthermore, the method described above has been developed on the level of DNA content of the 

sample. Finer time-resolution into metabolic processes may be obtained by surveying the community 

on the level of gene expression (RNA gene transcripts), for which the method is extended to RNA 

extraction, RNA reverse transcription to cDNA and the following qPCR evaluation of the targets from 

the obtained cDNA pool. The RNA part of the total method, along with final optimization of the DNA-

based qPCR, is being developed in the framework of the follow-up project ñCarbon-Cycle Economy 

Demonstrationò (C-CED). 
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 Geo-Methanation experiments in CCR with rock cores 

All previously described gas conversion experiments were conducted at relatively low total pressures 

(up to 20 bar(g)) and without the involvement of rock material. This highly simplified experimental setup 

does not resemble the environmental conditions in situ, but allows to investigate fundamental dynamics 

inherent to geo-methanation. To establish a more realistic understanding of the microbial processes 

occurring in the formation, a more comprehensive reactor system (CCR) was operated. Each of these 

reactors carries a 1 m long sealed porous sandstone, saturated with microbially-active formation brine. 

In contrast to the WSR, the CCR exhibits a comparable surface-area-to-volume ratio to the porous 

reservoir rock, which allows the computation of more realistic methanogenic conversion rates. 

Additionally, the contained sandstone introduces some pH buffering capacity due to possible rock-liquid 

interactions, which may affect the dynamics of the microbial metabolisms. To assess methanogenic 

conversion rates, two sets of fed-batch conversion experiments in CCR involving two different formation 

brines (originating from óNussdorf-W-002ô and óLESP-001Aô, the SFTF in Lehen) were conducted. For 

illustrative purposes, the public report of USC-FlexStore only highlights the obtained results for the 

experimental series involving the formation brine of the SFTF in Lehen. Prior to the start of the fed-batch 

trial, accumulated acetate from previous experiments had to be depleted from both CCR. 

2.3.2.1. The fate of acetate ï a potential substrate for methanogenesis 

Potential acetate accumulation during geo-methanation does not strictly correspond to an irreversible 

loss of energy due to the conversion of H2 and CO2 to dissolved acetate in formation brine. At distinct 

conditions, acetate serves as a prevalent substrate for methanogenic processes, either by direct 

acetoclastic methanogenesis (equation 2-2) or via syntrophic acetate oxidation in association with 

hydrogenotrophic methanogenesis (equation 2-1 and 2-5). 

 

The following CCR experiments were devised to demonstrate the consumption of acetate and other 

VFAs for the synthesis of CH4. As a starting point, CCR filled with óLESP-001Aô formation brine with 

acetate concentrations ranging between 2.5 and 4 g/L were subjected to a fed-batch process to assess 

methanogenic reaction rates for the aforementioned reaction pathway. For this purpose, a non-

stoichiometric gas mixture containing 10 % (v/v) H2, 0.5 % (v/v) CO2 in Argon was selected for the 

injection into two pretreated CCRs. The pretreatment of the reactors was intended to condition the 

microbial community for acetate oxidation and involved two batch injections with the respective non-

stoichiometric gas mixture at 5 bar(g) for 16 days and subsequently 10 bar(g) for 8 days. The following 

fed-batch campaign consisted of four consecutive fillings at 10 bar(g) each and lasted for 28 days. 

 

The obtained normalized relative pressure loss curves for the fed-batch experiment are given in Figure 

2-8. It needs to be emphasized, that a complete methanation of all exogenous CO2 with H2 would 

correspond to a maximum apparent relative pressure loss of 2 % (0.5 mol CO2 reacts with 2 mol of H2 

to generate 0.5 mol of CH4). However, throughout the fed-batch process considerably higher relative 

pressure losses were detected in both CCRs, which converged at later stages to values of about 10 %. 

The most plausible explanation for this observation might be related to the introduced excess of H2, 

which could serve as an electron donor for hydrogenotrophic methanogenesis on basis of emerging 

CO2 from acetate oxidation (compare with both equation 2-2 and 2-5). The observed variance in 

pressure development as indicated by the error bars was considerably higher during this experiment as 

with the earlier described fed-batches which were operated in the WSR (relate to both Figure 2-4 and 

Figure 2-5). One factor contributing to this high variance might be the difference in acetate 

concentrations between CCR1 and CCR2. At equilibrium conditions, higher acetate concentrations 

evoke higher concentrations of H2 and CO2 in the gas phase, which in return could positively stimulate 

methanogenic reaction rates by first-order kinetics (Johnson and Goody, 2011). 
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Figure 2-8: Normalized relative pressure loss curves of a fed-batch feeding campaign with óLESP-001Aô 

formation brine in CCR involving non-stoichiometric gas mixture 10 % (v/v) H2, 0.5 % (v/v) CO2 in Argon at 

10 bar(g) per feeding. The standard deviations for both the first and last feeding cycles are given (n = 2). In 

total four chronologically sorted curves are shown, curve A relating to the first feeding and curve D relating 

to the last feeding of the Fed-Batch. 

 

The deflection of the pressure curve corresponding to the first feeding (A) in Figure 2-8 shows an 

increase in reactor pressure and hence implies the production of gas during this stage of operation. This 

trend remains visible throughout every individual feeding of the entire fed-batch campaign, however with 

weakening emergence. The damping of observed gas production at later stages of the fed-batch might 

be due to both decreasing acetate concentration in the system and feedback inhibition via accumulation 

of CH4. To gain further insights on the occurring processes in the CCR, liquid samples were withdrawn 

at the start and at the end of the fed-batch campaign and analyzed. A summary of the most relevant 

hydrochemical parameters is compiled in table 2-10. 
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Table 2-10: Selected hydrochemical parameters at the start and end of a fed-batch experiment involving 

non-stoichiometric gas mixture 10 % (v/v) H2, 0.5 % (v/v) CO2 in Argon in CCR1 and CCR2. Liquid samples 

were withdrawn at both the Inlet and the Outlet side of each CCR. 

     pH  

[/] 

Acetic 

acid [mg L-

1] 

Formic acid 

[mg L-1] 

Butyric acid 

[mg L-1] 

i-Butyric acid 

[mg L-1] 

CCR

1 

Inlet 
Start 6.8 3100 33 599 65 

End 7.8 874 35 198 63 

Outle

t 

Start 7.1 2595 33 315 52 

End 7.4 3343 36 391 56 

                

CCR

2 

Inlet 
Start 7.1 3795 32 488 227 

End 7.9 1907 n.d. 443 254 

Outle

t 

Start 7.1 3660 33 482 238 

End 7.7 3617 33 496 236 

 

As a brief reminder, Figure 2-3 shows two possible sampling points at each end of the CCR ï the Inlet 

and the Outlet. Gas injections into the CCR are accomplished via the Inlet side, which consequentially 

leads to higher partial pressures of substrate gases at this side in comparison to the Outlet side which 

is about 1 m apart. The hydrochemical data of table 2-10 reveals a consistent increase in pH for CCR1 

and CCR2 at both reactor sides. One explanation for the pH shift towards more alkaline conditions may 

be the utilization of acetate or other VFAs from reactor brine. Indeed, a substantial decrease in acetate 

levels could be detected at the Inlet sides of both CCR. Nonetheless, CCR1 showed a minor increase 

of acetate concentration at its Outlet side, which currently cannot be explained. 

 

Generally, it must be stated that acetate concentrations do considerably vary between different sides of 

the CCR. Consequentially, a reliable quantification of the total acetate or VFA pools was not feasible for 

both CCRs, which in return complicated the computation of methanogenic conversion rates. However, 

an alternative mode of methanogenic rate computation was anticipated (see chapter 2.2.6) which relied 

on assessed gas chromatography (table 2-11), void gas volume per CCR and pressure data. 

 
Table 2-11: Gas composition of process gas samples withdrawn from both the Inlet and Outlet side of each 

CCR after completion of fed-batch involving a non-stoichiometric gas mixture containing 10 % (v/v) H2, 0.5 

% (v/v) CO2 in Argon. 

     H2 [% (v/v)] CO2 [% (v/v)] CH4 [% (v/v)] 

  CCR1 
Inlet 0.29 n.d. 3.16 

Outlet 0.34 0.01 2.73 

  
CCR2 

Inlet n.d. 0.01 4.08 

  Outlet n.d. 0.03 4.31 

 

Taking a closer look at the compiled gas composition data of the withdrawn gas samples, an almost 

complete consumption of both H2 and CO2 in both CCRs becomes evident. Residual traces of H2 could 

still be detected at both the Inlet and Outlet side of CCR1, which might suggest that either the gas 

conversion process did not completely finish up to the point of sampling. On the contrary, no residual H2 

could be detected in CCR2, intriguingly traces of CO2 could still be measured at both sides of the reactor. 
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Gas samples withdrawn from both CCR attested for predominant methanogenic activities. The amount 

of formed CH4 clearly exceeded the amount of CH4 which could theoretically be ascribed to the 

introduced exogenous CO2. 

  

Considering the data presented in Figure 2-8, table 2-10 and table 2-11, it may be concluded that acetate 

was consumed via methanogenic processes at the specified conditions. Due to the inhomogeneous 

distribution of acetate throughout the CCR, no accurate statements on the extent of acetate utilization 

can be made. However, an averaged methanogenic evolution rate (MER) for the illustrated fed-batch 

experiment involving the respective non-stoichiometric gas mixture could be computed on basis of the 

described method in chapter 2.2.6 with a determined t95 = 3.89 days: 

 

MER = 0.089 ± 0.028 m³ CH4 * m³ pore space volume-1 * day-1 

 

It needs to be emphasized that the given methanogenic conversion rate is merely valid for the specified 

condition (acetate levels, 10 bar(g) feeding batches of the non-stoichiometric gas mixture and the given 

feeding interval). Due to the endergonic nature of the acetate oxidation process, variations of the 

process conditions e.g., applied partial pressures of both gaseous substrates, are expected to widely 

affect the biocatalytic conversion rate due to potential product inhibition. To stimulate optimal rates of 

acetate oxidations towards H2 and CO2, a limitation of both molecules in the given system should be 

anticipated according to Le Chatelierôs principle. 

2.3.2.2. Efficient geo-methanation with óleanô stoichiometric gas mixtures in CCRs 

(SFTF) 

Based on preliminary experimental data obtained during the predecessor project Underground Sun 

Conversion (Bauer, 2021), an inhibitory effect of extensively accumulated acetate and VFAs on geo-

methanation rates during geo-methanation was presumed. This relationship was clearly proven with 

WSR experiments highlighted in chapter 2.3.1.3, which revealed an almost entire abolition of 

methanogenesis when reaching a critical acetate concentration of 4915 mg/L at pH 5. However, CCR 

experiments with formation brine containing acetate concentrations of > 2.5 g/L demonstrated the 

reproducible methanogenic utilization of acetate to CH4 when applying a non-stoichiometric gas mixture 

at limited pressures. In comparison to gas conversion experiments from earlier projects involving 

stoichiometric gas mixtures at neglectable acetate concentrations in the CCRs, the progression of the 

gas conversion for the shown acetotrophic feeding scenario involving non-stoichiometric gas mixtures 

(Figure 2-8) was considerably slower. To assure economically-feasible, performant and robust Geo-

Methanation, the generation and relatively slow subsequent re-utilization of acetate should be 

prevented. Hence, an evaluation of critical process boundaries in CCR experiments involving 

stoichiometric gas mixtures was pursued.  

 

In the following fed-batch campaign we continued the operation of both CCR used earlier and assessed 

relevant process metrics when using a stoichiometric gas mixture containing 10% (v/v) H2, 2.5 % (v/v) 

CO2 in Argon. Similar to the prior fed-batch, 10 bar(g) of this gas mixture were injected. However, the 

feeding interval was shortened to 6 days, summing up to a total runtime of 24 days. The recorded 

averaged, relative pressure loss curves are depicted in figure 2-9. 
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Figure 2-9: Normalized relative pressure loss curves of a fed-batch feeding campaign with óLESP-001Aô 

formation brine in CCR involving gas mixture 10 % (v/v) H2, 2.5 % (v/v) CO2 in Argon at 10 bar(g) per feeding. 

The standard deviations for both the first and last feeding cycles are given (n = 2). The horizontal line at 

pt/p0 = 0.90 represents the maximum theoretical pressure loss per feeding cycle, if exclusive 

hydrogenotrophic methanogenesis is assumed. In total four chronologically sorted curves are shown, 

curve A relating to the first feeding and curve D relating to the last feeding of the Fed-Batch. 

 

Similar to CCR experiments involving the non-stoichiometric gas mixture (Figure 2-8), a strong tendency 

for gas formation becomes apparent for both CCR, particularly during the first feeding cycle as indicated 

by curve óAô. This does not come as a surprise, since both CCRs still contained high levels of acetate 

and other VFAs at the start of the experiment (table 2-10). Once again, a damping of the observed gas 

production at later stages of the fed-batch becomes obvious. The increasing steepness of the relative 

pressure loss curves during the early phases of the feeding cycles imply accelerating reaction rates over 

the course of the fed-batch campaign. Curve óDô contains an artifact shortly after day 1, which can be 

ascribed to a temporal power cut which occurred during this time. 
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Table 2-12: Selected hydrochemical parameters at the start and end of a fed-batch experiment involving 

stoichiometric gas mixture 10 % (v/v) H2, 2.5 % (v/v) CO2 in Argon in CCR1 and CCR2. Liquid samples were 

withdrawn at both the Inlet and the Outlet side of each CCR. 

     pH  

[/] 

Acetic 

acid [mg L-

1] 

Formic acid 

[mg L-1] 

Butyric acid 

[mg L-1] 

i-Butyric acid 

[mg L-1] 

CCR

1 

Inlet 
Start 7.8 874 35 198 63 

End 7.7 34 n.d. n.d. n.d. 

Outle

t 

Start 7.4 3343 36 391 56 

End 6.8 3246 n.d. 350 19 

                

CCR

2 

Inlet 
Start 7.9 1907 n.d. 443 254 

End 7.7 789 n.d. 209 192 

Outle

t 

Start 7.7 3617 33 496 236 

End 7.6 1574 n.d. 380 173 

 

The hydrochemical data derived from samples withdrawn at the start and the end of the series compiled 

in Table 2-12 reveals a net decrease in acetate and other VFA concentrations during the fed-batch 

involving the stoichiometric óleanô gas mixture. Furthermore, the pH values remained constant in both 

CCRs except for a minor decrease in pH at the Outlet side of CCR1. Overall, this data implies a stable 

operation of geo-methanation utilizing both H2 and CO2 as well as acetate at the given conditions. 

 
Table 2-13: Gas composition of process gas samples withdrawn from both the Inlet and Outlet side of each 

CCR after completion of fed-batch involving a stoichiometric gas mixture óleanô containing 10 % (v/v) H2, 

2.5 % (v/v) CO2 in Argon. 

     H2 [% (v/v)] CO2 [% (v/v)] CH4 [% (v/v)] 

  CCR1 
Inlet 0.01 0.17 2.95 

Outlet 0.05 0.08 2.89 

  
CCR2 

Inlet 0.03 0.30 4.59 

  Outlet 0.05 0.29 4.73 

 

Additionally, gas samples were withdrawn at both the Inlet and Outlet of each CCR after the completion 

of the Fed-Batch. The gas composition data of table 2-13 demonstrates an almost entire consumption 

of H2 from both CCRs. Larger quantities of CO2 remained in the gaseous phase, in particular obvious 

for CCR2, implying the presence of acetotrophic processes which generate both carbon dioxide and 

CH4. The latter compound was formed extensively in both CCRs, however similar to the gas composition 

data in table 2-11 CCR2 showed a higher methanogenic activity in comparison to CCR1. Again, the 

recorded data was used for the computation of methanogenic evolution rates (MER) based on the 

relative pressure loss curve of the last feeding cycle óDô for the respective conditions: 

 

MER = 0.355 ± 0.021 m³ CH4 * m³ pore space volume-1 * day-1 

 

The computed MER for the fed-batch campaign employing stoichiometric gas mixture óleanô with 

reservoir brine from the SFTF in Lehen is highly affected by ongoing acetotrophic processes, leading to 

a probable overestimation of the apparent methanogenic conversion rate. An exclusive assignment of 



   

 

Final Report: Underground Sun Conversion ï Flexible Storage  39/260 

generated CH4 to exclusive hydrogenotrophic methanogenesis is not possible in this specific case, since 

the total extent of acetate and other VFA depletion in the CCRs cannot be determined. An averaged 

conversion time (t95) was computed to be 1.07 days. For validation of the described computational 

approach applied to acetotrophic conditions, the gas composition at the lowest measured pressure in 

the reactor was determined during a subsequent batch conversion conducted at the same conditions, 

showing an almost entire consumption of both H2 and CO2 from the gas phase at this time point (data 

not shown). Hence it may be concluded, that the point of the lowest apparent pressure in the reactor 

also corresponds to the point where all gaseous substrate was consumed, provided that no homo-

acetogenesis is occurring. 

2.3.2.3. Efficient geo-methanation with órichô stoichiometric gas mixtures in CCRs 

(SFTF) 

The outcome of the fed-batch series involving the stoichiometric óleanô gas mixture attested for robust 

geo-methanation in both CCRs due to absent VFA accumulation and over stoichiometric CH4 

generation. One economic limitation of geo-methanation is the huge energy demand for pumps to inject 

and circulate gases in the reservoir. One approach to increase the efficiency of the overall process would 

be to reduce the share of carrier gas during injection. Therefore, the following fed-batch campaign strives 

to evaluate the applicability of gas mixtures containing higher shares of H2 and CO2. 

 

After accomplishing the conversion trials with the stoichiometric óleanô gas mixture, both CCRs with 

reactor brine originating from the SFTF in Lehen were subjected to another fed-batch campaign 

involving a substrate gas mixture containing 40 % (v/v) H2, 10 % (v/v) CO2 in Argon, referred to as órichô. 

Four successive feedings with 10 bar(g) of the órichô gas-mixture were initiated every 7 days, summing 

up to a total runtime of 28 days. 

  

The online pressure monitoring during the Fed-Batch campaign employing the órichô gas mixture (as 

depicted in figure 2-10) shows a minor gas formation tendency in the late phase of the first feeding cycle. 

Once again, this slight increase in reactor pressure towards the end of the feeding cycle most probably 

relates back to ongoing microbial gas production from acetate. In contrast to the two previous fed-

batches in the CCRs, the intrinsic tendency for gas formation declines, most likely due to lower acetate 

concentrations in both reactors. All subsequent feeding cycles exhibited a similar progression, as judged 

upon by the comparable deflections of the relative pressure loss curves. The apparent gas conversion 

rates accelerated from feeding cycle to feeding cycle, as indicated by the increasing steepness of the 

relative pressure loss curves. The observed relative pressure losses of all cumulated feedings stand in 

good agreement with the theoretical relative pressure loss of 40 %, as indicated by the red line in 

Figure 2-10. 
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Figure 2-10: Normalized relative pressure loss curves of a fed-batch feeding campaign with óLESP-001Aô 

formation brine in CCR involving gas mixture 40 % (v/v) H2, 10 % (v/v) CO2 in Argon at 10 bar(g) per feeding. 

The standard deviations for both the first and last feeding cycles are given (n = 2). The horizontal line at 

pt/p0 = 0.60 represents the maximum theoretical pressure loss per feeding cycle, if exclusive 

hydrogenotrophic methanogenesis is assumed. In total four chronologically sorted curves are shown, 

curve A relating to the first feeding and curve D relating to the last feeding of the Fed-Batch. 

 

Reactor brine samples were taken at the beginning and the end of the fed-batch experiment and used 

for in-house analyses. A summary of selected hydrochemical parameters is given in table 2-14. Overall, 

it may be concluded that all determined VFA levels were receding over the course of the experiment. 

Also, pH values were maintained in a range which is beneficial for methanogenesis. The presented data 

suggests, that stable and efficient geo-methanation is feasible with the applied feeding scheme involving 

gas mixtures containing higher shares of both H2 and CO2.  
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Table 2-14: Selected hydrochemical parameters at the start and end of a fed-batch experiment involving 

stoichiometric gas mixture 40 % (v/v) H2, 10 % (v/v) CO2 in Argon in CCR1 and CCR2. Liquid samples were 

withdrawn at both the Inlet and the Outlet side of each CCR. 

     pH  

[/] 

Acetic 

acid [mg L-

1] 

Formic acid 

[mg L-1] 

Butyric acid 

[mg L-1] 

i-Butyric acid 

[mg L-1] 

CCR

1 

Inlet 
Start 7.6 246 n.d. 20 n.d. 

End 7.5 145 n.d. n.d. n.d. 

Outle

t 

Start 6.6 3013 n.d. 355 21 

End 6.9 2610 n.d. 301 20 

                

CCR

2 

Inlet 
Start 7.6 686 n.d. 129 146 

End 7.8 382 n.d. 45 48 

Outle

t 

Start 7.4 896 n.d. 275 150 

End 7.8 251 n.d. 46 41 

 

Further information could be gathered via gas chromatography: According to the presented gas 

composition data in table 2-15, nearly all gaseous substrates were converted to CH4. Besides traces of 

H2 in both CCRs, carbon dioxide could be detected in both reactors, which most likely originates from 

acetate oxidation processes as described earlier. 

 
Table 2-15: Gas composition of process gas samples withdrawn from both the Inlet and Outlet side of each 

CCR after completion of a fed-batch experiment involving a stoichiometric gas mixture órichô containing 

40% (v/v) H2, 10 % (v/v) CO2 in Argon. 

     H2 [% (v/v)] CO2 [% (v/v)] CH4 [% (v/v)] 

  CCR1 
Inlet 0.01 0.40 10.63 

Outlet 0.03 0.25 11.60 

  
CCR2 

Inlet 0.14 0.43 12.26 

  Outlet 0.01 0.36 12.36 

 

The aggregated data of the previous analyses attests for stable and efficient geo-methanation at the 

given conditions. Despite the increase in substrate concentrations by the factor of four in comparison to 

the óleanô gas mixture, no accumulation of VFAs could be detected over the course of the experiment. 

Based on the determined free pore space volume, the gas composition and pressure data, an averaged 

methane evolution rate could be computed:  

  

MER = 0.167 ± 0.025 m³ CH4 * m³ pore space volume-1 * day-1 

 

Based on the live pressure monitoring throughout the last conversion cycle, an averaged t95 = 4.25 days 

could be determined for the computation of the MER. Due to limited gas formation in the reactors 

according to the relative pressure profile, the calculated value gives a good estimate on methanogenic 

reaction rates, which predominantly feed on gaseous products.  
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The analysis of additional DNA sequencing data from selected WSR and CCR experiments is currently 

ongoing and will be the subject of two upcoming scientific publications authored by members of the 

BOKU team.  

2.4 Conclusion 

geo-methanation offers a means to convert renewable energy to a chemical energy carrier, i.e. green 

methane, fully compatible with the existing gas infrastructure. The translocation of this conversion 

process into the underground by using natural gas storage facilities should provide the high capacity 

needed for seasonal energy conservation which is associated with the de-fossilation of the global energy 

supply. 

Certain factors may affect the success of the geo-methanation process in a suitable reservoir, most 

importantly the partial pressures of substrate gases and the pH. Analysis of microbial and physico-

chemical characteristics prevailing in the reactor and monitoring of process parameters provides 

information on potential and ongoing microbial pathways. The ratio of consumed H2/CO2 is informative 

to estimate the extent to which competing pathways such as homo-acetogenesis and hydrogenotrophic 

methanogenesis are present and potentially active. Furthermore, molecular monitoring tools based on 

quantitative PCR of selected functional marker genes allow us to estimate the genetic abundance of the 

aforementioned pathways.  

To achieve and maintain high methanation efficiency, the supply of substrate gases needs to be 

balanced properly since several microbial processes are competing for the same substrates. An 

increased partial pressure of carbon dioxide will reduce the pH in the reactor system which will favor 

homo-acetogenesis. According to literature, the optimal pH range for homo-acetogens is between 5 ï 

5.5, while methanogenesis operates best in a range from 6.5 ï 7.5 (Ishak et al., 2022). Establishing a 

pCO2 of 4 bar in the experimental series using only reservoir brine without drill cores, resulted in a drop 

of pH to a value of 5.0 and the accumulation of 4.9 g/L of acetate. It must be noted though, that the 

presence of sufficient buffer capacity allows for a stable operation of the process at comparable pCO2. 

This was previously demonstrated in the predecessor project Underground Sun Conversion, where a 

robust geo-methanation process operated at pCO2 of 3 bar could be maintained in reactors containing 

rock cores of the Haller series (Bauer, 2021). Given the fact that the buffer capacity existing in the 

reservoir needs to be assessed in a side specific manner, the first measure to control the pH in the 

reservoir is limiting the amount of carbon dioxide that is injected. Different operational modes of geo-

methanation have been investigated in a number of reactor experiments mimicking reservoir conditions. 

Out of them, fed-batch operation turned out to be an appropriate reactor setting not prone to process 

failure. Therefore, it is most recommended for the field application of geo-methanation, which stands in 

good agreement with the strategic scope of this technique to compensate for the volatile mode of energy 

generation and to provide high-capacity for energy storage for seasonal balance. Fed-batch 

experiments employed two separate formation brines of different geological origin and two gas mixtures 

with varying H2 and CO2 contents. Methane evolution rates for all tested gas mixtures were in a range 

between 0.08 and 0.35 m³ CH4 * m³ pore space volume-1 * day-1. 

Another option to keep pCO2 and pH low, is ñdilutingò the substrate gases by using a carrier gas such 

as natural gas. This may seem to be a costly and inefficient possibility. But it has to be considered that 

also for conventional sub-surface gas storage, it is technically necessary to maintain a certain minimum 

pressure in the storage (cushion gas). Carrier gas could be used to meet this requirement in the case 

of gas storage combined with geo-methanation. Still, we consider fed-batch operation as the more cost-

efficient and viable mode for converting green hydrogen and carbon dioxide to renewable methane. 

Accumulation of acetate as a consequence of applying too high partial pressures of substrate is not 

necessarily a total loss of energy. We demonstrated a way to deplete the acetate pool and re-stimulate 

methanogenesis. This was accomplished by the means of involving a non-stoichiometric gas mixture 
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with 10 % (v/v) H2 and 0.5 % (v/v) CO2. For the depletion of acetate and other VFAs during CCR 

experiments with óNussdorf-W-002' formation brine, a gas mixture containing 10 % (v/v) H2 in Argon was 

succesfully used. It must be mentioned though, that we observed comparably low reaction rates and 

long recovery times at the outlined non-stoichiometric feeding scenarios. The utilization of non-

stoichiometric gas mixtures with relatively low H2 contents in comparison to CO2 (e.g., a 2:1 ratio 

respectively) was not further anticipated due to consequential biasing towards unwanted homo-

acetogenic processes. Consequently, it is recommended to prevent excessive intermediate acetate 

production by establishing a subsurface environment that channels hydrogen towards methanogenesis 

rather than the competing microbial pathway. 
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2.5 Abbreviations 

ȹGoô Standard Gibbs free energy at physiological conditions 

AM Acetoclastic Methanogenesis 

ATP Adenosine TriphosPhate 

BOKU Universität für BOdenKUltur (University of Natural Resources and Life Sciences) 

cDNA Complementary DesoxyriboNucleic Acid 

CH3COO- Acetate 

CH3OH Methanol 

CH4 Methane 

CO2 Carbon-Dioxide 

CCR Confined Core Reactors 

Ct Cycle threshold 

DNA DesoxyriboNucleic Acid 

EC Electrical Conductivity 

FFG ForschungsFörderungsGesellschaft (Austrian Research Promotion Agency) 

GC Gas Chromatography 

gDNA genomic DesoxyriboNucleic Acid 

H2 Hydrogen 

H2O Water 

H2S Hydrogen Sulfide 

H2SO4 Sulfuric Acid 

HM Hydrogenatrophic Methanogenesis 

HPLC High Performance Liquid Chromatography 

ISO International Organization for Standardization 

kJ Kilojoule 

mD milliDarcy 

MER Methane Evolution Rate 

MM Methylotrophic Methanogenesis 

mm Millimeter 

N2 Nitrogen  
n.d. Not detected 

nM Nanomolar 

O2 Oxygen 

p.a. Pro analysi 

pCO2 Partial Pressure CO2 

PCR Polymerase Chain Reaction 

pH Acidity 

PLC Programmable Logic Controller 

PDD Pulsed Discharge Detector 

rRNA ribosomal RiboNucleic Acid 

SAO Syntrophic Acetate Oxidation 

SFTF Scientific field test facility 

t95 Time at which 95% of the maximum relative pressure loss was observed 

TC Total Carbon 

TIC Total Inorganic Carbon 

TOC Total Organic Carbon 

VFA Volatile fatty acids 

v/v Volume per volume 

W Watt 

WSR Wellbore Simulation Reactor 

wt% Mass fraction 

qPCR quantitative real-time Polymerase Chain Reaction 
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3 Geo-methanation in porous reservoirs 

3.1 Introduction 

Initially filled with natural gas and depleted during gas production, porous reservoirs have been in use 

for the storage of natural gas for decades. Besides natural gas, in the near future also H2 will play a 

significant role serving as energy carrier and storage medium. The storage of natural gas enriched with 

H2 within a porous reservoir has been demonstrated in field tests within the research project 

ñUnderground Sun Storageò (ñUSSò)while the subsurface storage of 100 % H2 will be demonstrated 

within the project ñUnderground Sun Storage 2030ò (ñUSS2030ò) (https://www.uss-2030.at/en/). During 

the project ñUnderground Sun Conversionò it was proven, that a porous reservoir is suitable not only for 

the safe storage, but also for the conversion of H2 and CO2 to methane (Pichler, 2021). For this purpose, 

natural gas enriched with H2, and CO2 is injected into the reservoir, where methanogenic archaea 

convert these feed-gases to CH4 and water (see equation 3-1) in a process called geo-methanation (see 

figure 3-1).  

 

Equation 3-1  τὌ ρὅὕ  ρ ὅὌ ςὌὕ  

 

These microorganisms are endemic to the reservoir and were involved in the original natural gas 

generation when the reservoir and its surrounding cap rock was deposited. More details to the microbial 

consortia can be found in chapter 2. 

Based on this prove of concept the field experiments in ñUnderground Sun Conversion ï Flexible 

Storageò were set up to further understand the overall process and optimize parameters for a reliable 

conversion with high rates. A major focus was set on the demonstration and investigation of flexible 

operating modes, as this flexibility will be needed in a future energy system. This includes the injection 

of different feed-gas ratios to figure out the limits and optima for geo-methanation.  
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Figure 3-1: Scheme of the Underground Sun Conversion process, where H2 and CO2 are converted to CH4 

and water. 

In general, there are today two kinds of subsurface structures that can be used for the storage of natural 

gas. One being artificially generated salt caverns and the other being naturally occurring porous 

structures. Salt caverns can be ruled out for geo-methanation as the high salinity inhibits microbial 

growth to a certain extent. The porous reservoirs are divided into depleted gas reservoirs and aquifer 

storages, the difference being that the former one has already been filled with gas and the later one is 

filled with water. 

Both structures can potentially contain methane generating microbes which have been deposited in the 

subsurface along with the sandy material making up the reservoir. During the Underground Sun 

Conversion project, a thorough screening of RAGôs own reservoirs as well as an internal literature review 

on the potential of subsurface formations to act as geo-methanation reactors has been done. So far, 

every gas reservoir in RAGôs assets that was tested contained a microbial consortium able to metabolize 

hydrogen and carbon dioxide into methane. As a rule of thumb all subsurface reservoirs worldwide that 

contain gas of biogenic origin can be used as geo-methanation facilities. These make up about 20% of 

the known gas reservoirs in the world summing up to roughly 15 trillion Nm³ of volume (Rice, 1992). 

The physico-chemical parameters of a reservoir required for geo-methanation are determined by the 

physiology of the methanogenic archaea.  According to laboratory experiments this means a 

temperature window between 35 °C to 70 °C and a salinity below 4.4M and a pH-value between 6 and 

9. The pressure might also have an influence on microbial growth, but this is not yet fully understood 

and needs further investigation (Dopffel et.al. 2021). 
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These parameters can be seen as given as soon as a reservoir is chosen for Underground Sun 

Conversion. Other parameters, which can be adapted during operation, have a major influence on the 

overall process. These include operation modes, injection/withdrawal rates, shut-in times and feed-gas 

composition. Depending on the available number of wells different operation modes can be applied for 

the geo-methanation process: 

¶ Batch mode 

A gas mixture is injected into the reservoir and stored for a predefined amount of time, before it is 

withdrawn. For this mode one well is sufficient, each additional well can increase the performance. While 

this mode involves the least effort, it also offers little room for influence during operation. 

¶ Cycle mode 

For this mode at least two wells are necessary. While a gas mixture is injected into one well, at the other 

one gas is withdrawn and recycled to the first well. At this point additional H2/CO2 can be admixed, 

increasing the flexibility and opportunities for influence on the overall process. Also, the continuous gas 

flow enables the injected gas to reach as large an area of the reservoir as possible. This increases 

methanation rates, more methanogenic archaea are supplied with feed gases. 

The feed gas composition plays a significant role, as it directly influences the production rates of 

microbial consortia responsible for geo-methanation (methanogenesis). On the one hand, geo-

methanation rates themselves are highest with a certain H2in/CO2in ratio. On the other hand, 

methanogenesis may also be accompanied by other microbial reactions such as acetogenesis. 

Microorganisms following these competing pathways are favoured with certain H2in/CO2in ratios and may 

lead to a loss of H2 or in worst case an acidification of the reservoir. More information on these microbial 

pathways can be found in chapter 2. 

 

3.2 Materials, Methods 

 Field test site 

A depleted gas reservoir situated within the assets of RAG Austria AG in Upper Austria is used to act 

as a field test site. This reservoir was already used for field experiments for the projects ñUnderground 

Sun Storageò (ñUSSò) and ñUnderground Sun Conversionò (ñUSCò). Figure 3-2 and figure 3-3 give a 

schematic overview of the main package units and an aerial view of the field test site, respectively. 
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Figure 3-2: Schematics of the Underground Sun Conversion Facility 

A few facts and figures: 

¶ Electrolysis: 500 kW alkaline 

¶ CO2 logistics: 18 t buffer tank; liquid CO2 via trailer from bioethanol production 

¶ Compressor: piston compressor 

¶ Drying unit: silica drying 

¶ Gas conditioning: membrane technology 

¶ Gas Chromatography 

¶ Wells:  

o LEH-002A ï original production well, recompleted for energy storage purposes 

o LESP-001A ï well for cycle operation mode 
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Figure 3-3: Aerial view of the field test site 

 Reservoir characterization 

The reservoir rock is a litharenitic sandstone with a weakly carbonated non-cemented matrix. This 

sandstone body is enclosed by clay rock and lies isolated in the shallower layers of the molasse zone 

(Haller series) at a vertical depth of 1,023 meters. The initial pressure in the reservoir was 107 bar(a). 

The permeability is up to 2000 mD [millidarcy] as was confirmed by SCAL (special cores analysis). The 

temperature of the gas reservoir is about 40 °C. It is a sweet gas deposit with low reservoir brine salinity 

(14,000 mg/l NaCl) that has a pH value of ~6-6,5. Communication with other layers or an active aquifer 

can be excluded due to the volumetric behavior of the reservoir during the depletion phase. Previously 

to the projects Underground Sun Storage and Underground Sun Conversion the reservoir was depleted 

down to a pressure of 19 bar(a). Any communication with adjacent layers or a larger water body would 

have resulted in an increase of this pressure or significant water production at the end of the production 

phase. The overall gas production from the reservoir was roughly 4,7 million Nm³ of natural gas with 

another 1,8 million Nm³ that remained. One part of the remaining gas, the cushion gas, in this case 

describes natural gas that is on the one hand used to keep the pressure above a certain operation point 

in order to provide the necessary flowrates when producing from the reservoir. On the other hand, there 

is always gas that is irrecoverable as it is kept in the reservoir by capillary forces. In total this means a 

gas volume of approximately 6,5 million Nm³ which makes the reservoir especially small when compared 

to commercial gas storages which usually contain gas volumes of more than 200 million Nm³.  
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The reservoir parameters are very well comparable to the parameters of RAGôs commercial gas 

storages, but the volume is much smaller which makes operation and monitoring much easier thus 

providing a test opportunity but with justifiable effort. 

3.2.2.1. Well LEH-002 

The Lehen gas reservoir initially was produced by only one well which is the well LEH-002. When drilled 

in 2007 the well hit the target reservoir in the Haller Series at a beneficial position with a good connection 

to the overall gas volume and a low water saturation in the near wellbore region. The well hit the target 

reservoir at a depth of 1023 mTVD (vertical depth) which corresponds to a length of the wellbore of 1145 

mMD (measured depth) which means, that the well path is slightly slanted. The well LEH-002 was used 

as an injection and production well for USS. In that project the well had been exposed to hydrogen for 

almost one year (2015 ï 2016). In order to rule out any negative effects due to the injection of hydrogen 

the well had an initial assessment of its integrity previously to the start of hydrogen injection.  CBL 

(Cement Bond Log for detection of microfractures in the cement) and USIT (Ultra Sonic Integrity Tool 

for detection of corrosion of the casing) measurements have been performed before and after the project 

to monitor any changes that might indicate damage to the well components due to hydrogen exposure. 

A new completion (Tubing, SSSV, Packers) was inserted into the well to also have a clean baseline for 

monitoring changes. It was also taken out after the project was finished and sent back to the 

manufacturer for testing. The investigation didnôt yield any evidence, that physical or chemical changes 

had happened to the well during the USS project. More details can be found in the final report of the 

project Underground Sun Conversion (USC) (Pichler, 2021). 

 

 

 

3.2.2.2. Well LESP-001A 

A second well (LESP-001A) was drilled during the USC project. It was necessary to enable cycling of 

gas through the reservoir as was planned in the project and also delivered additional insight to the 

geological situation of the reservoir. When drilling the well LESP-001A also reservoir- and cap rock cores 

have been drilled out of the formation to have material available for integrity testing of the reservoir as 

well as in-situ materials for microbial laboratory experiments. This way it was possible to have 

experimental conditions as close as possible to real reservoir conditions. 

Unfortunately, during testing of the new well it became apparent, that the connection between the two 

wells was not good enough to conduct subsurface cycle experiments. However, on the positive side the 

second well provided the opportunity to do more and faster testing within the same reservoir and with 

only minimal interference between the compartments leading to important findings regarding microbial 

distribution in a porous reservoir. 

 Operation modes 

3.2.3.1. Batch experiments  

As mentioned above, two modes of operation have been executed in the field-test. One being the batch 

experiments and the other being the modified cycle experiments. Batch-experiments are performed at 

well LEH-002 as it has the bigger operational volume. A gas mixture consisting of hydrogen, carbon 

dioxide and natural gas is injected into the well and stored there for a predefined amount of time. 

Afterwards it is withdrawn and the differences in gas composition are recorded and analysed. In addition, 

the gas from the batch is cycled to the well LESP-001A to act as carrier gas (hydrogen and natural gas) 

for the experiments conducted in this part of the reservoir. 
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The two batches conducted during USC-FlexStore consisted of a gas mixture containing up to 10 vol. 

% H2 and up to 1.3 vol. % of CO2. The further reduction in cycle volume compared to the USC project 

and the low number of batches are due to the fact that the LESP-001A is clearly the more microbial 

active well and LEH-002 was mostly used for storage of the carrier gas and for flow behaviour 

experiments. Table 3-1 gives an overview about the batches that have been performed. A detailed 

discussion of the batches will follow in chapter 3.3. 

Table 3-1: Short description of performed batches at well LEH-002 

Batch Volume moved 

in and out [Nm³] 

Findings 

BATCH I 600.000 Gas Mixture: Injection of constant H2 ratio (10 vol. %) and changing 

CO2 concentration (0.3 ï 1.3 vol. %). Equilibration of CO2 throughout 

the batch. Hydrogen accumulation around the wellbore no longer 

influenced by mixing with original gas 

BATCH II 715.000 Conversion: No injection of additional CO2 therefore further slow 

conversion of the CO2 in the cushion gas and minor decrease in 

hydrogen concentration. H2S generation no longer apparent as no 

more SO4 can be detected in the reservoir brine.  

 

3.2.3.2. Modified Cycle experiments  

It became already apparent during the USC project that although both wells have very good performance 

parameters their subsurface connection is not sufficient to sustain a continuous cycle operation within 

the reservoir. As laboratory experiments showed that gas movement is an important factor for the 

efficiency of the geo-methanation process it was therefore decided to cycle the gas at the surface by 

withdrawing from one well and injecting into the other. While this provides movement to the gas it is still 

no full substitute to subsurface cycling as the gas cannot use the whole reservoir volume, and therefore 

the whole microbial consortium for conversion. The highest converting areas are in this case located 

around the wellbores where flow speed is highest and fresh feed gas is readily available.  

What also plays a role is the fact that hydrogen and carbon dioxide do not move through the reservoir 

at the same speed. Hydrogen has a higher mobility and therefore tends to spread further into the 

reservoir than carbon dioxide. This means that the dispersive forces defining the flow do lead to some 

mixing of the hydrogen bearing gas mixture with the gas that is already in the reservoir. Diffusion on the 

other hand does not seem to have an influence on the distribution of hydrogen throughout the reservoir 

(see also Figure 3-7). In addition, the water solubility of carbon dioxide is higher than that of hydrogen 

meaning that it will readily dissolve in the pore water near the wellbore but will only slowly reach further 

into the reservoir. Apart from these physical challenges, the microbes responsible for the geo-

methanation are not homogenously distributed throughout the reservoir.  

Therefore, the modus for cycling gas in the reservoir was changed in a way that the gas injected in LEH-

002 contained hydrogen and only minor amounts of CO2 (up to 1.3 vol. %). In a second step this gas 

was withdrawn from LEH-002 and mixed with additional CO2 (up to 2.3 vol. %) and injected into LESP-

001A where it was converted. Thus, the operation in Lehen actually tested a most likely scenario for a 

future energy system where carbon dioxide is continuously available, and hydrogen is provided from a 

storage as its production will be more fluctuating. 
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 Result values for geo-methanation 

3.2.4.1. H2/CO2 ratio 

¶ Input ratio (H2in/CO2in) 

The H2in/CO2in ratio in the feed gas directly influences the microbial processes inside the reservoir. This 

is one of the most important parameters for actively controlling the microbial processes in the reservoir. 

¶ Converted ratio (H2conv/CO2conv) 

The H2conv/CO2conv ratio indicates the overall main reaction(s) of a single experiment or a series of 

experiments since different ratios can be attributed to different reactions (see chapter 2). These result 

values are essential to find out which experimental conditions support which microbial reactions. 

 

3.2.4.2. Methane evolution rate (MER) 

The MER gives the volume of methane produced (Nm3) per used pore space (m3) and day (d) (unit: 

[Nm3 m-3 d-1]). It can be calculated either via an increase in methane volume, or via a decrease in CO2 

and/or H2 volume. In order to strengthen the validity of the results, all three calculation methods were 

performed and compared. 

 

 Material & corrosion testing 

Several corrosion tests for the materials used were already performed in course of the projects 

ñUnderground Sun Storageò and ñUnderground Sun Conversionò. The main outcome of these tests was, 

that no change in corrosion behaviour between natural gas and natural gas mixed with H2/CO2 was 

observed (Trautmann, 2020; Rockmann and Lubenau, 2021). For further confirmation of these results, 

corrosion control coupons (CCC) were installed in the gas path of the plant and within the well and their 

degree of corrosion was determined.  
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3.3 Results and Discussion 

 Overall Performance of the plant 

Within this project 2 major batches of natural gas mixed with up to 10 vol. % H2 and up to 1.3 vol. % CO2 

were injected into the larger reservoir compartment LEH-002. Using these gas batches 32 modified 

cycle experiments were performed, 16 in each LEH-002 and LESP-001A. With every withdrawal and 

injection of gas volumes from/to the reservoir conclusions could be drawn about the processes and 

reactions in the reservoir. With every field test performed more operational experience is generated. 

This concerns the subsurface as well as the surface facilities, from electrolysis to gas conditioning.  

 Reservoir integrity and productivity 

From the literature and laboratory experiments concerns were raised that an extended period of 

microbial activity in the reservoir might lead to exponential growth of theses microbes and therefore a 

loss in pore volume and permeability. In addition, the injection of CO2 was also anticipated to cause 

some issues as it would change the pH value of the reservoir brine thus leading to dissolution of the 

calcareous minerals in the rock matrix. A thorough monitoring program was conducted during the project 

prevent such effects to go unnoticed. Subsurface pressure and temperature measurements have been 

done continuously throughout the project to monitor for changes in reservoir productivity or temperature 

changes that might be a signal for chemical reactions. Furthermore, water samples have been taken 

regularly to check for changes in the composition of the reservoir brine as well as the pH of the fluid.  

The temperature monitoring in the reservoir of Lehen started already in 2014 when the USS project was 

started. The initial reservoir temperature is at ~40°C, but the monitored temperature shows only 39,5 °C. 

The reason for this is that the temperature needs to be monitored within the wellbore which is always 

slightly cooler than the reservoir itself. During injection the monitored temperatures are even lower as 

the injected gas has a temperature of 20°C and does not fully heat up before reaching the reservoir. 

During production the actual reservoir temperature can be monitored although it is also influenced by 

the injected cool gas. Overall, at the well LEH-002 the average temperature stayed constant during all 

projects so far which suggests that no sudden chemical reactions do happen within its part of the 

reservoir. This is further supported by the fact that no sand production does occur which would be an 

indication for dissolution of carbonates. At well LESP-001A the temperature started to slowly drop as 

the project progressed. This can be explained by the reservoir geometry. Where LEH-002 is well 

connected to the reservoir and has a calculated turn over volume of ~2 Mio. Nm³ the volume connected 

to LESP-001A is only about 0,08 Mio. Nm³. This smaller volume is naturally cooled down much faster 

(Figure 3-4). 

 

Figure 3-4: Temperature development in the wells LEH-002 (left) and LESP-001A (right). The blue color is 

the period of the USS project, the red color indicates the USC project, and the green color is the USC-
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FlexStore project. The LEH-002 on average shows no changes in reservoir temperature. At LESP-001A the 

temperature started to drop as the smaller volume connected to the well is cooled down much faster. 

Focusing on the reservoir productivity and the volumetric integrity flow tests as well as P/z analysis have 

been conducted to monitor the volume within the reservoir and the pressure development during 

injection and withdrawal. Ideally, each injection and withdrawal cycle would follow one curve at the P/z 

chart which would indicate no changes. However, in the case of Lehen the P/z chart started to shift 

towards the left during the USC and also during the USC-FlexStore project which can either indicate a 

decrease in volume or some kind of inflow (water, gas). The first shift happened after the first cycle of 

the USC project was performed. This coincides with the first injection into the well LESP-001A which 

although not well connected does influence the overall pressure behaviour of the reservoir (Figure 3-5). 

A second shift happened in between the USC and USC-FlexStore project and could be related to the 

break itself. The reservoir does not only consist of clean sandstone but has also some silty areas that 

are not very well connected (see LESP-001A). This means that gas needs some time to migrate into 

these areas and also time to migrate out of these areas. It is therefore assumed that the second shift is 

a product of gas inflow from tighter regions. This is further supported by the pressure gradient monitored 

during injection and withdrawal which is only shifted but stays exactly parallel. A smaller volume would 

be indicated by a steepening of the slope. Although the graphical solution is only a rough estimate it 

would still indicate significant changes in the reservoir volume. It is therefore concluded that the porosity 

and permeability of the reservoir rock did not significantly change during the USC-FlexStore project. 

 

 

 

Figure 3-5: P/z plot for well LEH-002. The gradient of the research cycles is shifted towards the left but does 

not change its slope which suggests that the overall volume of the reservoir is not changed by the geo-

methanation. 

The same graph was prepared for the LESP-001A. There no clear trend can be monitored due to the 

small volume and a stronger influence from in- and outflow of water and gas. To get an idea on changes 

in the near wellbore region, pressure transient analysis (PTA) has been performed after each cycle. 

Here, no indication of changing permeability or productivity of the well could be monitored. As this well 

is microbially more active, exponential growth or parameter changes due to biochemical reactions would 

have been more pronounced than in LEH-002. As no changes could be found it can be deduced that 

the microbial activity in LESP-001A has no negative impact on the reservoir behaviour. 
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Two important aspects for storing non fossil gases in the subsurface have also been monitored during 

the USC-FlexStore project. It has already been discussed above that the pH value of the reservoir brine 

has been monitored throughout the project. At the start of the USC project, the water in both wells 

showed a pH value of ~8 which corresponds to the work over fluid that had been used for preparing the 

wells for the project. These values have changed in the meantime as reservoir brine has been sucked 

into the wellbore each time the reservoir has been depleted during storage operations. Especially, 

LESP-001A which is anticipated to be closer to the aquifer has seen a water production of almost 3 m³ 

at the surface during the project. As not all the water is produced to the surface, some of the reservoir 

brine has stayed in the wellbore. This can also be seen when taking water samples at different depths 

as the work over fluid is much denser and does not readily mix with the reservoir brine. Monitoring 

samples have therefore only been taken in the shallowest regions of the water column in both wells. For 

well LESP-001A the pH value decreased down to 6 ï 6,5 which very well corresponds to the original 

reservoir brine. For well LEH-002 the pH value decreased further reaching a level of 5,8. The difference 

is again assumed to be a product of microbial activity. While the fluid in well LEH-002 has almost no 

microbial activity due to a growth inhibiting work over fluid the fluid in well LESP-001A shows significant 

microbial activity. Thus, in LESP-001A the dissolved CO2 is probably converted and therefore not 

changing the pH where else it does decrease the pH of the fluid in well LEH-002 (pH carbonic acid is 

5,5). This effect however seems to be limited to the wellbore itself as the permeability around well LEH-

002 did slightly decrease. If the pH would have decreased throughout the reservoir dissolution would 

have happened which would have increased the permeability. I should be noted that the water 

production does not correspond with the converted gas as the water volume generated via geo-

methanation is negligible in comparison to the water volume already contained in the pores. It can be 

summarized that the injection and dissolution of CO2 into the reservoir does not influence the integrity 

of the reservoir rock and the productivity of the reservoir. 

The second important aspect discussed in the literature is the generation of H2S via sulphur reducing 

bacteria. The Lehen reservoir contains the mineral pyrite that could be utilized for this process (Dopffel 

et.al, 2021). In addition, the original reservoir brine contained 15 mg/l of SO4 which could also be used 

by the microbes to generate H2S. Figure 3-6 shows the H2S levels in the injected and withdrawn gas of 

the microbially more active well LESP-001A. It can clearly be seen that H2S levels decreased at the 

beginning of the project but started to increase again when fresh CO2 was injected into the reservoir. 

Even then a decrease can be monitored which suggests that H2S generation is somehow limited. This 

limitation is anticipated to correspond with the reservoir brine as at the end of the project no more SO4 

could be detected in the reservoir brine. The pyrite which could be a possible sulphur source can only 

be dissolved at pH values below 3 and should thus stay stable in the reservoir. Another interesting 

observation is that H2S levels tend to increase as soon as free water production starts in the well. This 

is especially prominent at day 385 where water production was forced from the well (high rates at low 

pressure) to get fresh reservoir brine into the wellbore for laboratory testing. From this it can be assumed 

that most H2S is dissolved into the reservoir brine and not present in the gas phase. During the whole 

USC-FlexStore operation only 0,45 kg (corresponding to 0,35 ppm/Nm³) of H2S were withdrawn from 

the reservoir suggesting that H2S generation during geo-methanation and during geological storage of 

hydrogen in one of RAGôs gas reservoirs is not a major issue.  
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Figure 3-6: CO2 and H2S levels in the gas stream of well LESP-001A. The 4 spikes at the end of the project 

correspond with the optimized injection cycles of the USC-FlexStore project where two thirds of injected 

CO2 could be converted within three weeks respectively 

 

 Gas mixing in the reservoir 

It is important for the geo-methanation process to have a stoichiometric gas mixture distributed through 

the reservoir and especially in those regions where microbial activity is highest. As USC-FlexStore 

aimed on increasing the flexibility of the geo-methanation process different gas mixtures have been 

injected into the reservoir which were both stoichiometric and off stoichiometric. One thing that should 

be learned from the project was whether non uniform gas mixtures that are injected into a gas reservoir 

would equilibrate when stored. Figure 3-7 shows the carbon dioxide level during operation of Batch I in 

the well LEH-002. The injection of a gas mixture containing 10 vol. % of hydrogen from day 950 to day 

1380 was done with different shares of carbon dioxide to see the effect of gas equilibration in the 

reservoir. As can be seen during withdrawal there was still some suggestion of a plateau, but the 

withdrawn mixture had a quite uniform carbon dioxide level. It should be noted that from 1760 Nm³ of 

carbon dioxide injected 1330 Nm³ were again withdrawn so conversion alone is not the reason for the 

equilibration. This is an important finding for future geo-methanation operations as it suggests that non-

stoichiometric mixtures can be injected into the reservoir where they will equilibrate thus giving more 

flexibility to the process. Especially when comparing the anticipated fluctuating hydrogen production and 

the continuous carbon dioxide generation it is beneficial to not have the necessity to be only able to 

work with stoichiometric mixtures. 
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Figure 3-7:  Carbon dioxide levels during operation of Batch I in well LEH-002 

Another question that is even more relevant for the storage of hydrogen is whether or not the injected 

gas does mix with the cushion gas. As is described above the injected gas does mix very well which is 

probably related to dispersive flow that is especially relevant near the wellbore were flow speeds are 

highest. Further in the reservoir diffusive flow should be the driving mechanism for fluid mixing. During 

the USC and the USC-FlexStore projects it could be seen that the smaller volume operated around well 

LESP-001A is fully influenced by injected gas and no longer contains any cushion gas to mix with (Figure 

3-8). Therefore, a relatively homogenous gas mixture was produced from this well in most cycles. 

 

Figure 3-8:  Hydrogen and carbon dioxide levels during withdrawal from well LESP-001A after three weeks 

of shut in. Hydrogen on the left y-axis (green) is decrease roughly stoichiometrically compared to carbon 

dioxide on the right y-axis (red). Except for the first volumes produced from the near wellbore regions the 

gas mixture tends to be homogenously distributed. 

For well LEH-002 operating a bigger volume mixing of cushion gas and injected gas could be monitored. 

Not considering conversion the hydrogen levels tended to decrease towards the end of the withdrawal 

phase reaching a range of 2 ï 6 vol. % of hydrogen in the withdrawn gas. One batch performed during 

USC even produced some of the cushion gas to get an idea of how far the hydrogen had migrated into 

it. A gradient calculation based on this cushion gas withdrawal revealed that about 6-8% of the injected 

hydrogen had migrated into the cushion gas. This effect is however assumed to be unique to the Lehen 

reservoir as its geometry (thin homogenous sand) supports mixing of injected gas and original gas.  

Figure 3-9 shows the last batch of the USC-FlexStore project where after the initial near wellbore 

volumes were withdrawn a quite uniform hydrogen distribution could be monitored. 
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Figure 3-9: Hydrogen and carbon dioxide levels in Batch II of the USC-FlexStore project. The chaotic pattern 

at the beginning of the withdrawal is due to gas cycled in from well LESP-001A previously to the start of 

the withdrawal phase. 

For carbon dioxide the mixing effect is not so pronounced which is on the one hand because the share 

of carbon dioxide in the injected gas is comparably low and on the other hand because there is already 

carbon dioxide present in the reservoir from the cushion gas. 

 

 Modified cycle experiments on geo-methanation LESP 

Due to its higher microbial activity the smaller compartment ñLESP-001Aò (LESP) was used for the 

modified cycle experiments. These were the main field tests regarding the further development of geo-

methanation. Figure 3-10 shows the resulting MER for all evaluated modified cycle experiments in 

LESP. A total of 16 modified cycle experiments were performed at LESP, 4 of which had to be excluded 

from further consideration due to technical problems (e.g., gas measurement) or insufficient gas 

volumes. Of the 12 remaining modified cycle experiments 2, 6, 3 and 1 were performed with an H2in/CO2in 

ratio of 20-28 (high), 6.5-12 (over-stoichiometric), 3.7-4.6 (stoichiometric) and 3-3.5 (low), respectively 

(Figure 3-11).  
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Figure 3-10: Methane evolution rate (MER, Nm3 d-1 m-3) calculated via increase in methane and decrease in 

H2 and CO2 corrected by their corresponding stoichiometric factor over time and gas filled pore space for 

modified cycle experiments in LESP-001A. Error bars give standard deviation. 

 

 

Figure 3-11: H2in/CO2in ratio and H2conv/CO2conv ratio for modified cycle experiments in LESP-001A.  

It can be seen that stoichiometric H2in/CO2in ratios between 3.7 and 4.6 (LESP_12, LESP_13, LESP_15) 

lead to H2conv/CO2conv ratios of around 4, corresponding to the desired methanation. This is the expected 

output, which has already been shown in previous tests. This stoichiometric H2in/CO2in ratio implies a 

uniform injection of H2 and CO2. A corresponding mode of operation is possible, but severely restricts 

the application, as H2 and CO2 may be available at different times and in different quantities in the future. 

But also, with over-stoichiometric H2in/CO2in ratios (6.5-7.5) this aimed H2conv/CO2conv ratio of 4 could be 

reached (LESP_1, LESP_2, LESP_3, LESP_6, LESP_8, LESP_9), showing the flexibility possibilities 

of this system. Over-stoichiometric means that more H2 was injected than needed for the desired geo-
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methanation reaction. This result has direct influence on the possible operation modes of the overall 

plant. As a surplus on H2 is not harmful to the geo-methanation, at least in the range investigated, H2 

can be produced and directly stored in the reservoir in times of excess energy. Starting with a high 

H2in/CO2in ratio, CO2 could be injected from time to time until the minimum H2in/CO2in ratio of 4 is reached.  

Homoacetogenesis ï the conversion of H2 and CO2 to acetate ï is unwanted inside the reservoir. On 

the one hand it may lead to an acidification of the reservoir and thus may harm methanogenic archaea 

and the reservoir rock. On the other hand, it means at least a temporary loss of the energy sources 

used, when acetate is formed instead of CH4. Unlike CH4, which is extracted from the reservoir in 

gaseous form, the dissolved acetate remains underground and cannot be used further. Nevertheless, 

one run (LESP_10) under conditions beneficial for homoacetogenesis was performed to demonstrate 

the risk of this reaction. Here it can be seen that an H2in/CO2in ratio of 3,5 was low enough to result in a 

H2conv/CO2conv ratio of 1,5 and a very low MER. 

This unwanted reaction of homoacetogenesis cannot be completely ruled out even under optimal 

operating conditions since conditions favourable for it may also occur locally in the subsurface. But as 

acetate can also be an educt for methanogenesis, even the acetate produced may be converted to 

methane in a second step. Intermediate runs with low CO2 content were performed to test the conversion 

of the acetate produced to methane. A high H2in/CO2in ratio can benefit the conversion of volatile fatty 

acids, as these are used as carbon source instead of CO2. This leads to a stabilization of pH as well as 

to additional CH4 production from intermediate products, which would not be used otherwise. 2 runs with 

a high H2in/CO2in ratio of 27-28 were performed (LESP_14, LESP_16). With MERs comparable to 

stoichiometric and over-stoichiometric runs and high H2conv/CO2conv ratios, it could be shown, that another 

carbon source than injected CO2 was used for methane production ï most likely acetate.  

Having a closer look at the modified cycle experiments with a H2conv/CO2conv ratio stoichiometrically 

correct for geo-methanation (around 4), the results give an insight to the microbial activity: Starting with 

a MER of 0.01 Nm3 d-1 m-3 with experiment LESP_1 (H2conv/CO2conv ratio of 4.5) in 02/2021 and ending 

with a MER of 0.03 Nm3 d-1 m-3 with LESP_13 (H2conv/CO2conv ratio of 4.1) in 11/2022, a continuous 

operation of the geo-methanation facility led to an increase in productivity. This can be explained on the 

one hand by the steadily growing operating experience, but also by the further activation of 

methanogenic archaea. 

 Modified cycle experiments on geo-methanation LEH 

The larger compartment LEH-002 (LEH) was also used for modified cycle experiments. Moreover, it 

served as H2 storage for LESP-001A. H2 was produced in large volumes and injected to LEH-002, mixed 

with natural gas and small amounts of CO2. For every run in LESP-001A, H2-rich gas was withdrawn 

from LESP-001A, spiked with CO2 and injected into LESP. This explains the strongly over-stoichiometric 

input H2/CO2 ratio. Figure 3-12 shows the resulting MER for all evaluated modified cycle experiments in 

LEH-002. 16 modified cycle experiments were performed in LEH-002, 7 of which had to be excluded 

from further consideration due to technical problems (e.g., gas measurement) or insufficient gas 

volumes. Of the 9 remaining modified cycle experiments 3 and 6 runs were performed with an H2in/CO2in 

ratio of 20-28 (high) and 6.5-12 (over-stoichiometric), respectively (Figure 3-13).  
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Figure 3-12: Methane evolution rate (MER, Nm3 d-1 m-3) calculated via increase in methane and decrease in 

H2 and CO2 corrected by their corresponding stoichiometric factor over time and gas filled pore space for 

modified cycle experiments in LEH-002. Error bars give standard deviation. 

 

 

Figure 3-13: Input H2/CO2 ratio and H2conv/CO2conv ratio for modified cycle experiments in LEH-002.  

It can be seen, that in all modified cycle experiments in LEH-002, both with high and over-stoichiometric 
H2in/CO2in ratio, the H2conv/CO2conv ratios result around 4, which corresponds with the desired reaction of 
methanation. Even though the MER are relatively low compared to LESP-001A, the H2conv/CO2conv ratios 
show, that methanation is the main net reaction in LEH-002 under the given circumstances. 
Nevertheless, the H2conv/CO2conv ratios vary between 3 and 5, indicating other reactions besides pure 
hydrogenotrophic methanogenesis. It can be assumed, that with H2conv/CO2conv ratios lower than 4, 
homoacetogenesis takes place to a certain extent. The produced acetate seems to be consumed for 
further methanation in runs with H2conv/CO2conv ratios higher than 4. The involved microbial processes 
are described in chapter 2. 
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 Corrosion tests 

To monitor corrosion in the facility, corrosion control coupons (CCC) were distributed throughout the 
facility at critical points (e.g., Bends, Valves, at the perforations). These were changed on regular basis 
and evaluated on changes in a laboratory. With a corrosion rate below 0,01 mm/a for all CCC, no 
differences in corrosion between the usage of natural gas and natural gas with up to 10 % H2 and 2.5 % 
CO2 could be detected. This confirms the results of earlier studies (Pichler, 2021). 

3.4 Conclusion 

The modified cycle experiments confirm and reinforce previous results from field and lab. Geo-

methanation was well proven and input parameters optimized regarding MER. The monitoring of 

pressures and temperatures in the subsurface as well as the appraisal of the reservoir performance 

leads to the conclusion that the reservoir quality and reservoir integrity is not influenced by the storage 

of gaseous hydrogen and carbon dioxide. In addition, no influence of the gas used on the corrosion 

rates of the corrosion coupons used and thus of the overall system could be detected. 

An important topic that will also get further attention in RAGôs hydrogen storage projects is the gas 

mixing. From the tests with hydrogen bearing gas mixtures, there are indications that hydrogen mixes 

with the original gas near the wellbore. However, it does take quite long to migrate into the gas on the 

fringes of the reservoir. This might be an effect of the unique geometry of the Lehen field, but it can also 

be assumed that dispersive flow is responsible for mixing of gases. Diffusion seems to be a negligible 

effect in the porous media storage system. 

The results of the modified cycle experiments with over-stoichiometric H2in/CO2in ratios show the 

flexibility possibilities of geo-methanation. Here it was shown, that also with over-stoichiometric 

H2in/CO2in ratios, methanogenesis is the main microbial reaction in the reservoir. As a surplus on H2 is 

not harmful to geo-methanation, H2 can be produced and directly stored in the reservoir in times of 

excess energy, while CO2 would then be added based on its availability from time to time. This is an 

important input to the operational concepts considered in chapter 6.  

Another crucial result especially for pure hydrogen storage is that CO2 can be a limiting factor for geo-

methanation. As soon as CO2 is below a certain threshold, methanogenesis stops. This suggests that, 

as long as no CO2 is present, H2 can be stored in an underground reservoir, even if methanogens are 

present. For the storage of 100 % H2, as demonstrated in USS2030, this is a major finding. 
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3.5 Abbreviations 

CO2 Carbon-Dioxide 

CH4 Methane 

H2 Hydrogen 

H2in/CO2in Input H2 : CO2 ratio  

H2conv/CO2conv H2 : CO2 ratio of converted gas volume 

MER Methane evolution rate [Nm³ CH4 * m³ pore space volume-1 * day-1] 

USC  Underground Sun Conversion (Project, 2017-2021)  

USC-FlexStore Underground Sun Conversion ï Flexible Storage (Project of this report, 2020-2023) 

USS Underground Sun Storage (Project, 2013-2017) 

USS2030 Underground Sun Storage 2030 (Project, 2021-2025) 
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4 Demand and Supply Model 

Contents of this chapter have been published in the following peer-reviewed journal publication: 

Rüdisüli, M., Mutschler, R., Teske, S.L., Sidler, D., van den Heuvel, D.B., Diamond, L.W., Orehounig, 

K., Eggimann, S., 2023. Potential of renewable surplus electricity for power-to-gas and geo-methanation 

in Switzerland. Int. J. Hydrogen Energy 48, 14527ï14542. 

https://doi.org/10.1016/j.ijhydene.2022.12.290  

4.1 Introduction 

 Motivation 

To quantitatively investigate the techno-economic potential of geo-methanation at a national, regional, 

and local scale, an H2 and CO2 supply model is needed at an adequately high spatial and temporal 

resolution. The working principles of this model are described in the following chapter for the case of 

Switzerland, which may, however, readily be generalized for other countries and their energy systems 

(See the similar demand and supply model for Austria (AT) in chapter 4.5).  

The demand and supply model is based on the existing Swiss energy system model of Rüdisüli et al. 

(2019) and the power-to-X model of Teske et al. (2019). These models are extended herein for the 

needs of geo-methanation in the context of the project ñUnderground Sun Conversion ï Flexible 

Storageò (USC-FlexStore) and they are accompanied by additional energy system transition scenarios 

based on the latest national (Prognos, 2020) and international (ENTSOE, 2020a) energy system 

transition strategies. 

 Economic boundary conditions 

Regarding potential sites for USC-FlexStore, there are generally two economically viable options (Teske 

et al., 2019): 1) close to CO2 sources (e.g., cement plants, etc.) or 2) on the site of a power plant (e.g., 

hydropower plants, etc.). Proximity to CO2 sources features the advantage that CO2 does not have to 

be transported over long distances to USC-FlexStore sites, which would otherwise result in additional 

transportation and distribution costs. However, if there is not enough electricity generated at the CO2 

source, additional grid fees for the required electricity have to be paid, which will eventually increase the 

levelized costs of USC-FlexStore products. Therefore, sites at power plants (ideally with a nearby CO2 

source), are generally more economically viable. Municipal waste incineration plants (MWIP) feature 

both, sufficient on-site renewable electricity generation and separable CO2. This is in accordance with 

regulations of the Federal Office for the Environment (FOEN), which claim that about 50% of their 

incinerated waste and thereof produced energy (heat and electricity) is renewable (Spoerri et al., 2010). 

They are therefore - along with run-of-river (RoR) power plants - the most promising site for USC-

FlexStore (Gupta et al., 2022). RoR features, in particular, large amounts of renewable electricity 

generation at the same time when the largest amounts of surplus electricity from PV occur in summer. 

In other words, by using electricity from RoR for USC-FlexStore, an additional market to sell RoR 

electricity is established in times when electricity market prices are more and more on the decline due 

to a broad expansion of PV all over Europe. In these times, even negative electricity prices may occur 

(Götz et al., 2014). Without this additional market for RoR electricity, PV expansion may otherwise 

gradually displace hydropower from the market. 

 Geological boundary conditions 

If geo-methanation is envisaged, besides economic boundary conditions, there are also geological 

boundary conditions that must be fulfilled. To this end, the GeoMol model (Baumberger and Allenbach, 

2016) provided by the University of Bern (see chapter 5) is used. GeoMol is the geological 3D model of 

the Swiss Molasse Basin with information about which rocks can be found at which depth, large fracture 

https://doi.org/10.1016/j.ijhydene.2022.12.290
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zones, etc. GeoMol also has a temperature component, that is, isotherms that determine the 

temperature increase with increasing depth. However, the area covered by these isotherms does not 

exactly correspond to the outline of the GeoMol model. Therefore, two outlines covered by the GeoMol 

model are used: 

¶ A smaller (inner) one is the outline of the area covered by the isotherms, where data is available.  

¶ The larger (outer) one is the outline of the ñTop Bedrockò layer of the model.  

As the principal outline in this work, outline 1) with the isotherms is used. As an extension, or if relevant, 

also outline 2) is used to quantify the additional potential for USC-FlexStore in geologically also 

interesting, yet not fully documented areas. 

4.2 Materials, Methods 

 Scenarios 

In this analysis, four scenarios of the Swiss Energy system are used to evaluate the potential of USC-

FlexStore. While the ñreferenceò scenario 1 features the current Swiss energy system as a benchmark, 

scenarios 2 - 4 represent a future Swiss energy system with low, medium, and high renewable energy 

and efficiency expansion. Renewable energy expansion is mainly achieved by the substitution of nuclear 

power by PV and wind, while increased efficiency is achieved by the widespread electrification of heat 

and mobility.  

These scenarios do not represent particular years in the future, but they are rather snapshots of 

important intermediate states of the Swiss energy system transition. With the aid of the official transition 

pathway ñZERO Basis'' of the Swiss Federal Office of Energy (SFOE) in their ñEnergy Perspective 

2050+ò (EP2050+) (Prognos, 2020), the scenarios can, however, roughly be allocated to the years 2020, 

2030, 2040 and 2050. 

To have greater variability with respect to different weather conditions, all scenarios are based on 

multiple historical weather years, namely, 2016, 2017, and 2018. This way, global warming can be 

considered as well since these weather years already contain characteristics of a future climate with 

mild and wet winters as well as hot and dry summers (Mutschler et al., 2021). Further climate change-

related adjustments regarding energy demands (e.g., additional cooling) and supply (e.g., shifted 

hydropower) are not considered. 

 Basic modelling principles and assumptions   

For USC-FlexStore, the availability of renewable surplus electricity is important (Teske et al., 2019). 

Momentary (hourly) electricity surpluses occur if the momentary electricity supply is larger than the 

momentary electricity demand (and vice versa for deficits). To this end, the Swiss electricity system is 

modelled based on hourly demand and supply profiles to determine the daily availability of net surplus 

electricity in all four scenarios. Net surplus electricity is the amount of surplus electricity that remains 

after ideal intraday load shifting has been implemented to avoid the curtailment of renewable (PV) 

electricity at noon. This is graphically illustrated in Figure 4-1, in which the dark green area is the 

electricity shifted to offset night deficits within the same day and the light green area is the remaining 

net surplus electricity that can eventually be used by additional consumers such as for USC-FlexStore. 

Ideal load shifting assumes that there are no round-trip losses. This allows for a variety of potential 

technical solutions for this purpose. Intraday ideal load shifting can, for instance, be achieved by short-

term electricity storage (e.g., batteries) and/or demand-side management (e.g., charging BEV at noon 

instead of evening hours).  
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Figure 4-1: Schematic representation of the day/night balancing based on a section from 24 March 2016 in 

Scenario 3 (adapted from Teske et al. (2019).  

In this respect, it is assumed that surplus generation at daytime (noon) and supply deficits during the 

rest of the day (night) are more likely to occur simultaneously in the future in many European countries 

due to similar PV expansion strategies (Lienhard, 2023). Therefore, it is assumed - in the sense of a 

worst-case scenario - that electricity exports are economically not viable due to these similar surplus 

situations in neighbouring countries and consequently low (at times even negative) prices on the 

electricity market (Götz et al., 2014).   

Along with daily load shifting, flexible hydropower (storage and pumped hydro storage) is dispatched 

within five consecutive days based on the residual load as a proxy for the electricity market. 

Transmissive losses between different grid levels, etc. are not considered, instead, a ñcopper plate 

assumptionò of the Swiss electricity grid is made.   

In the next step, the amount of net surplus electricity available for USC-FlexStore at run-of-river (RoR) 

hydropower plants and municipal waste incineration plants (MWIP) - constrained by geological boundary 

conditions - are evaluated in a regionally aggregated as well as individual site-specific manner. With 

overall electrolysis (ELYSE) efficiency of 57% (Teske et al., 2019), the daily producible H2 measured in 

the lower calorific value is calculated. Along with CO2 from nearby industrial sources (cement plants, 

municipal waste incineration plants, and wastewater treatment plants), a daily feed of CO2 and H2 into 

the ground for USC-FlexStore is estimated. By default, this feed is non-stoichiometric due to a seasonal 

mismatch of CO2 and H2 supply. The tolerance of the geo-methanation process in the context of USC-

FlexStore with respect to this non-stoichiometric feed of CO2 and H2 will be evaluated in separate work 

packages by means of a USC-FlexStore model (see chapter 2.2). As chapters 2 and 3 have outlined, 

the composition of the feed gases underlies restrictions. This model outlines the supply of CO2 and H2 

respectively over time, which can be used to satisfy the mentioned conditions. Eventually, with the USC-

FlexStore model, the CH4 yield to meet a predefined gas demand is calculated.  
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A graphical overview of the model used in this study is shown in Figure 4-2. In the following chapters, 

the model is described in more detail.  

 

Figure 4-2: Schematic of the CO2 and H2 supply and demand model for USC-FlexStore. 

 Energy demand 

4.2.3.1. Space heating and domestic hot water demand 

The current annual Swiss space heating (SH) and domestic hot water (DHW) energy demand according 

to the Swiss national statistics on final energy consumption is about 72 TWh (weather-adjusted) and 12 

TWh, respectively (BFE, 2019a). Both heat demands are still primarily covered by fossil natural gas and 

heating oil. In the future, there will be a substantial reduction of the SH demand by building retrofit and 

renewal. In contrast, for DHW no demand reduction is assumed. The evolution of this SH and DHW 

demand in the four scenarios is summarized in Table 4-1. All demands are in line with the scenario 

ñZERO BASISò of ñEP2050+ò (Prognos, 2020). 

Table 4-1: Main boundary conditions and assumptions on the evolution of the annual space heating (SH) 

and domestic hot water (DHW) demand (in TWh_th / year) in the four scenarios 

Demand 

(in TWhth / year) 

Scenario 1 

(~2020) 

Scenario 2 

(~2030) 

Scenario 3 

(~2040) 

Scenario 4 

(~2050) 

Space heating  

(%reduction) 

72 

(100%) 

61 

(-15%) 

54 

(-25%) 

50 

(-30%) 

Domestic Hot 

Water 

(%reduction) 

12 

(100%) 

12 

(-0%) 

  

12 

(-0%) 

12 

(-0%) 
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4.2.3.2. Gas demand 

The current Swiss energy system (Scenario 1) has a total gas demand of about 34 TWh, which is mainly 

met by imported fossil natural gas (VSG, 2020). To achieve global decarbonization of the energy system, 

fossil natural gas should only be physically imported as a reserve, if the gas demand exceeds the 

availability of renewable gases such as biomethane (biogas) and SNG (including seasonal storage). 

This renewable gas can be produced as follows: 

¶ Biomethane: Renewable biomethane (biogas) is produced uniformly and throughout the year 

both in CH and EU. 

¶ Synthetic Natural Gas: Synthetic natural gas (SNG) is produced whenever there is renewable 

net surplus electricity by means of power-to-methane (including USC-FlexStore).  

In the future energy system, a gas demand arises primarily from the following three energy sectors: 

¶ Industry: In the industrial sector, several processes are hard to electrify and therefore still rely 

on gaseous (or liquid) fuels in the future. This is the case for high-temperature process heat, 

whose (gas) demand is assumed constant throughout the year. 

¶ Transport: While short-distance and passenger cars mobility is assumed mostly electrified in 

the future, heavy-duty and long-distance transportation (trucks, buses, shunters, etc.) are still 

fueled by gaseous (and liquid) energy carriers such as H2 and natural gas. Therefore, it is 

assumed that there is still a substantial and constant gas demand for this heavy-duty 

transportation. 

¶ Heat and Electricity: Season-dependent gas demand for heating and electricity constitutes the 

remaining share of the future gas demand. It assumes that on a district-level, gas-fired 

combined heat and power (CHP) plants - depending on their role (guidance) in the energy 

system - will still provide (at least temporarily) electricity and heat, or vice versa. Due to a 

substantially larger need for this energy in winter, this gas demand follows a distinctive seasonal 

pattern with virtually no demand in July and its peak in January. 

The evolution of this gas demand in the four scenarios distinguished by the energy sectors industry, 

transport, and others is summarized in Table 4-2. It is adapted from scenario ñZERO BASISò of EP2050+ 

(Prognos, 2020). Figure 4-3, moreover, shows the monthly disaggregation of this gas demand by the 

different energy sectors. Based on the future annual gas demand per sector, the seasonal demand 

patterns are modelled according to normalized daily demand figures of gas customers. These daily 

figures are extrapolated from historical data of the Swiss gas market and given in a range of historical 

deviations for every day. The distribution patterns are furthermore influenced by the assumptions 

outlined above to consider the different influences of ambient temperatures and season per energy 

sector.    
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Table 4-2: Main boundary conditions and assumptions on the annual gas (Biomethane, SNG from USC-

FlexStore and fossil natural gas) demand (in TWhth / year) in the four scenarios. 

Demand 

(in TWhth / year) 

Scenario 1 

(~2020) 

Scenario 2 

(~2030) 

Scenario 3 

(~2040) 

Scenario 4 

(~2050) 

Gas demand 

(%reduction) 

34 

(100%) 

29 

(-15%) 

20 

(-40%) 

14 

(-60%) 

Industry  11 10 7 6 

Transport 0 1 2 3 

Others 23 18 12 5 

 

  

 
Figure 4-3: Monthly gas demand in the sectors industry, transport, and others in each scenario. 
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4.2.3.3. Electricity demand   

Table 4-3 summarizes the main boundary conditions and assumptions on the annual electricity demand 

in the four scenarios. The total electricity demand increases from about 60 TWh in the reference 

Scenario 1 to about 67 TWh (+12%) in Scenario 4. In the following, the derivation of each part of this 

total electricity demand is described in more detail. 

Table 4-3: Main boundary conditions and assumptions on the annual electricity demand (in TWhel / year) in 

the four scenarios. The base electricity demand contains all current end-use electricity consumption (incl. 

6% transmission losses), additional electricity demand from heat pumps, and e-Mobility are indicated in 

bold italic font. RET = Renewable Energy Technologies; EFF = Efficiency measures. 

Demand 

(in TWhel / year) 

Scenario 1 

(~2020) 

Scenario 2 

(~2030) 

Scenario 3 

(~2040) 

Scenario 4 

(~2050) 

Base electricity 

demand 

(%reduction) 

60 

(100%) 

57 

(-5%) 

54 

(-10%) 

51 

(-15%) 

electric resistive  

heating SH 

3.9 

(100%) 

1.9 (-2.0) 

(-50%) 

0 (-3.9) 

(-100%) 

0 (-3.9) 

(-100%) 

Heat pumps SH 

(+additional) 

1.5 (+0) 

(10% SH) 

5 (1.5+2.0+1.5) 

(33% SH) 

7 (1.5+3.9+1.6) 

(50% SH) 

10 (1.5+3.9+4.6) 

(75% SH) 

electric resistive 

heating DHW 

2.4 

(100%) 

0.7 (-1.7) 

(-80%) 

0 (-2.4) 

(-100%) 

0 (-2.4) 

(-100%) 

Heat pumps 

DHW 

(+additional) 

0.3 (+0) 

(10% DWH) 

2 (0.3+1.7+0) 

(40% DWH) 

2.5 (0.3+2.4+0) 

(75% DHW) 

2.5 (0.3+2.4+0) 

(75% DHW) 

e-Mobility 

(+additional) 

- +4 +8 +11 

Total electricity 

demand 

(%increase) 

60 

(100%) 

63 

(+5%) 

64 

(+7%) 

67 

(+12%) 

 

4.2.3.3.1. Base electricity demand and overall electricity savings 

The annual base electricity demand is calculated from the 2016 - 2018 end-use electricity demand 

profiles at a 15-min time resolution of the Swiss TSO Swissgrid (Swissgrid, 2020). To be consistent with 

other datasets, these profiles are first aggregated to an hourly time resolution. The base electricity 

demand includes all end-use electricity consumption in the control block Switzerland (including a global 

6% transmission and transformation losses).  

The future development of this base electricity demand (without the additional electricity demand of the 

electrification of space heating and mobility) is based on the corresponding percentage reductions 

reported in EP2050+ (Prognos, 2020), which includes assumed population and economic growth. Base 

electricity demand reduction is mainly achieved by sufficiency and efficiency measures (e.g., for lighting, 

HVAC, etc.) as well as electrification of domestic hot water (DHW) and other processes (e.g., in 
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industry). For more details on the electrification of DHW, refer to chapter 4.2.3.3.4 ñHeat pumps for 

Domestic Hot Water (DHW)ò. The assumed percentage reductions in each future scenario 2 - 4 are 

linearly applied to the reference hourly electricity demand profiles of 2016 - 2018 (scenario 1). This way, 

daytime- and weather-dependent electricity demand variations such as for example for lighting are 

neglected. 

4.2.3.3.2. E-mobility 

The additional annual electricity demand of battery electric vehicles (BEV) for individual passenger car 

is taken from scenario ñZERO Eò of EBP (2021). This scenario assumes net-zero greenhouse gas 

emissions in Switzerland in 2050 by completely replacing internal combustion engines vehicles (ICEV) 

by BEV. For reasons of efficiency and cost, electricity-based synthetic fuels (e.g., SNG) are not 

considered, while H2 fuel cell electric vehicles (FCEV) only reach small market shares in passenger 

cars. The total electricity demand of BEV will be 11 TWh in 2050. Its derivation is based on detailed 

modelling of the Swiss new car market until 2050. To this end, for each year, a synthetic fleet of new 

cars of all drivetrains is created, with performance data, new sales prices as well as loyalty rates (brand 

loyalty, model segment loyalty, fuel type loyalty, and drivetrain loyalty by means of the ñsim.carò 

microsimulation (De Haan et al., 2009; EBP, 2017). The simulated new vehicle sales are eventually 

incorporated into a cohort-based fleet and mileage model to enable a regional analysis of the new car 

market at the community level with the aid of "SynPop" (EBP, 2021), a synthetic population of 

Switzerland for spatial analysis of households and companies. For data on mobility behaviour, the 

national passenger transport model (NPVM) (ARE, 2016) and the micro-census on transport and 

mobility (MZMV) (BFS, 2020) are used. 

The hourly recharging profiles of BEV are based on this MZMV. As in the MZMW, there are clear weekly 

patterns, yet no significant seasonal variations in peopleôs mobility, and seasonal variability is excluded 

by modelling 52 identical weekly recharging profiles. To derive these recharging profiles, the 

methodology of Pareschi et al. (2020) is adopted. They assume that all cars in the MZMV are BEV and 

create customizable recharging opportunities at the locations where the original car was stopping. They 

then check how many BEV would successfully complete multiple consecutive days of movements 

without running out of charge. All the recharging events of BEV are aggregated to form recharging 

profiles of a generic BEV fleet. In this respect, it is assumed all BEV are equipped with 60 kWh onboard 

batteries and charged at home with a standard 230 V socket at 2.3 kW. This allows the vast majority of 

BEV to be fully recharged overnight at home. The resulting recharging profiles are eventually aggregated 

by day of the week and linearly scaled to the annual electricity demand from above. Bi-direction charging 

(vehicles-to-grid) is not considered in this study.  For more information on the derivation of these hourly 

recharging profiles, refer to Rüdisüli et al. (2022a). 
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4.2.3.3.3. Heat pumps for Space Heating (SH) 

The percentage of heat pumps deployed to cover the annual SH demand in Table 4-1 is taken from 

Rüdisüli et al. (2019) as 75% in scenario 4 and then linearly adjusted in the other scenarios based on 

an assumed more progressive expansion of heat pumps compared to ñEP2050+ò (Prognos, 2020). 

To obtain hourly electricity demand profiles for these heat pumps, the following procedure is applied:  

¶ To have representative temperature data to estimate the hourly space heating and 

corresponding electricity demand of heat pumps, population-weighted hourly ambient air 

temperatures of MeteoSchweiz (2020) are used. For more details, refer to Rüdisüli et al. 

(2022b). From the hourly population-weighted temperatures, the daily mean temperature 

T_m(d) is calculated. The equivalent daily mean temperature T_m,eq(d) results as the weighted 

mean of that day and the three previous days according to the formula: 

 

T_m,eq(d) = 0.5 * T_m(d) + 0.3 * T_m(d-1) + 0.15 * T_m(d-2) + 0.05 * T_m(d-3) Equation 4-1 

and a mathematical rounding down to whole degrees Celsius (e.g., -1.34 °C ᵼ -2 °C).  

¶ For the hourly operation of heat pumps, standardized heat pump load profiles of SWM 

Infrastruktur GmbH (2021) are used at individual equivalent daily mean temperature steps of 1 

°C (see Figure 4-4).  

 
Figure 4-4: Standard load profiles for heat pumps (without mandatory interruption) of SWW infrastructure. 
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To only have their SH part without the DHW part, the ñ>= 18 ÁCò profile is subtracted from all other 

profiles. The reference temperature (T_ref) and the limiting constant (K) are set to T_ref = 18 °C and K 

= 0, respectively. The temperature index TMZ is calculated according to the following equation 4-2: 

  

TMZ = max(T_ref - T-m,eq(d); K) Equation 4-2 

 

¶ The annual SH demand covered by heat pumps in each scenario is based on the historical 

annual SH demand (BFE, 2019a) and the predefined SH demand reductions as well as heat 

pump deployment from Table 4-3. To account for already achieved SH demand reductions until 

2019, the historical annual SH demands are first scaled by their corrected weather-adjusted SH 

demand, which shows that from 2010 to 2019 already an SH demand reduction of about 7% 

took place.  

¶ The daily SH demand covered by heat pumps is then calculated by linearly scaling the 

corresponding annual SH demand covered by heat pumps by the daily TMZ relative to the 

annual sum of all TMZ. 

¶ The hourly COP of state-of-the-art air-water heat pumps (ASHP) is calculated from 

corresponding hourly ambient air temperatures T_amb(h) and the quadratic regression 

proposed by Ruhnau et al. (2019):  

 

COP(h) = 6.08 - 0.09 * Delta_T(h) + 0.0005 * Delta_T(h)2   Equation 4-3 

 

where Delta_T is the hourly temperature difference between the heat source and heat sink defined as 

 

Delta_T(h) = T_sink(h) - T_source(h) Equation 4-4 

 

with the heat source as the ambient air temperature 

 

T_source(h) = T_amb(h)  Equation 4-5 

 

and the heat sink as the forward flow temperature of the heating system based on the heating curve 

  

T_sink(h) = 35 [°C] - 0.75 * T_amb(h)  Equation 4-6 

 

which assumes 50% floor and 50% radiator heating.  
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In this study, only ASHP (no ground-source and water-source heat pumps) are considered, and only 

on-off modulating heat pumps are included. Eventually, the laboratory-based COP from (see equation 

4-3) is scaled down by 14%, which is the average performance gap of real-world heat pumps in multi-

family homes according to Roost et al. (2018). The resulting demand-weighted average COP is about 

3.4. 

¶ With the hourly COP from above and the hourly standardized load profiles of each day relative 

to the equivalent daily mean temperature, the daily heat supply by heat pumps is calculated. 

With this daily heat supply, the hourly load profiles are scaled such that their daily heat supply 

matches the daily SH demand from above. This way, the hourly electricity demand of heat 

pumps to cover their predefined share of the overall heat demand is calculated. To have a 

smooth transition at midnight, where two standard load profiles are joined, a Gaussian filter 

(Hamilton, 2015) with a window of 5 hours is run over the profile. 

¶ As already in the base electricity demand a certain proportion comes from heat pumps and 

electric resistive heating (night storage and direct electric), this part, reported on an annual basis 

(BFE, 2019a), is linearly subtracted from the hourly electricity demand. To this end it is assumed 

that this present electricity demand for SH can concurrently be used by future heat pumps and 

only their additional electricity demand must be added to the base electricity demand profile. 

This assumption can be made since daily net surpluses relevant for USC-FlexStore are 

estimated on a daily basis (see chapter 4.2.2). 

4.2.3.3.4. Heat pumps for Domestic Hot Water (DHW) 

It is assumed that the current hourly electricity demand for DHW (mainly from resistive water boilers) 

can concurrently be used by future DHW heat pumps. This assumption can be justified - as with heat 

pumps for SH - by the fact that eventually daily demand and supply profiles are aggregated to obtain 

the resulting daily net surplus for USC-FlexStore.  
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 Electricity supply 

Table 4-4 summarizes the main boundary conditions and assumptions on the annual electricity supply 

in the four scenarios. The total electricity supply increases from about 61 TWh in the reference Scenario 

1 to about 76 TWh (+25%) in Scenario 4. The annual and seasonal discrepancy between this electricity 

supply and the electricity demand from Table 4-3 can be used by USC-FlexStore to cover (at least 

partially) the remaining gas demand in Table 2. In the following, the derivation of each part of this 

electricity supply is described in more detail. 

  
Table 4-4: Main boundary conditions and assumptions on the electricity supply in the four scenarios. 

Supply 

(in TWh / year) 

Scenario 1 

(~2020) 

Scenario 2 

(~2030) 

Scenario 3 

(~2040) 

Scenario 4 

(~2050) 

Nuclear 22  

(all) 

9  

(Leibstadt) 

- 

(none) 

- 

(none) 

PV 1.8 15 25 35 

Wind 0.1 1 2 4 

CCGT CH - - - - 

Waste (inkl. CHP) 2 2 2 2 

Run-of-River 16 16 16 16 

Hydro storage 19 19 19 19 

Total domestic 

electricity 

supply 

(%increase) 

61 

(100%) 

62 

(+2%) 

64 

(+5%) 

76 

(+25%) 

 

4.2.4.1. Nuclear 

The annual generation of nuclear power in the four scenarios is based on the following phase-out 

assumption: In the reference scenario 1, all Swiss nuclear power plants (incl. Mühleberg, which was 

shut down on 20 December 2019) are still operational. In scenario 2, only the largest Swiss nuclear 

power plant Leibstadt (1.3 GW) is still in place, all other nuclear power plants have been shut down after 

their assumed 50 years of operation. In scenarios 3 and 4, all nuclear power plants are phased out. The 

hourly generation profile for 2016 - 2018 is taken from ENTSOEôs transparency platform (TP) (ENTSOE, 

2020b). While Leibstadtôs generation profile shows the gross generation, all other nuclear power plants 

report their net generation. Hence, Leibstadtôs profile is scaled down by a factor of 95%, which is the 

average difference between the net and gross nuclear generation derived from monthly statistics of 

Swissnuclear (2020). In scenario 2, a constant generation profile of Leibstadt with only a planned outage 

(annual revision) of 35 days between 2 June and 7 July is implemented, based on a preliminary analysis 

of the difference between the demand and all other inflexible generation technologies (PV, wind, RoR, 

waste and inflexible storage hydro). 
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4.2.4.2. Wind 

The annual wind generation for scenarios 2 - 4 is adopted from EP2050+ (Prognos, 2020), while in the 

reference scenario 1, it corresponds to the historical values of 2016 ï 2018 (BFE, 2020). The wind 

generation profile is generated from hourly capacity factors of current on-shore Swiss wind turbines and 

wind data recorded by MERRA-2 satellites. For further details on the derivation of these wind capacity 

factors, refer to the webpage ñrenewables.ninjaò (Staffell and Pfenninger, 2016). Eventually, these 

capacity factors are linearly scaled to the annual wind generation in each scenario. 

4.2.4.3. PV 

The annual PV generation in the four scenarios is based on the substitution of nuclear power by PV as 

well as to cover the additional electricity demand from heat and mobility. In reference scenario 1, the 

annual PV generation corresponds to the historical values of 2016 - 2018 (BFE, 2020). In scenarios 2 

and 3, the annual PV generation is equivalent to the phased-out nuclear power, while in scenario 4, it 

also covers the additional electricity from heat and mobility. Similarly, it also corresponds to the PV 

expansion envisaged in EP2050+ (Prognos, 2020) by 2050. 

The hourly PV generation profile is estimated using an adapted method of Walch et al. (2020), which 

consists of three steps:  

1. The physical potential is obtained from the incoming direct and global horizontal solar radiation 

and the surface reflectance (albedo) data from MeteoSchweiz (2020).  

2. The actual radiation on the PV panels includes the roof tilt and orientation, as well as shading 

effects and sky visibility (see Walch et al. (2020) for details). For practical reasons and to 

maximize the used PV surface, it is assumed that panels are placed in adjacent and alternating, 

(approximately) east and west-facing rows at a lower tilt. This ñEWò scenario hence models 

panels on flat roofs as alternating east and west-facing rows at 15° tilt, whereby all roofs with tilt 

angles below 10° are defined as flat.  

3. The technical potential is obtained by multiplying the geographical potential with the PV system 

efficiency. It is assumed that all PV panels are monocrystalline panels with system efficiencies 

as reported in Walch et al. (2020).  

These hourly PV generation profiles per roof are then aggregated to the national scale by selecting the 

roofs with the highest annual yield first. This way, a strategic PV expansion is implemented and the 

predefined annual generation in the four scenarios can be reached with the least number of roofs. For 

more details on this approach, refer to Walch et al. (2021). 

4.2.4.4. Combined-Cycle Gas Turbines 

In all scenarios, it is assumed that no new domestic combined cycle gas turbine (CCGT) power plants 

are built and used, as this would not comply with current CO2 mitigation targets of Switzerland (ñnet-

zeroò). However, based on current political developments with respect to Switzerlandôs integration in a 

future European electricity exchange market (Frontier Economics, 2021), the authors acknowledge that 

there may be a need for such domestic CCGT to offset winter electricity deficits in the future Swiss 

energy system.  

4.2.4.5. Waste-to-Energy 

Waste-to-Energy refers to electricity produced at the 30 municipal waste incineration plants (MWIP) in 

Switzerland. Their total annual electricity generation is derived from their CO2 emissions (see chapter 

4.2.5.1.2) and a uniform conversion factor of 0.52 GWhel / t CO2 to yield 2.1 TWh, which is in line with 

the official national statistics (BFE, 2020). Due to no assumed expansion of MWIP in Switzerland, this 

annual electricity generation remains constant in all scenarios. For the hourly generation, a constant 

(ñmust-runò) generation of 240 MWel is assumed, irrespective of seasonally varying waste incineration 

schedules.  
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4.2.4.6. Hydropower 

4.2.4.6.1. Run-of-River 

According to the Swiss national hydropower statistics (BFE, 2017), there were 577 run-of-river (RoR) 

units with a power larger than 0.3 MWel producing about 16 TWh of electricity (of which 2/3 in summer). 

This generation is assumed to remain constant in all scenarios. In other words, no additional RoR 

capacity is installed owing to a limited expansion potential (Prognos, 2020). Figure 4-5 shows all Swiss 

RoR hydropower plants with an installed capacity of more than 25 MWel sorted in descending order 

including those RoR in the inner and outer geologically eligible perimeter (see chapter 4.1.3). 

  
Figure 4-5: RoR hydropower plants (> 25 MWel) in Switzerland. RoR power plants in the inner and outer 

geologically eligible perimeter are indicated with red and blue dots, respectively. 

  

Hourly generation profiles are adopted using the method described in Dujardin et al. (2017). This method 

uses three principal sources of data: 

¶ The monthly water runoff from the model PREVAH (Viviroli et al., 2009) with a 200 m resolution 

raster and the definition of the water catchment areas of BAFU (2021). 

¶ The WASTA hydropower statistics (BFE, 2017), which gives the location and annual average 

generation for each RoR plant  

¶ The monthly generation statistics of all RoR combined (BFE, 2019b)  

  



   

 

80/260 Final Report: Underground Sun Conversion ï Flexible Storage 

With these sources, the following approach is employed to obtain the hourly electricity generation profile 

of each RoR power plant: 

1. For each RoR power plant, given its location, the associated catchment area is computed by 

using H1 and H2 attributes in the small catchment definitions (this defines the cascading) 

2. For each month, the corresponding PREVAH pixel values to obtain the monthly inflows that 

drain to each plant are aggregated 

3. The annual generation from BFE (2017) and the inflow regime just above are used to obtain 

monthly generation values for each plant. 

4. The monthly aggregated production values from BFE are used to correct them (as the WASTA 

database is not updated every year).  

5. The monthly time series are then interpolated at a 1-h time resolution using Piecewise Cubic 

Hermite Interpolating Polynomial (PCHIP) followed by a 1-month-window moving average. This 

interpolation is done on the cumulative sum of the monthly electricity generation profile to 

guarantee that the monthly electricity generation is conserved. The hourly generation profile is 

then the time derivative of this interpolation. 

Regarding international RoR power plants, mainly along the German border at the river Rhine, their 

capacity is fully assigned to Switzerland as it is assumed that due to similar surplus electricity situations 

in neighboring countries, USC-FlexStore at these international RoR sites may also use foreign net 

surplus electricity. The only exception is RoR Kembs, which is fully excluded from the analysis despite 

its 20% share for Switzerland, as it is fully located in France. 

4.2.4.6.2. (Pumped) Hydro Storage 

All the above-mentioned electricity generation technologies (nuclear, run-of-river, PV, wind, and waste) 

are inflexible in the dispatch of their electricity generation (must-run). In other words, they cannot shift 

their production to times with higher demand and thus higher prices on the electricity market - mostly 

due to physical, economic, and/or legal constraints. On the other hand, storage hydropower plants 

(HYD_DAM) are flexible in this respect as they can shift - within certain limits - their production to times 

of higher electricity demands and prices. 

Therefore, the production of HYD_DAM is modelled individually for each year given the corresponding 

inflexible supply mix and electricity demand. As a proxy for electricity prices on the electricity market, 

the residual load is used (Dillig et al., 2016; Von Roon and Huber, 2010). The residual load is the 

momentary difference between the electricity demand and the inflexible electricity supply. It is positive 

for hours with deficits (i.e. demand larger than supply) and negative for hours with a surplus (i.e. supply 

larger than demand). Especially in summer, also HYD_DAM is partially forced to inflexibly produce 

electricity due to high natural inflows and limited storage capacities in their intermediate retention 

reservoirs. This inflexible share of HYD_DAM is heuristically modeled according to Beer (2018): First, 

the hourly HYD_DAM production profile is obtained by subtracting from the total Swiss electricity 

production profile (Swissgrid, 2018) all inflexible production at an hourly time scale. The remaining profile 

after this subtraction is roughly the hourly HYD_DAM production. Then, this HYD_DAM profile is linearly 

scaled to the annual HYD_DAM supply (BFE, 2019b). Next, a running minimum filter with a centered 

window of 7 days is applied to the profile, while assuming that this running minimum is the inflexible 

HYD_DAM production. This inflexible HYD_DAM production is then added to the other inflexible 

production profiles of all other technologies to calculate - along with the corresponding demand - the 

residual load for every hour in every year.  

In a subsequent step, the remaining (i.e., flexible) hourly HYD_DAM production is summed for every 

consecutive time window of 5 days within a year. The number of 5 consecutive days is chosen 

heuristically such that only short-term production shifts within 5 days are allowed. HYD_DAM may 

theoretically also retain electricity for longer durations (e.g., seasonally), however, to be economically 

viable, they are filled in spring (and summer) from snowmelt and precipitation such that they are full in 
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autumn and can profitably produce electricity throughout winter. Consequently, they must stick to a 

seasonally inflexible generation schedule, which, however, is flexible within a couple of days. Therefore, 

in the model within these 5 consecutive days, HYD_DAM can shift its available electricity to the most 

profitable hours, i.e., the hours with the largest residual loads (deficits). To this end, the residual load 

profile is first made non-negative by shifting it such that the most negative value (i.e., the largest 

surpluses) becomes zero and consequently all other values are positive. In the next step, this shifted 

residual load is squared in order to give higher weights to hours with large deficits. Eventually, the shifted 

and squared residual load is normalized to 1 and the summed HYD_DAM production is linearly 

redistributed according to this normalized residual load, while not exceeding the maximum installed 

turbination power of 8.1 GW. These steps are iteratively repeated until all HYD_DAM production is 

adequately redistributed within these 5 consecutive days. With this heuristic approach, the annual 

production and seasonal storage scheme of HYD_DAM is intrinsically maintained, and the obtained 

profile has a smooth and realistic shape. 

For pumped-hydro storage (PHS), in addition to flexible turbination, also flexible pumping is 

implemented within 5 consecutive days as an additional electricity demand. To this end, an updated 

residual load profile including the afore re-allocated HYD_DAM is calculated and inverted such that the 

hours with the largest surplus (e.g. lowest prices) are prioritized for pumping, and hours with the highest 

deficits (e.g. highest prices) are used for turbination such that a maximum price spread (arbitrage) can 

be exploited. As a boundary condition for PHS, pumping can only happen in surplus hours, while 

turbining can only happen in deficit hours. Moreover, the maximum pumping and turbination power of 

3.7 GW must not be exceeded and the maximum storable electricity within these five consecutive days 

is a-priori determined as either the total Swiss PHS capacity of about 300 GWh (Piot, 2014) or the 

minimum of the summed surpluses and deficits within 5 consecutive days. Generally, a round-trip 

efficiency of 80% is assumed for PHS. 

 CO2 supply 

As a prerequisite for the conversion of H2 to CH4, CO2 is needed. This CO2 is separated and supplied 

in concentrated form from industrial CO2 point sources. Due to their relatively straightforward CO2 

separation and market maturity, the only CO2 sources considered in this study are cement (CEM), 

municipal waste incineration (MWIP), and wastewater treatment plants (WWTP). CO2 emissions from 

the (petro-)chemical and metallurgical industries are not considered, as their CO2 emissions, although 

of considerable quantitative relevance (BAFU, 2019; Swissmem, 2017), are typically strongly process-

dependent and therefore hard to exploit. Direct Air Capture (DAC) of CO2 from the atmosphere is, 

despite its infinite and location-independent potential (Gutknecht et al., 2018; Wurzbacher, 2017), 

neither considered due to economic constraints. Moreover, in Switzerland, there are about 150 raw 

biogas (biomethane) plants that emit about 140000 t of CO2 per year, and they could therefore readily 

be used as CO2 sources similar to WWTP (Meier et al., 2017). However, currently, only 15 of these 

biogas plants feed methane into the natural gas grid (Ruoss, 2014), although most of the plants are 

located near natural gas pipelines. Most of them use their produced methane in combined heat and 

power (CHP) plants for their own energy consumption and therefore they are not considered here for 

economic USC-FlexStore exploitation. 
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4.2.5.1. CO2 sources 

4.2.5.1.1. Cement plants (CEM) 

Currently, there are 6 large cement plants (CEM) in Switzerland (Schweizer Zement, 2018), where CO2 

is emitted to the environment in the exhaust air stream. One-third of this CO2 is of fossil origin and stems 

from the combustion process to supply heat to the rotary kiln, while the remaining two-third of CO2 are 

geogenic and stem from the conversion of the clinker (CaCO3) to calcium oxide (CaO) (Volkart et al., 

2013). The volumetric CO2 content in the exhaust airflow is approximately 14% - 35% (Meier et al., 

2017) and can be separated relatively easily and inexpensively during flue gas cleaning using amine 

scrubbing. The relevant CO2 quantities are determined from the cement volumes published by the 

cement plants (Schweizer Zement, 2018) and an emission factor of 0.59 t CO2 per tons of cement 

(Infras, 2000). 

4.2.5.1.2. Municipal Waste Incineration Plants (MWIP) 

The 30 municipal waste incineration plants (MWIP) in Switzerland (VBSA, 2019) emit CO2 as a product 

of their combustion process. About 50% of this CO2 stems from fossil sources (e.g., oil, coal, natural 

gas, etc.) (VBSA, 2016), while the other 50% is biogenic (food, wood, leather, etc.) and therefore CO2 

neutral. With a volumetric fraction of about 10% in the exhaust fume (Johnke, 2001; Reinhardt et al., 

2008), CO2 can be separated relatively easily and inexpensively as part of the flue gas cleaning process 

using amine scrubbing. To estimate CO2 amounts from MWIP, the annual amount of combustible waste 

published by the MWIP on their websites (VBSA, 2019) is multiplied by an emission factor of 1.06 t CO2 

per tons of waste (BAFU, 2015). 

4.2.5.1.3. Wastewater Treatment Plants (WWTP) 

Wastewater treatment plants (WWTP) produce CO2 in their anaerobic sludge digestion (fermentation), 

where CO2 - together with CH4 - is the main constituent of sewage gas (Gujer, 1999). The volumetric 

fraction of CO2 in the sewage gas is about 33% and nearly 100% of biogenic origin. Nowadays, sewage 

gas is typically either already treated and fed into the natural gas grid, converted in on-site combined 

heat and power (CHP) plants for the WWTPôs own electricity and heat requirements, or flared (Peyer et 

al., 2016). Unlike CEM and MWIP, using CO2 from WWTP has the advantage that no additional CO2 

separation and gas upgrading units (gas cleaning and drying) are needed after anaerobic digestion 

(Witte et al., 2018b, 2018a). Instead, CO2 can be used directly - along with the already contained CH4 

in the sewage gas - for USC-FlexStore.  

According to BAFU (2017), in 2017, there were 759 WWTP with a dimensioning size of more than 200 

population equivalents (pe) throughout Switzerland. For economic and operational reasons, only larger 

WWTP with pe > 10ô000 are considered in this analysis, preferably if they are also located near RoR 

hydropower plants. Smaller-scale and special industrial WWTP, as well as WWTP without anaerobic 

sludge digestion, are not considered. The relevant CO2 emission factors are obtained from the reported 

quantities of sewage gas and pe of all WWTP in the canton of St. Gallen (SG) (AFU, 2019). Assuming 

a volumetric CO2 content in the sewage gas of 45% and a CO2 density of 1.96 kg/Nm3, a median 

emission factor of 10.4 kg_CO2 / (pe * year) is obtained. This emission factor is in line with the 10 kg_CO2 

/ (pe * year) determined from measured amounts of sewage gas and corresponding pe in Holinger 

(2012). 
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4.2.5.2. CO2 availability, requirements, and separation 

Based on the emission factors from above, the annual potentials of CO2 for USC-FlexStore are 

calculated. To this end, it is assumed that CO2 is emitted constantly throughout the year. This 

assumption of constant CO2 emissions is generally true for most CO2 sources. However, it does not 

hold for WWTP in tourism areas with strong seasonal fluctuations for wastewater treated. In that case, 

this is even more disadvantageous for USC-FlexStore as the large quantities of CO2 are produced in 

winter, while USC-FlexStore is generally done in summer when surplus electricity from PV is highest. 

Under realistic conditions, only about 75% to 90% of the CO2 in the exhaust fumes of CEM and MWIP 

can technically be separated by amine scrubbing (Meier et al., 2017). Contrarily, as above mentioned, 

with WWTP, CO2 in the sewage gas can be used for USC-FlexStore without additional CO2 separation 

and upgrading (Witte et al., 2018b).  Therefore, a CO2 separation efficiency for CEM and MWIP of 75% 

and of 100% for WWTP is assumed. 

For stoichiometric conversion of H2 and CO2 to CH4 according to Sabatierôs reaction (4 H2 + CO2 = 1 

CH4 + 2 H2O), 5.5 g_CO2 per g_H2 (Teske et al., 2019) are needed. With a lower heating value (LHV) 

of 33.3 kWh / kg_H2, 166 t CO2 are needed per GWh_H2, assuming a 57% efficient (Teske et al., 2019), 

94.1 t CO2 are needed per GWh of (surplus) electricity. 

A summary of the individual-plant and cumulative CO2 emissions (including the above-mentioned 

separation efficiencies) are displayed in Figure 4-6 per plant type. With these amounts of CO2 and the 

stoichiometric conversion factor of 94.1 t CO2 / GWhel, more than 60 TWh of net surplus electricity would 

be needed for consuming all available CO2. In this respect, CEM and MWIP alone account for more 

than 98% of the available industrial CO2 for USC-FlexStore. 
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Figure 4-6: Individual and cumulative CO2 emissions per type in TWh electricity equivalents (el,eq) per year, 

that is, for full conversion to CH4 via USC-FlexStore with a conversion factor of 94.1 t CO2 / GWhel,eq 

including a 75% separation efficiency for cement (CEM) and MWIP as well as 100% separation efficiency 

for WWTP. 

4.2.5.3. CO2 transportation 

For USC-FlexStore at MWIP, no CO2 transportation is needed, as the USC-FlexStore plant is 

immediately located on the premises of the CO2 source. In turn, for USC-FlexStore at RoR, 

transportation of CO2 (by truck or pipeline) is generally required. To find nearby CO2 sources for each 
RoR, an underlying transportation problem must be solved. To this end, the R package lpSolve and 

its function lp.transport (Berkelaar, 2020) is employed. The ñcostò of transportation for CO2 from 

its source (i) to its sink (j) at the RoR is approximated by  

 

Cost_ij = Distance_ij / min(CO2_available_i, CO2_needed_j)   Equation 4-7 

 

where Distance_ij is the Euclidean distance (geographical or logistical boundary conditions are not 

considered) between two locations i and j, while CO2_available_i is the total (annual) CO2 available at 

source i and CO2_needed_j is the annually needed CO2 for full conversion of all available net surplus 

electricity to H2 at RoR j based on a conversion factor of 94.1 t CO2 / GWhel. Besides the transportation 

distance, the employed cost function also accounts for CO2 needed and available. This way, rather a 

small number of large CO2 sources are used instead of several close-by yet smaller ones. 

  



   

 

Final Report: Underground Sun Conversion ï Flexible Storage  85/260 

4.2.5.4. CO2 storage 

Owing to the assumed constant feed of CO2 from industrial CO2 sources, on-site CO2 storage is required 

to achieve a tolerable deviation from stoichiometric CO2 and intermittently produced H2 injection into the 

ground for USC-FlexStore. Instead of CO2 storage, also H2 storage would be an option in this respect. 

However, due to technologically more challenging H2 storage (Züttel et al., 2010) (in specific pressurized 

H2 vessels), only CO2 storage above ground is currently considered. This shall, however, further be 

elaborated based on the results from chapter 6, in which storage of the feed gases H2 and CO2 is 

investigated in full detail. 

 Natural gas grid 

For the transport of natural gas (NG), there is a 19ô300 km long NG grid in Switzerland, of which 2ô300 

km belong to the high pressure (5 - 85 bar, see Figure 4-7) and 17ô000 km to the local low-pressure 

distribution grids (0.02 - 5 bar) (KSDL, 2021). For distances less than 500 km, it is assumed that natural 

gas can be transported in this grid with negligible losses and additional energy requirements. Although 

gas is preferably injected into the high-pressure NG grid at gate and customs stations, it is assumed 

that gas can be injected at any location without additional costs or efforts since costs for a possibly 

needed increase of pressure is highly dependent on the (typically unknown) reservoir pressure and 

subsequently the current operating pressure of the underground storage. 
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 Project perimeters 

Figure 4-7 shows a map of the potential USC-FlexStore sites (i.e. RoR, MWIP), CO2 sources (i.e. CEM, 

MWIP, WWTP), and the high-pressure NG grid in Switzerland as well as the inner and outer geologically 

eligible perimeter for USC-FlexStore (see chapter 4.1.3).  

 

 
Figure 4-7: Map of all RoR hydropower plants (blue dots), CO2 sources (CEM, MWIP, WWTP) as well as the 

high-pressure natural gas grid (red lines) in whole Switzerland as well as the geologically eligible inner and 

outer perimeter for USC-FlexStore.  
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4.3 Results and Discussion 

 National analysis 

4.3.1.1. Electricity demand and supply   

Figures 4-8a ï 4-8c illustrate how flexible hydropower (PHS and storage) is dispatched in winter, spring 

and summer according to the heuristic approach presented in chapter 4.2.4.6.2 to meet the inelastic 

demand (incl. heat pumps and BEV) along with other domestic, yet inflexible, electricity supply 

technologies (PV, wind, RoR, conventional thermal (mainly MWIP), nuclear). In all seasons, typically, 

flexible hydro storage (Dam flex.) is gradually shifted away from noon hours, when PV is dominant - and 

prices therefore rather low - towards evening and night hours, when supply deficits increase due to 

additional BEV charging and phased-out nuclear supply - and therefore prices are high. With PHS, 

inexpensive surplus electricity at noon is pumped and shifted towards more profitable evening and night 

hours. In winter (see Figure 4-8a), typically, there is not enough surplus electricity to cover the night 

deficits, particularly, in scenarios 1 and 2, while in scenarios 3 and 4, due to the large PV expansion of 

25 TWh and 35 TWh, respectively, in some days, even in winter, there is surplus electricity at noon that 

can be shifted by PHS. In the intermediate season, which is represented in Figure 4-8b, there is often 

enough surplus electricity at noon to completely fill the evening and night deficits, in particular in 

scenarios 2 - 4. However, due to physical limitations of PHS for example with respect to the installed 

pumping capacities of 2.7 GW, there are also deficits that cannot be offset by PHS although there would 

be enough surplus electricity available at noon. In summer (see Figure 4-8c), in all scenarios there is 

surplus electricity, almost throughout the day. This occurs as flexible hydro storage, although shifted 

away from noon hours, is still in excess. This situation, which would otherwise result in generally 

detrimental curtailment of renewable energy, can only be avoided by a different seasonal dispatch 

strategy of flexible hydropower or other means of seasonal storage such as USC-FlexStore. 

 

a.  
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b.  

c.  
Figure 4-8: Dispatch of flexible hydropower (Dam and PHS) modeled to meet the inelastic electricity demand 

(red lines) along with other inflexible supply (wind, PV, RoR, conventional-thermal, nuclear) for an 

exemplary 5 consecutive days in all four scenarios in a) winter b) spring and c) summer. 
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4.3.1.2. Additional flexibility for ideal load shifting 

Especially in the intermediate season (see Figure 4-8b), there are electricity surpluses at noon that 

cannot be shifted by PHS although there are corresponding deficits in the evening and at night due to 

physical limitations of PHS in terms of installed capacities, etc. This surplus can, however, be exploited 

by additional load shifting (i.e., additional flexibility in terms of additional storage capacities and/or 

demand-side management). What is left after this (ideal) load shifting, are net surpluses eligible for USC-

FlexStore.  

In Figure 4-9, the daily needed amount of flexibility (in GWh) with respect to an ideal (i.e., no losses) 

load shifting is displayed for all scenarios. While in Scenario 1 little additional flexibility is needed, it 

gradually increases to a daily maximum of about 53 GWh per day in Scenario 4. If all flexibility, including 

the one currently available from PHS, is counted, a maximum combined flexibility of 71 GWh per day is 

needed in Scenario 4. The current total PHS storage capacity of about 300 GWh (Piot, 2014) is, 

therefore, more than sufficient to effectively shift these domestic amounts of surplus electricity, while 

there is still enough PHS storage capacity to pump up low priced imported electricity and sell it later at 

higher prices (PHS arbitrage). In addition, the required 53 TWh of shiftable loads with Demand Side 

Management (DSM) are not excessively large to be found in a future energy system. 

 

Figure 4-9: Needed daily flexibility (in GWh per day) to reach net surpluses. 
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In turn, the daily peak power demands (in one particular hour of the day) that need to be available for 

this ideal load shifting are more challenging. These daily peak power demands for DSM are displayed 

in Figure 4-10 for all scenarios. In Scenario 4, the maximum daily peak power demand is more than 25 

GW, typically at noon when PV generation is maximal. Also in Scenario 3, a peak power demand of up 

to 17 GW is needed. In all these situations, the installed PHS pumping power of 3.7 GW is already 

exploited (i.e., subtracted). This illustrates that the requirements for ideal load shifting are high with 

respect to the needed power. Figure 4-10 also displays these daily peak power demands in descending 

order (from left to right as orange areas). The steep slope of this ordered representation shows that 

these peak power demands are needed only on a few days of the year and that curtailment (shaving) 

of these peaks (e.g., at 20 GW) would not result in an excessive spill of electricity. Nonetheless, the 

ideal load shifting assumed in this study to obtain the amounts of net surplus electricity eligible to USC-

FlexStore may be rather optimistic. 

 
Figure 4-10: Needed daily flexibility (peak power in GW) to reach the reported net surpluses for USC-

FlexStore.  
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4.3.1.3. Available net surplus electricity 

 The available amounts annually aggregated net surplus electricity for USC-FlexStore (after ideal load 

shifting) are displayed in Figure 4-11 for all scenarios in dark green. For comparison, also the 

corresponding net deficits (black), as well as the gross deficits (grey) and gross surplus (light green), 

are displayed. These annual net surpluses range between 4.9 TWh (in Scenario 1) to 17.3 TWh (in 

Scenario 4). As in this study, no exports are allowed, in reality, in particular in Scenario 1, the effectively 

usable net surplus for USC-FlexStore must be reduced by this potential export capacity, which, however, 

will gradually diminish in scenarios 2 - 4 due to similar surplus situations in neighboring countries 

(Lienhard, 2023). In all scenarios, the difference between net and gross surplus/deficits is comparatively 

small, hence by means of ideal load shifting only a relatively small amount of daily surpluses/deficits 

can be offset, while the largest shares of net surpluses/deficits feature a clearly seasonal pattern that 

can only be offset by seasonal mitigation such as seasonal storage including USC-FlexStore.   

 
 

 

Figure 4-11: Annual net (dark green and black) and gross (light green and grey) surplus (positive values) 

and deficits (negative values) in each scenario. 
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4.3.1.4. Exploitable net surplus electricity 

Figure 4-12 displays the total amount of net surplus electricity available in Switzerland (dark green) as 

well as the share simultaneously exploitable for USC-FlexStore at all MWIP (orange)), all RoR (blue), 

and both plant types combined (yellow) per scenario. While in scenarios 1 and 2 almost all net surplus 

of about 5 - 7 TWh can be exploited at MWIP and RoR power plants throughout Switzerland, this share 

decreases substantially in the two other scenarios such that in scenario 4 - with the highest degree of 

PV penetration and electrification - only about half of the available 17.3 TWh net surplus electricity can 

eventually be exploited simultaneously at these power plants without resorting to additional net surplus 

electricity from the grid at the expense of additionally incurred grid fees.   

 

Figure 4-12: Daily (line) and annually (bars) available and exploitable net surplus electricity, respectively, 

at RoR and MWIP (and combined). 
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Figure 4-12 also shows that the largest amounts of net surplus electricity occur in summer when 

coincidentally RoR generation is highest, while it is constant throughout the year for MWIP. This is one 

reason why USC-FlexStore is presumably best situated at RoR (Gupta et al., 2022). Figure 4-13 shows 

for all RoR larger than 20 MWel in Switzerland how much of their generated electricity can be used for 

USC-FlexStore and how much is still fed into the electricity grid in each season (half-year). RoR power 

plants within the outer and inner geology project perimeter are indicated by blue and red dots, 

respectively. Only a small portion of the summer generation, irrespective of the size of the RoR, is still 

fed to the grid, while in winter the situation is inverse and only a small portion is used for USC-FlexStore, 

as there is almost no net surplus electricity available in winter. Especially for large RoR power plants, 

their annual electricity generation eligible to USC-FlexStore may be more than 300 GWh per year (e.g. 

Ryburg-Schwörstadt) 

Figure 4-13: Use of generated electricity at RoR (> 25 MWel) for USC-FlexStore or grid injection in the winter 

(blue colors) and summer (green colors) half-year for scenarios 1 and 4. RoR power plants in the inner and 

outer geological perimeter are indicated with red and blue dots, respectively. 
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4.3.1.5. Full load hours 

The required total daily electrolysis power (in GWel) to convert all daily exploitable net surplus electricity 

at RoR and MWIP is displayed in Figure 4-14 in descending order for all scenarios. Although the 

available daily net surplus electricity would allow for total installed electrolysis of up to 10 GWel in 

Scenario 4, at RoR and MWIP combined only about 3 GWel can be installed due to the above-mentioned 

gap between the available and the simultaneously exploitable net surplus at RoR and MWIP. The 

corresponding equivalent full load hours (eqFLH) are also displayed in Figure 4-14. While the eqFLH for 

MWIP is in the range of about 4000 h (slightly depending on the underlying year and scenario), for RoR, 

even though the electrolysis is run continuously over 24 h per day, the needed electrolysis power still 

decreases quite rapidly, leaving a large share of days in part-load operation, thus - depending on the 

underlying year and scenario - resulting in an eqFLH of only about 3000 h. Based on a business model 

of Teske et al. (2019) approximately 4000 h of eqFLH are - under current economic boundary conditions 

- required for economic operation of electrolysis. However, a more detailed techno-economic analysis 

regarding USC-FlexStore is needed (see chapter 6). Moreover, as the eqFLH of individual RoR sites 

may vary substantially from these national aggregates, they are provided in chapter 4.3.3.2. 

 

Figure 4-14: Ordered distribution of required electrolysis power (in GWel) to convert all daily available net 

surplus electricity (green dots) at RoR and MWIP plants. Vertical lines indicate the corresponding 

equivalent full load hours (eqFLH). 
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 Regional Analysis 

4.3.2.1. Available and exploitable net surplus electricity 

In Figures 4-15 and 4-16, the available net surplus electricity at the national scale and the exploitable 

net surplus electricity at RoR and MWIP sites in the inner and outer geology perimeter, respectively, are 

displayed for each scenario. Compared to the exploitable potential at the national scale with all RoR and 

MWIP included (see Figure 4-12), the geological boundary conditions result in a further reduction of the 

exploitable potential to a combined maximum of about 2.1 TWh and 4.2 TWh in the inner and outer 

perimeter, respectively, for scenario 4, compared to the corresponding national potential of about 10 

TWh. 

 

Figure 4-15: Total available net surplus electricity at national scale (dark green lines and bars) and 

simultaneously exploitable net surplus electricity at RoR (blue), MWIP (orange) and combined (yellow) in 

the inner geological perimeter according to Figure 4-7. 
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Figure 4-16: Total available net surplus electricity at national scale (dark green lines and bars) and 

simultaneously exploitable net surplus electricity at RoR (blue), MWIP (orange) and combined (yellow) in 

the outer geological perimeter according to Figure 4-7. 
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Figure 4-17 shows how this net surplus potential is used at individual RoR power plants in the inner (red 

dot) and outer (blue dot) geological perimeter for scenarios 1 and 4 divided by summer and winter half-

year. If the inner perimeter is used, the RoR power plant with the largest potential is Verbois (GE) and 

Eglisau (ZH), whereas if the outer perimeter is used, it is Laufenburg (AG) and Albruck (AG). Irrespective 

of the geological perimeter, there is a small portion of RoR power plants that could use the brunt of the 

available net surplus electricity. 

  
Figure 4-17: Use of generated electricity at RoR (> 10 MWel) for USC-FlexStore or grid injections in the winter 

(blue colors) and summer (green colors) half year for scenarios 1 and 4. Only RoR power plants in the inner 

(red dot) and outer (blue dot) geological perimeter. 
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4.3.2.2. CO2 sources 

Figure 4-18 shows for scenario 4 the optimized transportation paths of industrial CO2 to RoR power 

plants with USC-FlexStore infrastructure from the linear transportation problem described in chapter 

4.2.5.3. Note that neither geographical nor logistical CO2 transportation limitations are considered in the 

optimization. 

  
Figure 4-18: Linear connection of CO2 sources and RoR power plants with USC-FlexStore. 
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In Figure 4-19, the set of connected CO2 sources of the largest RoR power plants is displayed. 

Generally, to be cost-optimal, even these large RoR power plants feature only one dominant, mostly 

MWIP, source of CO2 nearby. Only Felsenau has two CO2 sources, namely one WWTP and one 

MWIP. 

  
Figure 4-19: Connected industrial CO2 sources of the largest RoR.  

  


































































































































































































































































































































