
 Federal Department of the Environment, Transport, 

Energy and Communications DETEC 

Swiss Federal Office of Energy SFOE 

Energy Research and Cleantech Division 
 

Final report dated 15 April 2021 

 

 

ELEGANCY 

Efficient generation of renewable H2 from biomass, while 
harvesting geothermal heat and enabling negative CO2 
emissions 
 

 
Source: ©ELEGANCY 2020  



 

2/109 

 

Date: 15.04.2021 

 

Location: Bern 

 

Publisher: 

Swiss Federal Office of Energy SFOE 

Energy Research and Cleantech 

CH-3003 Bern 

www.bfe.admin.ch 

 

Subsidy recipients: 

ETH Zürich (ETH) 

Separation Processes Laboratory, Prof. Marco Mazzotti 

Sonneggstrasse 3, 8092 Zürich 

 

ETH Zürich (SCCER) 

Institut für Geophysik/SCCER-SoE, Prof. Domenico Giardini 

Sonneggstrasse 5, 8092 Zürich 

 

Paul Scherrer Institut (PSI) 

PSI, CH-5232 Villigen 

 

First Climate Switzerland AG (FC) 

Brandschenkestrasse 51, 8002 Zürich 

 

Climeworks AG (CW) 

Birchstrasse 155, 8050 Zürich 

 

Authors: 

Gianfranco Guidati, ETH Zürich, gianfranco.guidati@sccer-soe.ethz.ch 

Marco Mazzotti, ETH Zürich, marco.mazzotti@ipe.mavt.ethz.ch 

With contributions from all partners 

 

SFOE project coordinators: 

Gunter Siddiqi, gunter.siddiqi@bfe.admin.ch  

Men Wirz (Men.Wirz@bfe.admin.ch) 

SFOE contract number: SI/501548-01 

 

The authors bear the entire responsibility for the content of this report and for the conclusions 

drawn therefrom.  

http://www.bfe.admin.ch/


 

3/109 

Zusammenfassung 
Die Schweiz hat sich zum Ziel gesetzt, ihre Treibhausgasemissionen (THG) bis zur Mitte des 

Jahrhunderts auf null zu reduzieren. Es besteht kein Zweifel daran, dass der grösste Teil der THG-

Vermeidung durch den Umstieg auf Wärmepumpen für Raumwärme und Haushaltswarmwasser sowie 

auf batteriebetriebene Elektrofahrzeuge für den Individualverkehr erfolgen muss. Es gibt jedoch drei 

Gründe, warum eine Netto-Null-Zukunft nicht nur vollelektrisch sein wird: (1) mittlere bis grosse 

Punktquellen wie Zement- oder Müllverbrennungsanlagen werden aufgrund der inhärenten 

Prozesseigenschaften weiterhin CO2 emittieren; dies muss durch CO2-Abscheidung und -Speicherung 

(CCS) vermieden werden. (2) Einige Teile des Endverbrauchs sind schwer zu elektrifizieren, z. B. der 

Schwerlastverkehr oder Hochtemperatur-Prozesswärme; hier ist Wasserstoff ein alternativer 

Energievektor. (3) Es gibt verteilte THG-Emissionen ausserhalb des Energiesektors, die sich kaum 

vermeiden lassen, z. B. in der Landwirtschaft oder dem internationalen Flugverkehr; um diese 

Emissionen zu kompensieren, muss CO2 aus der Atmosphäre entnommen und dauerhaft gespeichert 

werden. Die oben genannten drei Aspekte können gleichzeitig angegangen werden, indem die 

Wasserstoff-CCS-Kette betrachtet wird. Dies ist das Thema von ELEGANCY, einem ERA-Net-Cofund-

ACT-Projekt mit 22 Partnern aus fünf verschiedenen Ländern. Die Schweiz hat über ein vom Bundesamt 

für Energie BFE finanziertes Pilot- und Demonstrationsprojekt zu ELEGANCY beigetragen, dessen 

Ergebnisse im vorliegenden Bericht detailliert beschrieben werden.  

ELEGANCY verfolgte einen zweigleisigen Ansatz: Auf Systemebene untersuchten wir die Vorzüge und 

Herausforderungen der Wasserstoff-CCS-Kette mittels Lebenszyklusanalyse, multikriterieller 

Entscheidungsanalyse, Energiesystemmodellierung, Business-Case-Entwicklung und 

Sozialwissenschaften. Auf der detaillierten Technologieebene haben wir uns mit den grössten 

Herausforderungen beschäftigt, nämlich der effizienten Erzeugung von Wasserstoff über 

Methandampfreformierung und Biomassevergasung, der direkten Aufnahme von CO2 aus der Luft, der 

Dichtheit der geologischen Struktur, die für eine sichere CO2-Speicherung erforderlich ist, und der 

Identifizierung geeigneter Speicherstätten, die es gleichzeitig ermöglichen, CO2 dauerhaft von der 

Atmosphäre wegzuschliessen und Wärme oder Strom über CO2-basierte geothermische Prozesse zu 

erzeugen.   

Die Verarbeitung von Biomasse zur Erzeugung von Wasserstoff- und CO2-Strömen ist das Herzstück 

der Wasserstoff-CCS-Kette. Sie befasst sich mit den beiden zuvor erwähnten Problemen: wie man 

Wasserstoff für den Güterverkehr und die industrielle Wärmeversorgung bereitstellt und wie man der 

Atmosphäre CO2 entzieht, um negative Emissionen zu erzeugen. Unter der Voraussetzung, dass die 

Biomasse zunächst über biologische Prozesse in Biogas umgewandelt wird, können die klassischen 

Verfahren der Dampf-Methan-Reformierung (SMR) oder der autothermen Reformierung (ATR) 

eingesetzt werden. Hier haben wir im Labormassstab ein neuartiges Vakuum-Druckwechsel-

Adsorptionsverfahren (VPSA) demonstriert, das Wasserstoffreinigung und CO2-Abtrennung in einem 

Zyklus kombiniert. Der alternative Prozess der Holzvergasung wurde mit Prozesssimulationen 

untersucht. Die Ergebnisse wurden anschliessend einer Lebenszyklusanalyse (LCA) zugeführt, die 

zeigte, dass die Verwendung von Biomasse für die Wasserstoffproduktion mit CCS zu einer 

Nettoentfernung von THG-Emissionen aus der Atmosphäre führt und somit eine sehr attraktive Option 

für die Kraftstoffproduktion darstellt. Direct Air Capture (DAC) von CO2 ist eine Alternative zur oben 

genannten biologischen Extraktion von CO2 aus der Atmosphäre über das Wachstum von Biomasse. 

Wir haben eine DAC-Demonstrationsanlage mit einer Kapazität zur Aufnahme von ca. 10 kg CO2 pro 

Tag entwickelt, gebaut und betrieben. Es verwendet einen Temperatur-Vakuum-Wechsel-

Adsorptionsprozess. Der Climeworks-Demonstrator wurde erfolgreich eingesetzt, um neuartige 

Adsorptionsmaterialien zu testen und zu validieren, mit dem allgemeinen Ziel, die energetische Effizienz 

weiter zu verbessern und die Gesamtkosten der DAC zu reduzieren. Eine Ökobilanz der DAC in 

Kombination mit einer geologischen CO2-Speicherung zeigte das Potenzial für sehr hohe CO2-

Nettoentfernungsraten in der Grössenordnung von mehr als 95 %, wenn Wärme und Strom für den 

DAC-Prozess mit geringen Treibhausgasemissionen bereitgestellt werden können. Der volle Nutzen der 

Wasserstoff-CCS-Kette kann nur im Rahmen einer vollständigen Energiesystemmodellierung 
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zuverlässig bewertet werden. Das Schweizer TIMES-Energiesystemmodell (STEM) wurde verwendet, 

um zwei Szenarien zu quantifizieren: Ein Baseline-Szenario (Fortführung der bestehenden Trends) und 

ein Klima-Szenario (Erreichen der Ziele der Schweizer Energie- und Klimastrategie). Die Ergebnisse 

zeigen, dass das Erreichen von Netto-Null-THG-Emissionen im Jahr 2050 den Einsatz von CCS und 

der oben erwähnten biologischen und technischen negativen Emissionstechnologie erfordert. Im Jahr 

2050 werden ca. 9 MtCO2/a abgeschieden, hauptsächlich in Müllverbrennungsanlagen, der 

Zementindustrie, der Wasserstoffproduktion und der Biokraftstoffproduktion. Um dies in die Praxis 

umzusetzen, müssen geeignete Geschäftsmodelle für Wasserstoff-CCS-Projekte identifiziert werden. 

Zu diesem Zweck wurde ein Bewertungsrahmen erstellt. Dessen Anwendung auf die Bedingungen der 

Schweizer Fallstudie zeigt einen klaren Bedarf an gezielten Kohlenstoffpreis-Instrumenten, um 

Investitionsbarrieren für Wasserstoff-CCS-Ketten abzubauen und den Aufbau von tragfähigen 

Geschäftsmodellen zu unterstützen.  

Nicht zuletzt untersuchten wir wichtige Aspekte des Untergrunds, die mit der Wasserstoff-CCS-Kette 

zusammenhängen. Es wurde ein robuster Arbeitsablauf für das Standort-Screening und die 

Standortauswahl entwickelt, um potenzielle Standorte für CCS und CO2-Plume-Geothermie (CPG) in 

der Schweiz zu untersuchen. Dieser Arbeitsablauf wurde durch die Kombination von globalen Best 

Practices und deren Anpassung an den schweizerischen Rechtsrahmen und die noch wenig bekannten 

Charakteristika des Untergrundes des Schweizer Molassebeckens (SMB) erstellt. Abschätzungen der 

Speicherkapazität wurden für drei Standorte durchgeführt, die ein erschöpftes Erdgasfeld und andere 

unterirdische Standorte umfassen, die durch tiefe saline Aquifere (> 800 m) gekennzeichnet sind. Auf 

der Grundlage dieser vorläufigen Bewertung konnte für diese Standorte nur eine moderate 

Speicherkapazität von < 1 MtCO2 ermittelt werden. Aufgrund der Tiefe und der erhöhten 

Untergrundtemperaturen könnte das erschöpfte Gasfeld für eine CO2-basierte geothermische 

Stromerzeugung in Frage kommen. Es ist klar, dass unser Wissen über den Untergrund unzureichend 

ist, um ein endgültiges Urteil über das CO2-Speicherpotenzial in der Schweiz zu fällen. Wir schlagen 

einen zweigleisigen Ansatz vor:  (1) wir müssen das Wissen über den Untergrund verbessern und dabei 

gleichzeitig auf geothermische Ressourcen und CO2-Speicherstätten abzielen, indem wir alle 

verfügbaren Informationen nutzen und auswerten; (2) wir müssen aktiv einen alternativen Plan 

entwickeln, nämlich CO2 in der Schweiz abzuscheiden und zu sammeln und es über eine gemeinsame 

europäische CO2-Infrastruktur zu Speicherstätten in der Nordsee zu transportieren.  

Das grösste Experiment in ELEGANCY wurde im Mont–Teri-Labor im Kanton Jura durchgeführt. Es 

zielte darauf ab, die physikalischen und chemischen Mechanismen zu verstehen, welche die Migration 

von CO2 durch eine Verwerfung in einem Deckgestein steuern. Zu diesem Zweck führten wir eine 

verlängerte (12 Monate) Injektion von CO2-gesättigtem Salzwasser in eine Verwerfung im Opalinuston 

durch, einer Formation, die ein guter Vertreter für gängige Deckgesteine zur CO2-Speicherung in der 

Tiefe ist. Während der Injektion bei einem Druck knapp unterhalb der Grenze für die Öffnung und 

Reaktivierung von Verwerfungen konnten wir beobachten, dass der CO2-Fluss minimal und auf winzige 

Risse beschränkt ist, die durch klassische geophysikalische Messungen nicht erkannt werden können. 

Die Ergebnisse deuten auch auf eine mögliche Verringerung der Porosität in der Region in unmittelbarer 

Nähe der Injektion hin. Eine Exposition gegenüber relativ hohem Druck, die 12 Monate lang anhielt, 

schwächt die Verwerfung nicht weiter. 

Die Hochskalierung der Ergebnisse auf einen grossen Massstab und die Annahme weitaus schlechterer 

Bedingungen als im CS-D-Experiment (d. h. eine viel durchlässigere Verwerfung) zeigen nur dann eine 

signifikante Leckage, wenn die Durchlässigkeit über 10-17 m2 liegt. Im schlechtesten simulierten Fall 

(Durchlässigkeit 10-15 m2, Abstand Injektionsbrunnen-Verwerfung von nur 50 m) sind etwa 0,1 %/Jahr 

des injizierten CO2 in geringer Tiefe migriert. 
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Résumé 
La Suisse s'est fixée pour but de réduire à zéro ses émissions à effet de serre (GES) jusqu'au milieu du 

siècle. Il ne fait aucun doute que la plus grande partie des GES pourra être supprimée en ayant recours 

aux pompes à chaleur pour chauffer les pièces et l'eau domestique, ainsi qu'aux véhicules électriques 

alimentés par batterie pour le transport individuel. Pourtant, il y a trois raisons de ne pas atteindre un 

avenir zéro émission nette uniquement par l'électricité:  (1) Des sources ponctuelles de moyenne à 

grande envergure comme les cimenteries ou les usines d'incinération continueront de produire des 

émissions de CO2 à cause des propriétés inhérentes aux processus; on doit éviter cela  par la capture 

et le stockage de CO2 (CSC). (2) Certains secteurs de la consommation finale se laissent difficilement 

électrifier, par ex. le trafic des poids lourds ou la chaleur industrielle à haute température; l'hydrogène 

fournit ici une alternative comme vecteur énergétique. (3) Il y a des émissions GES en dehors du secteur 

énergétique qui ne peuvent être évitées, par ex. dans l'agriculture ou le transport aérien international. 

Pour compenser ces émissions, il faut capter le CO2 de l'atmosphère et le stocker durablement.  

On peut aborder en même temps  les trois aspects mentionnés plus haut en examinant la chaîne CSC-

hydrogène. C'est l'objet d'ELEGANCY, un projet de l'ERA-Net-Cofund-ACT comprenant 22 partenaires 

de cinq pays différents. La Suisse a contribué à ELEGANCY avec un projet pilote et démonstrateur 

financé par l'Office fédéral de l'énergie (OFEN) dont les résultats sont présentés en détail dans ce 

rapport. 

ELEGANCY poursuivait une double approche: Au niveau systémique, nous avons examiné les 

avantages et les défis de la chaîne CSC-hydrogène à travers une analyse du cycle de vie, une analyse 

décisionnelle multicritères, une modélisation des systèmes énergétiques, le développement du dossier 

économique et les sciences sociales. Au niveau technologique propre, nous nous sommes penchés sur 

les plus grands défis, c'est-à-dire la production efficace d'hydrogène par reformage du méthane à la 

vapeur et gazéification de biomasse, le captage direct de CO2 à partir de l'air, l'étanchéité de la structure 

géologique nécessaire à un stockage sûr du CO2, ainsi que l'identification de sites de stockage 

appropriés permettant à la fois de séquestrer durablement le CO2 de l'atmosphère et de produire de la 

chaleur ou de l'électricité au moyen de processus géothermiques basés sur le CO2. 

Le traitement de la biomasse en vue de produire des flux d'hydrogène et de CO2 est l'élément central 

de la chaîne CSC-hydrogène. Il touche aux deux problèmes mentionnés précédemment:  Comment 

fournir de l'hydrogène aux transports de marchandises et pour l'approvisionnement de chaleur industriel 

et comment extraire le CO2 de l'atmosphère pour générer des émissions négatives? Les processus 

classiques de reformage du méthane à la vapeur (SMR) ou le reformage autotherme (ATR)  peuvent 

intervenir à condition de transformer d'abord la biomasse en biogaz par le biais de processus 

biologiques. Nous avons démontré à l'échelle du laboratoire une nouvelle méthode d'adsorption par 

alternance de pression et vide (VPSA) qui combine la purification de l'hydrogène et la capture du CO2 

en un seul cycle. Le processus alternatif de gazéification du bois fut étudié à l'aide de simulations. Les 

résultats furent alors soumis à une analyse du cycle de vie (LCA) qui montre que l'utilisation de la 

biomasse pour produire de l'hydrogène en combinaison avec CSC débouche sur une élimination nette 

des émissions GES dans l'atmosphère et qu'elle représente donc une option intéressante pour la 

production de carburants. La capture directe du CO2 atmosphérique (DAC) représente une alternative 

à l'extraction de CO2 de l'atmosphère par la croissance de biomasse. Nous avons développé, construit 

et mis en service une installation pilote DAC avec une capacité d'absorption d'environ 10 kg de CO2 par 

jour. Elle utilise le processus d'adsorption par alternance de température et vide. La machine de capture 

de Climeworks fut utilisée avec succès pour tester et valider de nouveaux matériaux d'adsorption dans 

le but d'améliorer l'efficacité énergétique et de réduire le coût global de la DAC. Un bilan écologique de 

la DAC combinée au stockage géologique du CO2 a démontré un potentiel pour des taux très élevés 

d'élimination de CO2, atteignant plus de 95%, si la chaleur et l'électricité nécessaires au processus 

DAC  sont disponibles avec de faibles émissions de gaz à effet de serre. L'avantage intégral de la chaîne 

CSC-hydrogène peut être évalué avec certitude seulement dans le cadre d'une modélisation complète 

des systèmes énergétiques. Le modèle suisse de systèmes énergétiques TIMES (STEM) fut utilisé pour 
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quantifier deux scénarios: un scénario de base (continuation des tendances actuelles) et un scénario 

climatique (pour atteindre les buts de la stratégie climatique et énergétique suisse). Les résultats 

révèlent la nécessité de recourir au CSC et aux technologies d'émissions négatives biologique et 

technique mentionnées plus haut pour atteindre zéro émissions de gaz à effet de serre. En 2050 seront 

captés environ 9 Mtco2/a, principalement dans les usines d'incinération, l'industrie du ciment, la 

production d'hydrogène et la production de biocarburants. Pour réaliser cela, il faut identifier des 

modèles économiques adéquats pour les projets CSC-hydrogène. Un cadre d'évaluation a été mis en 

place à cet effet. Appliqué aux conditions de l'étude de cas suisse, il révèle un besoin clair d'instruments 

spécifiques pour le prix du carbone afin de supprimer les barrières aux investissements dans les chaînes 

SCS-hydrogène et pour soutenir le développement de modèles économiques solides. 

Nous avons surtout examiné d'importants aspects du sous-sol liés à la chaîne CSC-hydrogène et 

développé un solide processus de travail dans la reconnaissance et la sélection des sites en vue de 

l'étude de sites potentiels suisses pour le CSC et la géothermie à panache de CO2 (CPG). Ce processus 

de travail fut établi en combinant les Best Practices globales adaptées au cadre juridique suisse avec 

les caractéristiques peu connues du sous-sol du Bassin molassique suisse (BMS). On a estimé la 

capacité de stockage de trois sites caractérisés par de profonds aquifères salins (> 800 m) : un gisement 

de gaz épuisé et deux sites souterrains. Cette évaluation provisoire révèle une capacité de stockage 

modérée inférieure à 1 MtCO2. Le gisement de gaz épuisé entrerait en ligne de compte pour la production 

d'électricité géothermique basée sur du CO2 grâce à sa profondeur et les températures élevées du sous-

sol. Il est clair que nos connaissances du sous-sol sont encore insuffisantes pour porter un jugement 

définitif sur le potentiel de stockage de CO2 en Suisse. Nous proposons une double approche: (1) Nous 

devons améliorer nos connaissances du sous-sol et cibler en même temps les ressources 

géothermiques et les sites de stockage de CO2 en exploitant toutes les informations disponibles; (2) 

Nous devons développer un plan alternatif, c'est-à-dire capter et collecter le CO2 en Suisse avant de le 

transporter à travers une infrastructure du CO2 européenne vers des sites de stockage de la mer du 

Nord. 

La plus grande expérience dans le cadre d'ELEGANCY fut menée au laboratoire du Mont Terri dans le 

canton du Jura. Le but était de comprendre les mécanismes physiques et chimiques qui déterminent la 

migration de CO2 à travers une faille d'une roche couverture. Alors durant 12 mois, nous avons injecté 

de l'eau salée saturée en CO2 dans une faille de l'argile à Opalinus, une formation représentative des 

roches couvertures habituelles pour le stockage de CO2 en profondeur. Durant l'injection à une pression 

située juste au-dessous de la limite d'ouverture et de réactivation des failles, nous avons pu observer 

que le flux de CO2 restait minime et limité à de minuscules fissures qui ne pouvaient être identifiées à 

travers les mesures géophysiques classiques. Les résultats semblent indiquer une diminution de la 

porosité dans la zone immédiate de l'injection. L'exposition à une pression relativement élevée durant 

12 mois ne déstabilise pas davantage la faille. 

La mise à grande échelle des résultats et l'hypothèse de conditions beaucoup plus défavorables que 

lors de l'expérience CS-D (c'est-à-dire une faille bien plus perméable) révèlent une fuite significative 

seulement à partir d'une perméabilité supérieure à 10-17 m2. Dans le pire des cas simulés 

(perméabilité  de 10-15 m2, distance entre puits d'injection et faille de seulement 50 m), 0,1 % du CO2 

injecté par année ont migré à moindre profondeur. 
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Summary 
Switzerland has the ambition to reduce its greenhouse gas (GHG) emissions to net-zero by the middle 

of the century. There is no doubt that the lion share of GHG abatement will have to come from switching 

to heat pumps for space heat and domestic hot water, and to battery electric vehicles for private 

passenger mobility. There are, however, three reasons why a net-zero future may not just be all-electric: 

(1) medium to large point sources such as cement or waste incineration plants will continue to emit CO2 

due to the inherent process characteristics; this needs to be avoided by CO2 capture and storage (CCS). 

(2) Some parts of the end-use demand are hard to electrify, e.g. heavy duty freight transport or high 

temperature process heat; here hydrogen is an alternative energy vector. (3) There are distributed GHG 

emissions outside the energy sector that are close to impossible to avoid, e.g. from agriculture or from 

international aviation; in order to compensate for these emissions, CO2 has to be taken out of the 

atmosphere and stored permanently. The aforementioned three aspects can be tackled simultaneously 

by considering the hydrogen-CCS chain. This is the subject of ELEGANCY, an ERA-Net Cofund ACT 

project with 22 partners from 5 different countries. Switzerland contributed to the project via an SFOE-

funded Pilot & Demonstration project, whose results are described in detail in the present report. 

ELEGANCY followed a two-pronged approach: on a system level we studied the merits and challenges 

of the hydrogen-CCS chain via life cycle assessment, multi-criteria decision analysis, energy system 

modelling, business case development and social sciences. On the detailed technology level, we tackled 

the biggest challenges, namely the efficient generation of hydrogen via steam methane reforming and 

gasification, the direct capture of CO2 from air, the tightness of geological structure that are needed for 

a safe CO2 storage, and the identification of suitable storage reservoirs that would allow at the same 

time to permanently lock away CO2 from the atmosphere and to generate heat or electricity via CO2 

based geothermal processes.   

The processing of biomass to generate streams of hydrogen and CO2 is at the heart of the hydrogen-

CCS chain. It tackles the two issues mentioned before: how to supply hydrogen to freight transport and 

industrial heat, and how to extract CO2 from the atmosphere to generate negative emissions. Assuming 

that the biomass is first converted to biogas via biological processes, the classical processes of steam 

methane reforming (SMR) or autothermal reforming (ATR) can be used. Here we demonstrated at lab 

scale a novel vacuum pressure swing adsorption (VPSA) process, that combines hydrogen purification 

and CO2 separation in one cycle. The alternative process of wood gasification was studied with process 

simulations. Results were subsequently fed to a Life Cycle Assessment (LCA), which showed that using 

biomass for hydrogen production with CCS leads to a net removal of GHG emissions from the 

atmosphere and thus represents a very attractive option for fuel production. Direct Air Capture (DAC) of 

CO2 is an alternative to the aforementioned biological extraction of CO2 from the atmosphere via 

biomass growth. We designed, built, and operated a DAC demonstration unit with a capacity of capturing 

approximately 10 kg of CO2 per day. It uses a temperature-vacuum-swing adsorption process. The 

Climeworks demonstrator was successfully employed to test and validate novel adsorption materials 

with the general objective of further improving the energetic and carbon efficiency, and of reducing the 

overall DAC costs. An LCA of DAC combined with geological CO2 storage demonstrated the potential 

for very high CO2 net-removal rates in the order of more than 95%, if heat and electricity for the DAC 

process can be supplied with low associated GHG emissions. 

The full benefit of the hydrogen-CCS chain can only be reliably assessed within a full energy system 

modelling framework. The Swiss TIMES Energy Systems Model (STEM) was used to quantify two 

scenarios: A Baseline scenario (continuation of existing trends) and a Climate scenario (achievement of 

the goals of the Swiss energy and climate strategy). Results show that the achievement of net-zero 

GHG emissions in 2050 requires the deployment of CCS and the aforementioned biological and 

technical negative emission technology. About 9 MtCO2/a will be captured in 2050, mainly in waste 

incineration plants, cement industry, hydrogen production and biofuel production. To put this intro 

practice, suitable business models for hydrogen-CCS projects need to be identified. An assessment 

framework was generated for this purpose. Its application to the conditions of the Swiss case study 
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indicates a clear need for targeted carbon pricing instruments to alleviate investment barriers for H2-

CCS chains and to support in ramping up viable business cases. 

Last but not least, we studied key aspects of the subsurface that are related to the hydrogen-CCS chain. 

A robust site-screening and site-selection work-flow was developed to investigate potential sites for CCS 

and CO2-Plume-Geothermal (CPG) in Switzerland. This workflow was built by combining global best 

practices and adapting them to the Swiss legal framework and the yet poorly known characteristics of 

the Swiss Molasse Basin (SMB) subsurface. Storage capacity estimates were done for three sites 

comprising a depleted hydrocarbon field and other subsurface locations characterized by deep saline 

aquifers (> 800 m). Based on this preliminary evaluation, only a moderate storage capacity of < 1 MtCO2 

could be identified for these sites. Due to its depth and the elevated subsurface temperatures, the 

depleted gas field could qualify for a CO2-based geothermal power production. It is clear that our 

knowledge of the subsurface is insufficient to make a final judgment on the CO2 storage potential in 

Switzerland. We suggest a two-pronged approach: (1) we need to improve the subsurface knowledge, 

targeting simultaneously geothermal resources and CO2 storage reservoirs, by using and evaluating all 

available information. (2) we need to actively develop an alternative plan, namely to capture and collect 

CO2 in Switzerland and to transport it to storage sites in the North Sea via a joint European CO2 

infrastructure.  

The largest experiment in ELEGANCY was performed in the Mont Terri Lab in the canton of Jura. It 

aimed at understanding the physical and chemical mechanisms controlling the migration of CO2 through 

a fault in a caprock. To this end, we performed a prolonged (12 months) injection of CO2-saturated 

saline water in a fault in the Opalinus Clay, a formation that is a good representative of common caprocks 

for CO2 storage at depth. While injecting at a pressure just below the limit for fault opening and 

reactivation, we could observe that that the flow is minimal and confined in tiny fractures that cannot be 

detected by classical geophysical measurements. Results also indicates some potential porosity 

decrease in the region immediately near the injection. An exposure to relatively high pressure, prolonged 

for 12 months, does not further weaken the fault. Upscaling of the results to large scale and assuming 

far-worst conditions than CS-D experiment (i.e. much more permeable fault) show significant leakage 

only if the permeability is above 10-17 m2. In the worst simulated case (permeability 10-15 m2, distance 

injection well-fault of only 50 m), about 0.1%/year of injected CO2 migrated at shallow depth.  
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1 Introduction 

1.1 Background information and current situation 

Switzerland has formulated its ambition to reduce total green-house gas emissions to net-zero by 2050. 

A large part of the necessary measures is well known, and their implementation is underway. Examples 

are the deployment of efficiency measures in households and industry, the switch from oil & gas for 

heating to heat pumps, the transition to electro-mobility and the strong growth of photovoltaics, wind and 

hydropower (together with storage and flexibility) to compensate for the lack in nuclear generation. 

However, this will be not enough. There are still sectors which are hard to decarbonize as the road 

based freight transport. There are emissions of fossil (and party biogenic) CO2 from cement and waste 

incineration plants. And there are emissions from agriculture which are hard to tackle by any of the 

aforementioned means. 

 

Figure 1: Overview of hydrogen and CO2 pathways and their interaction. 

 

These issue may be addressed by a combination of hydrogen generation and carbon capture & storage 

(CCS). These seemingly disparate subjects are in fact tightly linked, and this “H2-CCS-chain” is the 

major subject of the Elegancy project (see also Figure 1). 

 Combining the generation of hydrogen by gas reforming with CCS allows to produce CO2 

neutral H2 when starting from fossil gas, and negative CO2 emissions when starting from 

biogas.  

 Combining the generation of hydrogen by solid biomass gasification with CCS allows to 

generate again negative CO2 emissions. 
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 Combining the extraction of CO2 from the atmosphere (Direct Air Capture) with CCS generates 

negative emissions. 

 All three pathways rely on geological storage of CO2. In order to realize such storage a number 

of questions need to be tackled: (i) can CO2 be stored in the Swiss subsurface, (ii) is such 

storage save when the cap-rock that seals a storage reservoir from the top has a fault, and (iii) 

are there alternatives if no CO2 storage capacity can be identified in Switzerland. 

In summary, the challenge to be tackled is the efficient generation of hydrogen, the efficient capture of 

CO2 either through biomass processing or directly from the air, and the save geological storage of CO2. 

 

1.2 Objectives 

The major objectives of Elegancy can be summarized as follows: 

 Improve the hydrogen production process via gas reforming with VPSA; demonstrate 

improvement on test rig level. 

 Improve efficiency of DAC process and demonstrate in test rig. 

 Reduce the risk of CO2 leakage through a caprock by performing experiments on the migration 

of CO2 through a fault in the opalinus clay. 

 Establish and apply a workflow for the characterization of possible site for CCS in Switzerland.  

 Quantify the value of the H2-CCS chain through life cycle analysis and energy system 

modelling. 
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2 Procedures and methodology 

The project used a mixture of (i) experimental facilities ranging from lab scale to deca-meter scale in an 

underground laboratory, and (ii) numerical models ranging from process models, life-cycle assessment 

to energy system models and scenario analysis.  

2.1 Experimental facilities 

2.1.1 Multi-column vacuum-pressure-temperature swing adsorption setup (ETHZ) 

For the experimental demonstration of vacuum pressure swing adsorption (VPSA) for H2-CO2 co-

purification, a multi-column vacuum-pressure-temperature swing adsorption setup was designed and 

constructed at ETHZ. The experimental setup is based on a pre-existing setup previously used for 

temperature swing adsorption processes [18]. A simplified flow sheet is shown in Figure 2 with the 

changes compared to the previous setup highlighted in red and blue. The core of the setup are two 

double-jacketed columns that are externally heated/cooled as explained in detail in the aforementioned 

literature. To measure the column conditions, 5 thermocouples are positioned in the centre (𝑟 = 0) of 

both columns at 10, 35, 60, 85 and 110 cm from the column bottom. The pressure is measured with 

pressure sensors (PI) at column top and bottom. Additional inlet lines, new mass flow controllers (MFC), 

back pressure regulators (BPR) and mass flow meters (MFM) allow for a better control and metering of 

the operating conditions and add flexibility, such that even complex cycle configuration can be 

implemented. A new vacuum pump (VP) in combination with another BPR allow for a controlled vacuum. 

The composition of the outflow can be measured downstream of the MFMs using a mass spectrometer 

(MS).  

 

Figure 2: Experimental test rig at ETHZ. Changes to the setup described in [1] are highlighted in red and blue. 

In addition to those changes, the setup was extended to include a recycle section shown in blue in 

Figure 2. The recycle section can be connected to the outflow of either column, which is stored and then 

recycled back through MFC2 using a VP/compressor combination. The whole setup is automated in 

LabVIEW to ensure a reproducible operation of the cycle sequence until cyclic steady state is reached. 

The setup can accommodate a variety of different VPSA cycles in multi column operation or be used for 

breakthrough studies in single column operation. For a more detailed description of the setup, refer to 

dedicated publications [18][66][67] and milestone reports MS1.3 and MS1.6 (see Section 0). 
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2.1.2 Climeworks Demonstrator for direct air capture  

Climeworks is testing alternative sorbent materials and desorption processes for its direct air capture 

(DAC) technology. The Climeworks Demonstrator is a small to medium-scale pilot system that was used 

to test such alternative processes and sorbents. Adsorption processes generally have to be designed 

specifically for each sorbent. Following a first test campaign, the Climeworks Demonstrator was adapted 

in order to expand the experimental range by allowing a wider range of operating conditions. Further 

experimental test campaigns demonstrated the test system’s value in verifying alternative CO2 

desorption processes and sorbents.  

Climework’s CO2 capture technology is based on a patent-pending, cyclic adsorption/desorption process 

on a solid filter material (“sorbent”). During adsorption, a fan pulls atmospheric air through CO2 

Collectors equipped with a filter structure containing sorbent and thereby CO2 is chemically bound to 

the sorbent’s surface inside the CO2 Collectors. 

After CO2 adsorption, the fan is stopped, the CO2 Collector is closed by lids at the entry and exit, the 

pressure inside the CO2 Collector is reduced by a vacuum pump and the CO2 is driven off the sorbent 

by heating it with an internal heat exchanger to roughly 100 °C, thereby delivering concentrated gaseous 

CO2. After the CO2 desorption process the sorbent is cooled back to ambient temperature by the internal 

heat exchanger. Finally, the lids of the CO2 Collector are re-opened and the CO2 adsorption step can 

be started again.  

The DAC plant in this project is designed to supply CO2 on a demonstration scale capacity. The CO2 

capture plant is designed for indoor usage. The main goal of these specifications is to make sure, that 

the plant can be handled easily in a laboratory and fits through standard sized doors. Consequentially, 

the Climeworks Demonstrator provides an accessible and flexible setup for experimental testing, but 

covers all the system aspects required for direct air capture and produces CO2 with high purity at the 

same time – guaranteeing its value as a pilot plant and system demonstration.  

 

 

Figure 3: Overview of the plant components: 1) CO2 Collector and Process Unit, 2) Thermal Management Unit, 3) 

CO2 conditioning, 4) fan.  
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Figure 4: Climeworks Demonstrator built for this project in operation at the Climeworks laboratories in Oerlikon, 

Zurich. 

An overview of all components can be seen in Figure 3. CO2 Collector and Process Unit (1) have been 

combined in one plant component to save space. The second large system component is the Thermal 

Management Unit (2), which is equipped with tanks for heat recovery and energy storage in order to 

include these important plant characteristics in the demonstration. The Fan (4) is the smallest plant 

component. A standard radial fan in box design is placed on a mobile skid. The CO2 Conditioning (3) 

shown in the figure is optional and not used for this project. For a detailed description of the system 

components’ functionality see milestone report MS1.4 (see Section 0).  

The system was assembled in the workshop of Climeworks in Zurich. The process unit has been 

designed and assembled by Climeworks, the fan and the heat management module have been built by 

suppliers. All plant components have been put together and tested in functionality as well as 

performance in a factory commissioning. The plant was commissioned in June 2018. Figure 4 shows a 

photography of the actual Climeworks Demonstrator built for this project and installed at the Climeworks 

facilities in Zurich.  

 

 

2.1.3 Laboratory  techniques for petrophysical measurements on core samples (ETHZ)  

At the Rock Physics and Mechanics Lab, ETHZ, rock matrix porosity and permeability and seismic 

velocities were measured in selected cores recovered from the CS-D experiment (see Section 2.1.5). 

Matrix porosity was determined with the aid of a common He pycnometer (AccuPyc 1330, 

Micromeritics®).  A  hydrostatic  pressure  vessel  was  used  to  measure  the gas permeability of each 

sample (detailed description of the apparatus and measurement technique in Wenning et al.,  2018 and 

references therein). The hydrostatic pressure vessel is equipped to measure cylindric samples 2.5 cm  

in  diameter  and  up  to∼5 cm  in  length  at confining  pressures  up  to  20 MPa, using the transient 

step method [13].   

A hydrostatic pressure vessel was used to measure directional variations in seismic velocities. The 

apparatus, widely described in literature [79][39], is based on the measurement of the time of flight of 
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an ultrasonic impulse along a core of known length, cut perpendicular and parallel to the foliations. 

Permeability was measured at 3, 5, 7, and 10 MPa confining pressure using the transient pressure step 

technique with argon. Seismic velocities were measured at corresponding pressures and then up to 200 

MPa.  

In cooperation with the Complex Porous Media Laboratory, ICL London, Samples of Opalinus clay from 

the boreholes at the test site in Mont Terri were sub-sampled and fractured using the Brazilian method 

and then subjected to confined direct shear and fluid flow to assess the flow properties of the fracture. 

A core holder that can induce shear displacement across the fracture plane was built, so that fracture 

aperture maps can be obtained from non-invasive X-ray CT for step-wise offsets of shear displacement 

and simultaneous fluid flow [81]. The direct shear experiments and corresponding fluid flow experiments 

were performed at an effective confining pressure of ca. 1.5 MPa. The so-called Calibration-Free 

Missing Attenuation method was applied to quantify and map the distribution of highly-resolved fracture 

apertures with a spatial resolution of (0.25 x 0.25) mm2. 

 

2.1.4 Edometric cell (EPFL) 

A high pressure oedometric cell (Laboratory for Soil Mechanics, EPFL) was used to perform lab-scale 

CO2 injection tests in Opalinus Clay samples. This advanced experimental device allows the testing of 

samples with 12.5 mm and 35.0 mm height and diameter respectively. The samples are cored and 

placed in the oedometric ring ensuring the lateral contact between the material and the ring (no radial 

deformation).  

Four pumps are connected in total to the cell allowing the possibility to inject different types of fluid. 

More precisely, two pumps are connected to both sides of the sample, one upstream and one 

downstrem, controlling pore pressure (max. pressure 16 MPa and volume resolution 1mm3). A third 

pump of connected to the upstream side is used to inject CO2 (max. pressure 16 MPa and volume 

resolution 1mm3). 

Two pressure transducers are also mounted on the pore fluid lines at the two sides of the sample to 

monitor the fluid pressures when the pumps are disconnected from the cell. The axial stress is applied 

with a hydraulic jack that allows the application of a max. total vertical stress equal to 100 MPa. The 

vertical displacements are measured with three LVDTs (resolution 0.2 μm) that measure the relative 

displacement of the cell with respect to the piston. 

 

 

Figure 5: testing layout (left) and example of pressure evolution (right) during CO2 injection tests with constant 

volume CO2 reservoir at the downstream side 

For the measurement of the material’s entry-pressure, CO2 is injected at the upstream side of the 

sample, while on the downstream side either CO2 or water can be used. Different procedures can be 

adopted for the injection, either increasing the upstream CO2 pressure with constant flow rate or with 
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stepwise injection until CO2 starts to be recovered in the downstream reservoir (either constant volume 

or constant pressure conditions). The recovery of CO2 at the downstream side indicates the occurrence 

of the breakthrough process. The hydraulic conductivity of the sample can also be evaluated at different 

stages of the injection (for example based on a steady state methodology). 

Results of the experiments performed on the Clay from the CS-D experiment at Mont Terri are reported 

in Chapter 3.3.1. 

 

2.1.5 CSD experiment in Mont Terri Lab  

The injection experiment has been performed in a fault hosted in clay at the Mont Terri underground 

rock laboratory (NW Switzerland). The experiment aimed at improving our understanding on the main 

physical and chemical mechanisms controlling the migration of CO2 through a fault damage zone, and 

the impact of the injection on the transmissivity in the fault. To this end, we inject a CO2-saturated saline 

water in the top of a 3 m think fault in the Opalinus Clay, a clay formation that is a good analogue of 

common caprock for CO2 storage at depth. The layout of the boreholes used in the CS-D experiment 

was determined from constraints defined by the geometry of the fault, by bedding of the clay and by 

preliminary numerical modelling of fluid flow. To avoid interference from the excavation damage zone 

(EDZ) around the tunnel, we planned the injection boreholes and the fluid monitoring borehole to 

intersect the fault at a depth greater than 10 m, given the tunnel radius of 5 m. The fault has been 

reached at c.a. 17-33 m depth from a dedicated niche.  

A total of seven boreholes, four vertical (BCS-D1, -D2, -D6, and -D7) and three inclined (BCS-D3, -D4, 

and -D5), were drilled and equipped in order to perform and monitor a long-term (eighteen months) 

injection, to monitor the movement of the water in the fault by geophysical methods and by sampling of 

fluids. The geometrical layout of the boreholes is illustrated Figure 6. Table 1 gives specifications on 

borehole purpose, diameter, length and orientation.  

The injection system is designed to perform injection separately at four depth intervals in the fault zone. 

An injection module (Figure 7) designed for injection over long periods is connected to the borehole 

BCS-D1. The injection is carried out using a syringe pump, that is remotely controlled through a 

dedicated software (DCAM). The pump allows the injection of moderate volumes of fluids, with an 

injection chamber volume of 0.5 l, refill breaks of 2.5 min, and has an accurate control of injection rate 

from 0.001 to 200 ml/min. The pump is connected to a 10 l tank, where the injection water is pressurized 

at about 2.2 MPa and mixed with carbon dioxide (CO2) and Krypton (Kr) by bubbling. A circulation pump 

and a flow meter enable controlled mixing. We inject a synthetic water that resembles the natural 

composition of formation water, depleted of Mg and Ca, to avoid mineral precipitation and consequent 

clogging of the lines. Kr is added to the mixture as tracer because it is not present in the formation water 

and is not reactive.  The pressure of CO2 in the mixing tank is continuously monitored, and the CO2 

content in the injection water is calculated on the basis of the CO2 dissolution in saline water, at the 

pressure and temperature conditions of the mixing tank and given the salinity of the injected water.  

The mobility of the CO2 within the fault is studied at decameter scale, by using an integrated monitoring 

system composed of as a seismic network, pressure temperature and electrical conductivity sensors, 

fiber optics, extensometers, and an in situ mass spectrometer for dissolved gas monitoring. The 

observations are complemented by laboratory data on collected fluids and rock samples (described in 

2.1.3 and 2.1.4). A detailed description of the experiment can be found in [87]. 
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Borehole-ID Main Purpose Diameter
[mm] 

Length
[m] 

Inclination
[°] 

Azimuth
[°] 

BCS-D1 Injection 101 23.4 0 0 

BCS-D2 Fluid sampling, Pressure, pH and EC 
monitoring 

101 18.6 0 0 

BCS-D3 Active source seismic and ERT tomography 131 31.3 43 324 

BCS-D4 Active source seismic and ERT tomography 131 36.4 42.5 323 

BCS-D5 Micro-seismicity monitoring and active seismic 146 31.7 41 318 

BCS-D6 Micro-seismicity monitoring 131 36.6 0 0 

BCS-D7 Slip monitoring 116/101 30.5 0 0 

Table 1: Parameters defining the CS-D boreholes: Inclination= deviation from the vertical (vertical = 0°); borehole 

depth is approximate 0.5m. The order of the boreholes in table represents the drilling sequence. The borehole BCS-

D7 has an initial diameter of 116 mm from 0 to 13.60, and a diameter of 101 mm from 13.60 to 30.5 due to overcoring 

to retrieve a stuck drill bit.  

 

 

Figure 6: a) Geometry of boreholes and of the Main Fault below the dedicated niche ;  b) details of the 

instrumentation in the boreholes. 
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Figure 7: Injection system design for the CS-D experiment (modified after Solexperts AG, Switzerland) 

 

 

  



 

21/109 

2.2 Modelling tools 

2.2.1 Process models (ETHZ) 

In the framework of the ELEGANCY project we investigated different hydrogen production processes 

from fossil- and bio-based feedstocks. Nowadays, hydrogen is produced on a large scale via natural 

gas reforming. However, since our primary goal is to produce low-carbon H2, we coupled CCS to the 

various production pathways. We modelled a variety of process, as steam and autothermal reforming 

both with and without CCS. Regarding the reforming-based production pathways, two types of 

feedstocks were considered, namely natural and biomethane from biogas. Moreover, alternatives to 

classical hydrogen synthesis pathways were investigated. In fact, we modelled and assess (both 

technically and environmentally) different hydrogen production pathways from dry biomass gasification 

with and without carbon capture and storage (see Figure 8). 

 

Figure 8: Schematic representation of all hydrogen production pathways modelled. 

As CO2 capture technologies, we considered two pre-combustion capture processes: VPSA (developed 

at ETHZ by Anne Streb) and a standard amine-based absorption process. Both technologies were 

modelled and optimized for the specific syngas composition produced by the hydrogen production 

processes.  

For VPSA, a one dimensional model based on mass and energy balance equations as described in 

detail in dedicated literature (ref) was used for cycle development and for comparing experimental and 

simulation results. The gas phase was described using the ideal gas law, the pressure drop was 

described with the Ergun equation. Constant, average values were used for the heats of adsorption, the 

viscosity of the gas phase and the mass transfer coefficients, with mass transfer being described using 

a linear driving force approximation. Diffusion was neglected. A more detailed description can be found 

in previous publications [2], [4] 

2.2.2 Life Cycle Assessment (PSI) 

The use of hydrogen – for example in fuel cells – does not generate direct environmental burdens. 

However, hydrogen is not a primary energy resource. It is an energy carrier which must be generated 

from primary energy resources, so that its production is associated with (substantial) environmental 

burdens. Therefore, an evaluation of the environmental performance of hydrogen must consider the so-

called “life-cycle perspective”, i.e. any quantification of environmental benefits and potential trade-offs 

compared to alternative energy supply options must include hydrogen production as well as its use with 

all the required infrastructure and associated energy and material supply and disposal chains. 
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Life Cycle Assessment (LCA) is the method to be used for the quantification of environmental burdens 

of products and services throughout their entire life cycle, i.e. production, use, and end-of-life [35][36]. 

While LCA studies of hydrogen production via electrolysis have been performed in the past and 

associated environmental burdens are well understood [11][88], state-of-the-art LCA of natural gas and 

biomass based hydrogen production with carbon capture and storage (CCS) has been missing in the 

literature prior to the ELEGANCY project. In order to fill this gap, PSI and ETHZ collaborated and 

performed integrated techno-environmental assessments of hydrogen production processes [4][5][6]. 

The results were further integrated with the assessment of hydrogen use in vehicles [60][61], which is 

one of the end-use sectors in Switzerland in which hydrogen may play an important role in the future on 

the way towards “net-zero” CO2 emissions [52]. 

The analysis answered the following research question: What is the environmental performance of 

hydrogen production from fossil and biomass feedstock with and without CCS and how does it compare 

with hydrogen from electrolysis? This main question is subdivided into three aspects of interest: 

Natural gas, biogenic waste with high water content (as wet biomass) and wood (as dry biomass) were 

included as feedstock for hydrogen production. The various conversion options considered include 

steam methane and auto-thermal reforming of natural gas and biomethane in various process 

configurations as well as three gasification processes for wood (see Section 2.2.1). Figure 9 visualizes 

main process steps in each of the production pathways and system boundaries applied in LCA. 

 

Figure 9: Main process steps and system boundaries considered in the LCA of hydrogen production (5). Biogas, 

the product of the anaerobic digestion of biogenic waste, is considered to be a waste (10) and is therefore supplied 

to biogas upgrading free of environmental burdens from upstream processes in the agricultural sector. Figure taken 

from [4]. 

Material and energy flows of the hydrogen production processes used for compiling life cycle inventories 

were provided by process models established and simulation carried out by ETHZ (see sections 3.1.2 

and 3.1.3). These foreground inventories were linked to the LCA database ecoinvent [84] as source of 

background inventories. Details on the integration of process modeling and LCA, further information 

regarding the LCA approach and calculation procedures as well as complete life cycle inventory data 

can be found in two recent articles [4][6]. In order to evaluate the end use of hydrogen, LCA of fuel cell 

electric (and other) vehicles has been performed as described in two other recent articles [60][61] and 

an associated web-tool was created [59]. Both passenger vehicles and trucks with several size and 

weight categories were considered. Also the expected progress regarding vehicle technologies until 
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2050 was taken into account. LCA results of hydrogen production from natural gas and biomass were 

compared to those of hydrogen from electrolysis; LCA results of FCEV with those of conventional 

vehicles using fossil fuels as well as battery electric vehicles (see section 3.4.3). 

 

2.2.3 Network modelling (ETHZ) 

This part of the project investigates the optimal design of low-carbon hydrogen supply chains (HSC) 

aimed at decarbonizing the mobility sector on a national scale and presents the case-study of 

Switzerland. It considers hydrogen production based on several feedstocks and energy sources, namely 

water with electricity, natural gas and biomass. When using natural gas, the coupling of hydrogen 

production with carbon capture and storage (CCS) is investigated.  

The design of the resulting hydrogen, biomass and CO2 infrastructure is performed by solving an 

optimization problem that determines the optimal selection, size and location of the hydrogen production 

technologies, as well as the optimal structure of the hydrogen, biomass and CO2 networks. The 

optimization algorithm is a mixed integer linear program (MILP) that minimizes the total annual cost and 

the total annual CO2 emissions of the supply chain, while satisfying the hydrogen demand of defined 

end users. The optimal solution depends on the price and carbon intensity of the energy sources, the 

hydrogen demand, and the parameters defining cost and performance of the underlying production 

plants and network options.  

The overall scope is to explain the rationale behind the optimal design of low-carbon HSC under different 

system configurations. We aim at answering questions such as (i) what are the most relevant 

parameters affecting the optimal design of HSC, (ii) what is the potential of biomass and CCS in reducing 

the cost and CO2 emissions of HSC, (iii) what is the role of biomass availability in defining the optimal 

HSC structure, (iv) what is the optimal CO2 capture technology within the framework of low-carbon HSC, 

(v) what is the impact of the location of the CO2 storage site on the optimal HSC design, (vi) when is 

convenient to transport biomass, hydrogen or CO2.  

 

2.2.4 Swiss TIMES Energy System Modelling (PSI) 

The Swiss TIMES Energy Systems Model - STEM [38] is based on the TIMES modelling framework [42] 

of the International Energy Agency’s Technology Collaboration Programme – Energy Technology 

Systems Analysis Program (ETSAP). STEM is a bottom-up cost optimisation framework suitable to 

assess the long-term transformation of the Swiss energy system. The model combines a long time 

horizon (2010 – 2050) with 288 intra-annual operating hours (four seasons and three typical days per 

season with 24h resolution) in order to better capture the variability of energy supply and demand. An 

overview of the structure of STEM is given in Figure 10.  

STEM has a complete representation of the Swiss energy system from resource supply to energy end 

uses. The main energy demand sectors in the STEM model are industry, residential, commercial and 

transport. The transformation sector includes the conversion of fuels, and power and district heat 

generation. The model includes options for producing synthetic fuels and hydrogen, and it has an explicit 

representation of storage, transport and distribution required for the secondary energy carriers. STEM 

simultaneously optimises investment and operating decisions to meet the future energy demand, by 

implementing a linear approximation of the unit commitment problem and by accounting for the 

stochasticity in renewable supply and consumption of energy [53].  

In the context of the Swiss case study for the ELEGANCY project, STEM is used for a long-term scenario 

analysis focusing on the role of hydrogen for decarbonising the Swiss transport sector and the other 

sectors of the Swiss energy system. 
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Figure 10: Overview of the STEM model. Main inputs to the model are the economic development, the population 

growth, technology costs and availabilities, as well as energy and climate policies. The model finds the optimal 

configuration of the energy system, i.e. mix of technologies and fuels from 2020 to 2050 to meet a given useful 

energy demand. The model configures the production and consumption of the energy commodities and their prices, 

such that an equilibrium of demand and supply is achieved in each period. Main outcomes are energy balance flows 

for different fuels and energy carriers, CO2 emissions and technology investments.  
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3 Results and discussion 

3.1 Processes for producing hydrogen and CO2 

3.1.1 Vacuum-pressure-swing-absorption (ETHZ) 

Within ELEGANCY, several different VPSA cycle configurations were developed and compared based 

on process modelling and optimization regarding their suitability for co-purifying CO2 and H2 from 

different inlet streams relevant in the context of low-carbon hydrogen production from biogenic of fossil 

fuels [68][69]. Those cycles integrate the CO2 capture unit (typically an absorption based unit, e.g. using 

MDEA [32]) and the H2 purification unit (typically a PSA unit [58]) in a single process, thus achieving a 

reduction in number of required separation units. Several cycles achieve the co-purification reaching 

CCS requirements for CO2 (90 % recovery, 96 % purity [19][48]) and H2 purities sufficient for fuel cells 

for automotive purposes (99.97 %). The most promising cycle configuration in terms of energy 

consumption and productivity is a 12 step cycle shown in Figure 11, left. For a performance comparison 

of the different cycle configurations and an in depth discussion of the different cycle steps and cycle 

development and optimization, refer to the corresponding publications [68][69].  

 

Figure 11 – left: best performing VPSA cycle (modeling and optimization, see [11]; right: simplified VPSA cycle with 

one pressure equalization (PE) step only for experimental demonstration in two-column lab pilot, see [67]. 

Notably, the energy consumption required for the separation depends not only on the cycle 

configuration, but also on the inlet stream and is lower for a higher H2 and CO2 content of the feed as 

shown in Figure 12.  

 

Figure 12 – exergy consumption and productivity for VPSA cycle shown in Figure 11, left; from [68]. 
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The configurations with low temperature water-gas shift (LT-WGS) feature a lower impurity, and thus 

higher CO2 and H2 content and show a significantly better performance than the corresponding 

configuration with high temperature WGS (HT-WGS).  Moreover, higher target H2 purities require more 

energy, as shown in the same figure with dashed lines. Overall, the exergy requirement compares well 

to typical values obtained for absorption based capture, all whilst integrating two separation tasks in one 

(see Figure 12). 

Prior to full cyclic experiments, adsorption isotherms were measured on commercial zeolite 13X for CO2, 

H2 and several impurities (Ar, CH4, N2). The zeolite has a high affinity toward CO2, a very low one toward 

H2 and an intermediate one toward the impurities, making it a suitable material for the separation. The 

corresponding isotherm measurements are reported in detail in [70].  

Novel materials including a metal organic framework (MOF) were examined as well, both through 

isotherm measurements and supporting modelling and optimization. We found that a process based on 

a novel MOF can outperform the one based on zeolite 13X in terms of the productivity, but more energy 

is required [70][43]. To enable the rapid advancement of VPSA to high TRLs, however, we based all 

column experiments on commercially available zeolite 13X. 

Breakthrough studies at different temperatures, pressures, flowrates and compositions showed that 

mass transfer is fast for H2, slow for CO2 and intermediate for CH4. The model is capable of capturing 

the trends observed experimentally very well, both for binary and ternary breakthrough studies as shown 

in Figure 13. The single column experiments and corresponding modelling and fitting results are 

reported in MS1.6 and a dedicated publication [66]. 

 

Figure 13 – left: exemplary binary breakthrough experiment; right: exemplary ternary breakthrough experiment from 

[66]. Symbols indicate experimental results and lines the corresponding simulations using different models for multi-

component adsorption: solid lines: real adsorbed solution theory (RAST), dashed lines: extended Sips isotherms; 

dotted lines: ideal adsorbed solution theory (IAST). 

A simplified version of the 12 step VPSA cycle with only 1 PE step (Figure 11, right) was tested in our 

two-column lab-pilot for a ternary CO2-H2-CH4 stream representative of shifted SMR syngas. The cycle 

achieves the co-purify CO2 and H2 reaching H2 purities up to 99.96 %, CO2 purities up to 98.9 %, CO2 

recoveries up to 94.3 % and H2 recoveries up to 81 %. The separation performance can be controlled 

through key decision variables including the heavy purge (HP) duration 𝑡HP, the feed duration 𝑡Feed, the 

evacuation pressure 𝑃BD−vac and the duration of the light purge (LP) 𝑡LP. In contrast to that, the 

separation performance is rather insensitive towards small changes in feed composition 𝑦𝑖,Feed and in 

HP inlet composition 𝑦𝑖,HP as shown in Figure 14. Comparing the experimental results with simulation 

results showed that the model for describing multi-component adsorption is critical. Here, real adsorbed 

solution theory (RAST) was necessary to describes all experiments well [67]. 
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Figure 14 – Experimental and simulation results for different VPSA cycle configurations from [67]. 

Overall, the successful small-scale testing of the new technology, in combination with an accurate model 

that can be used to optimize the technology, paves the way towards a larger scale testing and application 

of VPSA for enabling efficient low-carbon fossil- or biofuel based H2 production combined with CCS. 

 

3.1.2 SMR/ATR+VPSA (ETHZ) 

We have performed an integrated techno- environmental assessment of various reforming-based 

hydrogen production technologies with and without carbon capture and storage using natural gas and 

bio- methane as feedstocks. Process simulation results show a clear advantage of ATR against SMR 

regarding overall CO2 capture rates and the fact those configurations with the novel VPSA technology 

reach higher CO2 capture rates than those with MDEA. However, higher CO2 capture rates come along 

with higher electricity requirements. While adding a low- temperature WGS for SMR hardly makes a 

difference in terms of process efficiencies and capture rates, it is crucial for ATR, which performs rather 

poorly with high-temperature WGS only. Regarding reduction of direct CO2 emissions, ATR with a low-

temperature WGS and VPSA turns out to be the optimal configuration with an overall CO2 capture rate 

of almost 100% [68]. 

 

Figure 15: Net efficiency and overall CO2 capture rate for all SMR/ATR configurations tested. Net efficiency: ratio 

between H2 produced and natural gas input; the H2 production is the same for each production pathway, 1MW. 
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3.1.3 Wood gasification (ETHZ) 

We have performed an integrated techno-environmental analysis of the three gasification technologies 

for H2 production from woody biomass: i) the heat pipe reformer (HPR), ii) the sorption enhanced 

reforming gasifier (oxySER), and iii) the entrained flow gasifier (EF), each of these with and without pre-

combustion CO2 capture followed by permanent geological storage (CCS). Based on the results 

obtained from our analysis we can conclude that the oxySER configurations exhibit better technical and 

environmental performances than the other configurations. However, the oxySER process represents 

the most immature technology among the three configurations analysed. All three wood-based hydrogen 

production configurations with CCS result in negative life-cycle GHG emissions, i.e. a "net-removal" of 

CO2 from the atmosphere due to the permanent storage of CO2 absorbed by trees; these results are 

similar to those of biowaste-based biomethane reforming with CCS. [69]. 

 

 

(a) 

(b) 

Figure 16: (a) Comparison of the net efficiency (left y-axis, black dots and gray areas) and of the electricity balance 

(right y-axis, light blue squares and areas), of all hydrogen production configurations from dry biomass. (b) Specific 

electricity consumption of the wood to hydrogen production chains; The red triangle shows the net amount of 

electricity (in kW) that has to be supplied from the grid per MW of hydrogen produced. 
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Figure 17: Comparison of the net efficiency (left y-axis, black dots and grey areas) and of the overall CO2 capture 

rate (right y-axis, red diamonds and areas). The transparent areas represent the range of results obtained from the 

sensitivity analysis, whereas the symbol is the result of the base case. 

 

3.1.4 Direct air capture (Climeworks) 

The first and foremost result of the DAC work carried out in this project is the construction, installation, 

and successful demonstration of a DAC system, as described in Section 2.1.2. The system successfully 

captures CO2 from ambient air and provides a high-purity product stream. More importantly, the 

Climeworks Demonstrator provides a flexible and accessible setup for the testing of sorbent material 

and process conditions and characteristics, that was extensively exploited throughout the project 

duration and will continue to enhance Climeworks’ testing capabilities at the company’s facilities in 

Zurich. DAC is a promising and young technology, where new materials and processes are developed 

rapidly and where the relative changes compared to the “conventional” technology are large. Hence, a 

broad variety of setups and facilities for testing, piloting and demonstrating new solutions is an essential 

pre-requisite for the development of a successful company in this rapidly growing industry.  

Similarly, continued funding support for the scale-up of the technology to industrial and eventually to 

climate-relevant scales is essential, in order to develop cost-effective production processes at scale and 

to drive down costs until stringent climate policies provide the market framework in which Carbon 

Dioxide Removal (CDR) through DAC becomes economical. In the grand vision underlying this project, 

CDR technologies are used in addition to CO2 emission reduction technologies in order to drive net 

emissions to zero and below – despite residual anthropogenic emissions that are expected to be difficult 

to impossible to avoid (e.g. from drying wetlands or hard-to-abate industries such as long-distance air 

travel). This project studies two of the most prominent CDR technologies: bioenergy with CO2 capture 

and storage (BECCS) as well as direct air capture and storage (DACS). Both rely on the availability of 

permanent geological CO2 storage – another important element of the overall project and a link to 

geothermal energy and to the production of “blue” hydrogen by reforming natural gas and capturing the 

generated CO2.  

As regards the DAC research, three different novel sorbent materials have been tested, representing 

two fundamentally different sorbent families, and requiring clearly different operating conditions in the 

adsorption process.  



 

30/109 

The first family of sorbent materials based on potassium carbonate (salt powder) impregnated on 

activated carbon were tested from June 2018 to July 2019. Here, activated carbon acts as the support 

material that provides high specific surface area. Potassium carbonate is the active phase that enables 

the chemisorption of CO2 at concentrations as low as 400 ppm. Support material and active phase 

interact physically and chemically, such that recipe and production process of the sorbent material can 

have significant effects on its performance. Two experimental campaigns tested the effect of different 

activated carbon materials and of potassium carbonate concentration on the materials performance in 

the temperature/vacuum swing adsorption process. Cyclic stability, i.e. the absence of rapid material 

degeneration when used in multiple adsorption/desorption cycles as well as the achievement of 

controlled and steady plant operation, could be demonstrated in both campaigns.  

Figure 18 shows a typical result for the material tests performed in this project. The amount of CO2 that 

is adsorbed and desorbed during a cycle remains relatively stable throughout a large number of cycles 

– despite the varying conditions during adsorption. The continuous variations in the feed of the DAC 

process (i.e. the environmental air) represent a unique feature when looking at typical chemical 

engineering separation tasks. Temperature and humidity of the air both affect the adsorption of CO2 

onto the sorbent material. Water and CO2 molecules adsorb competitively and at high humidity, 

condensation can occur in addition to adsorption, with potential effects to subsequent cycles and for 

long-term material stability. Confirming cyclic stability in a process with novel sorbent materials, as 

shown in Figure 18, is therefore not as straightforward as it may look like from the result.  

A major advantage of this non-amine-based sorbent material family is their high resistivity to material 

degradation through oxidation. As a result, there is additional flexibility in the design of the DAC process, 

in particular for the desorption. Consequentially, the test campaigns involved several adaptations of the 

Climeworks Demonstrator to allow for increased parameter ranges and process variations to be tested. 

Furthermore, a novel amine-based sorbent was tested, and cyclic stability was successfully achieved 

(several hundreds of cycles tested). Here, silica is used as the support material. Amines represent the 

state-of-the-art active material class in CO2 capture in general, not only in direct air capture, but also in 

adsorption processes and absorption processes for flue gas applications with elevated CO2 

concentration. Here, the active amine phase was impregnated onto the silica support. Long-term testing 

of this sorbent material using the conventional Climeworks process demonstrated this material as an 

interesting alternative to the current sorbent portfolio, as it comes at a lower overall price and reaches a 

convincing performance.  

In summary, the sorbent test results indicate high potential of the novel sorbent materials and give clear 

directions for the further improvement of both sorbent material and operating conditions. For detailed 

test results, the reader is referred to Milestone MS 1.7 (“Execution of experiments and demonstration of 

cyclic stability for CO2 capture from air considering specifications for subsurface use”). 

Furthermore, specific requirements of CO2 for geological sequestration and resulting design guidelines 

for DAC processes have been investigated. The idea of adapting the Climeworks process towards lower 

CO2 purity than typically achieved was motivated by the relatively low requirement for CO2 purity (>95%) 

and the relatively high allowable concentration of the main air constituents N2 and O2 (<4%). Contrary 

to processes that capture CO2 from point sources, the typical flue gas impurities SO2 and NOx are not 

limiting in the case of DAC processes. Their concentration in air is dilute enough in most environments 

that these limits can be met without any precautions. 

The testing of novel sorbent materials and the corresponding processes resulted in important new 

insights for the adaptation of DAC processes to the CO2 purity specifications for geological CO2 storage. 

Firstly, sorbent materials that are resistive to oxidation provide more flexibility in lowering the N2 and O2 

concentration in the product CO2. Secondly, many actual projects define stricter CO2 purity requirements 

than those discussed in the literature, especially regarding the allowable oxygen concentration. These 

requirements may be overly cautious, and the limitations will possibly be relaxed as more experience is 

gathered and shared between CCS projects worldwide in the future. However, at the current state, the 

market tends to prefer higher CO2 purity over energy requirement reductions, according to Climeworks’ 
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experience. In this context, it is worth noting, that Climeworks has successfully accessed the opposite 

end of the CO2 market regarding purity requirements: Climeworks has undergone a certification process 

according to the strict standards of the International Society of Beverage Technologists (ISBT) and is 

officially qualified to deliver food-grade CO2 for beverage production applications. 

 

Figure 18: Cyclic capacities over 199 cycles at different process conditions. 
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3.2 Geological CO2 storage and CPG in Switzerland (UNIGE, ETHZ) 

 

3.2.1 Previous work 

A first thorough and comprehensive study on the potential CO2 storage capacity was carried out 2010 

within CARMA [16]. The study was a first-order appraisal based solely on geological criteria collated 

from the literature, available at that time. The only possible realms for CO2 storage in saline aquifers 

(no other options are viable) in Switzerland are the Swiss Molasse Basin (SMB) and the adjacent Folded 

Jura. The Authors adopted the approach and criteria established in the literature [8][15], adapted for the 

Swiss case. By carrying out both a basin-wide and an aquifer-wide analysis, and by accounting for the 

many uncertainties, they estimated a large potential for CO2 geological storage in the Swiss Molasse 

Basin, namely of the order of 2500 Mtons of CO2. 

Five potential aquifer/seal pairs have been identified as potentially interesting in a depth range of 800-

2500 m, the most promising of which is a carbonatic Triassic formation (Upper Muschelkalk) overlayered 

by a shaly/evaporitic formation (Gypskeuper). The potential of storage on the Muschelkalk alone was 

estimated to be about 700 Mtons of CO2 (see Figure 19). 

 

Figure 19: Potential for CO2 storage in Switzerland, a) modified after [16] 

 

This first appraisal was recently revisited by the same Authors, on the basis of new data acquired in the 

last decade. The main factors determining whether an aquifer formation can serve as an industrial-scale 

reservoir for gas storage are rock-matrix porosity, rock-matrix permeability and the porosity and 

permeability of any fracture networks. Current industrial techniques require rock-matrix porosities >10 

vol.% and permeabilities >10 mD to efficiently inject gas. Considering these factors, the most promising 

part of the Upper Muschelkalk is the 20–30 m thick layer known as the Trigonodus Dolomit, which is 

hydraulically sealed above by the Gipskeuper layer. The Trigonodus Dolomit occurs throughout the 

Swiss Molasse Basin between <100 m depth in the north and >5000 m in the south (combined green 

and red areas in Figure 20). 

Regarding gas storage, it appears that the Trigonodus Dolomit exceeds the minimum useful matrix 

porosity and permeability values only at depths <1130 m. Applying the technical limit of 800 m minimum 

depth for gas injection, a feasible depth window of 800–1130 m results. This combination of depth and 

matrix properties is attained only within the green area (640 km2) in Figure 20, between Olten and 

Schaffhausen. This area is cross-cut by discrete faults (yellow lines in Figure 20), which may or may not 

be potential gas-leakage pathways through the overlying Gipskeuper seal. Some of the faults are 
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flanked by networks of fractures that enhance porosity and permeability of the Trigonodus Dolomit and 

that do not breach the overlying Gipskeuper seal, but whose distribution is difficult to quantify. The 

theoretical CO2 storage capacity of the unfaulted green regions (300 km2 at 5.5% injection efficiency) 

is 52 Mt. The red area in Figure 20 is unsuitable for CO2 storage. 

 

Figure 20: New map of reservoir properties of the Trigonodus Dolomit (green + red areas) in the Upper Muschelkalk, 

Swiss Molasse Basin. Green area with-out faults has properties nominally suitable for industrial-scale gas 

sequestration. Red area is unsuitable. 

Within the Elegancy project, a renewed screening activity for site selection has started in other segments 

of the Swiss Molasse Basin. The ongoing activity under the leadership of the University of Geneva aims 

at characterizing geological structures capable of trapping, taking advantages of new seismic data 

acquisition and/or reinterpretation, accompanied by new porosity and permeability data. 

 

3.2.2 Available deep subsurface data 

Switzerland will need CO2 Capture and Storage (CCS) to meet its climate goals of net-zero GHG 

emissions in 2050 (see Section 3.4.4), and it has in principle the geology that would allow to realize this 

storage within its boundaries (see Section 3.2.1). Despite the large theoretical storage capacity potential 

found for the Swiss Molasse Basin [16], the possibility of finding a suitable large-scale subsurface 

storage for CO2 is still uncertain and needs further assessment. 

A number of key questions need to be addressed by considering the state of knowledge of the Swiss 

subsurface: Where can we store CO2 in the subsurface in Switzerland? What is the storage capacity at 

the potential storage sites? What is the fate of the injected CO2 at the potential sites? Is storage at the 

site economically viable? 

When CO2 is stored in the subsurface, it can also act as a heat transfer fluid (see Figure 21). In these 

systems, called CO2 Plume Geothermal (CPG) power plants, a portion of the stored CO2 is intentionally 

brought back to the surface, where the geothermally-heated and pressurized CO2 is used to generate 

electricity, and then the resulting colder and lower pressure CO2 is re-injected into the subsurface [1]. 

CO2 has advantageous thermophysical properties compared to water (the conventional heat extraction 

fluid), which allows CPG power plants to generate more electricity per ton of heat transfer fluid, given 

the same depths and reservoir transmissivity. 
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Figure 21: (A) Schematic of CCS and CPG at a potential site in Switzerland (figure modified from Eruteya and 

Moscariello, 2020). Subsurface configurations across the Swiss Molasse Basin display heterogeneous structural 

and lithological characteristics which have implications on long-term: storage security (B) four-way dip closure (C) 

no-closure and (D) dipping structure. 

 

Figure 22: Geological configuration of the Swiss Molasse Basin (SMB) showing the major fault systems (Modified 

from [16]) 

 

CCS and CPG share common criteria for a suitable geological formation, namely depth, porosity, 

permeability and vertical / lateral extent. Therefore, the evaluation of potential sites in the remainder of 

this section includes both CCS and CPG. 

Switzerland can be classified into three geological domains: (1) Jura, (2) Swiss Molasse Basin (SMB) 

and (3) Alps ([73], see Figure 22). Earlier studies have suggested that a CO2 storage potential exists in 

the SMB and parts of the Jura, but not in the Alps because of its metamorphic nature and structural 

complexity (see [16]). 
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Figure 23: Subsurface dataset available in the SMB and part of the Jura 

 

Figure 24: Data density (seismic and well data) classification of the SMB; location of test sites for screening. 

 

The SMB spans over 300 km in the SW-NE direction from the Savoy region (France) to Lake Constance 

(at the border between Switzerland and Germany), and has a variable width ranging between 30 km 

near Geneva to 80 km towards Lake Constance. The nature of the SMB subsurface is heterogeneous 

and exhibits different structural and lithological configurations (Figure 21b – d), some of which may 

favour the implementation of either CCS and/or CPG. 

The critical question regarding any implementation of CCS or CPG is whether the subsurface data 

available is suitable and complete enough, so as to be able to estimate with an acceptable level of 

confidence the fate of any injected CO2 and the potential impact of such injection on the environment 

[33]. Over the years, the main source of deep subsurface geological information, namely wells > 500 m 

below ground level (bgl) and 2D/3D seismic reflection data, have been from hydrocarbon exploration 

(see Figure 23). Although a depth of > 800 m bgl is required for supercritical CO2 storage in aquifers 

and depleted hydrocarbon reservoirs [8], critical information on the overburden units is still necessary, 

particularly their sealing properties and the risk of contamination of shallower resources, e.g. fresh water 

aquifers. Based on the aforementioned subsurface dataset available to this study, the SMB can be 

classified into four main regions (see Figure 24): 
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 High data density region: In this area, 3D seismic refiection datasets and borehole controls are 

avail- able. This includes the St Gallen area in northeastern Switzerland and other locations in 

northwest- ern Switzerland where NAGRA has acquired high-resolution 3D seismic surveys. 3D 

seismic data al- low a detailed structural delineation of traps that may enable geological storage 

of CO2 and CPG. In these areas, the images of the subsurface have typically a higher signal to 

noise ratio. 

 Moderate-high density region: This region includes parts of Canton of Vaud. This category 

encompasses regions lacking 3D seismic dataset but characterized by high-density 2D seismic 

lines (spacing < 5 km) and abundant well controls associated with past hydrocarbon exploration 

activities. 

 Moderate-low density region: This includes areas lacking 3D seismic dataset and characterized 

by moderate density 2D seismic lines (spacing < 10 Km) and limited borehole controls. 

Significant portion of the Swiss Molasse Basin falls in this category. 

 Low data density region: This region is representative of other areas across the Swiss Molasse 

Basin having poor subsurface data coverage characterized by sparse grid of 2D seismic lines 

with little or no well control. 

 

3.2.3 Workflow for site screening 

Switzerland is characterized by a complex subsurface geological framework in terms of (1) underground 

usage (i.e. existing and future geoenergy exploitation, nuclear waste repository and large scientific 

infrastructure projects), (2) subsurface manifestation of geofluids (water and hydrocarbons) and (3) 

regulatory framework (cantonal and federal laws). These geological and technical factors must be 

considered during the screening of suitable sites for CCS and CPG in Switzerland. 

Overall, the site screening process involves quantifying the key geological properties necessary for CO2 

injection by identifying and quantifying the key parameters (i.e. reservoir storativity, sealing integrity etc.) 

and assessing their uncertainties in order to predict and mitigate the risk associated with them. The 

workfiow developed in this study can be applied to any site across the SMB and other onshore 

sedimentary basin elsewhere where a detailed assessment of CCS and CPG potentials needs to be 

carried out (Figure 29). 

 

3.2.4 Assessment for selected sites 

The proposed workflow was tested for three sites in sub-regions of the SMB with moderate-high data 

density and subsurface knowledge (well penetrations with good quality logs and/or seismic and a pre-

existing knowledge of the geological structure with storage and sealing potential, Figure 24). 

 

Finsterwald Natural Gas Field, Entlebuch 

Depleted hydrocarbon reservoirs are recognized as the most suitable candidate for CO2 sequestration 

based on their storage capacity, proven seal, reservoir characterization knowledge and existing 

(sub)surface infrastructure [8][31][40][56]. Furthermore, where these reservoirs have adequate 

temperature and permeability, the CO2 injected can be employed as a working fluid for CPG. (i.e. [55] 

and Adams et al. 2015). 

In Switzerland, only the Finsterwald gas field in Entlebuch (Canton of Lucerne) had a marginal 

production of natural gas for a decade until depletion ([41]; Figure 24). It may therefore be considered 

as a CO2 storage site assuming that the volume occupied previously by the produced hydrocarbons will 

be filled entirely by the injected CO2 (e.g. Likar et al., 2015; [31]). 
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The Entlebuch-1 well targeted an anticlinal structure in the Finsterwald gas field and produced 74 mio 

Nm3 of gas from a 20 m-thick karstified Malm limestone reservoir (“Malm Karst”, Upper Jurassic) at >4 

km depth (Figure 25). This reservoir is sealed by a 4 km thick Molasse overburden containing 

impermeable shale-rich layers. Based on the volume of hydrocarbons produced, a static CO2 storage 

capacity for the Finsterwald gas field in the order of 0.2 mio tons can be estimated. 

The depth of this Upper Jurassic reservoir suggests a reservoir temperature of 100 – 120°C using a 

reasonable geothermal gradient of 30°C/ km. This may allow for power generation using CPG. CO2 

could be introduced through injector wells and retrieved through the original Entlebuch-1 well (Figure 

25). A key parameter for CPG is the permeability for the “Malm Karst” reservoir, which in this case has 

a high uncertainty (cfr. [16]) ranging anywhere be- tween 10 to 1000 mD, or even more, considering the 

possi- bility of a dual permeability system with contribution from the matrix and fractures. According to 

recent calculations [1], a 5-spot CPG installation in the Finsterwald gas field at 4 km depth could 

generate up to 1000 kWe under optimal permeability conditions (Figure 26).  

 

Figure 25: Structure of the storage complex at Entlebuch with possible arrangement of injector and producer wells 

for CPG (modified from Sommaruga et al., 2012) 

 

Eclépens  

The Eclépens site is located in the Canton of Vaud between the town of Lausanne and Yverdon (Figure 

24). It is close to a large-scale cement factory owned by the Holcim Group exploiting a nearby quarry 

exploiting the topo- graphic expression of a deeply rooted structure known as the Mormont anticline. 

The Eclepens-1 borehole, a former hydrocarbon exploration well drilled in the 80s is currently plugged 

(ca 10 m of cement plug) and abandoned. 

A potential reservoir interval suitable for storing CO2 was identified within the Upper Triassic and Lower 

Jurassic strata at a depth of 2042.5 – 2105 m, with a thickness of 62.5m. A reasonably dense set of 2D 

seismic lines allows to build a model of the subsurface. Figure 27 shows the height profile of the upper 

boundary of the possible reservoir. Of interest are two anticlinal structures with 4-way dip closure. The 

area of the reservoir above spill point is approx. 2.8 mio m2 for anticline A and 1 mio m2 for anti- cline 

B. The porosity of this interval ranges between 1-7.5%. The combined P50 estimated static CO2 storage 

capacity for both structures considering a spill and fill scenario is 0.12 Mton of CO2. 
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Figure 26: Power Generated per 5-spot for CO2 Geothermal System [kWe] plot showing a potential of up to 1000 

kWe for the Finsterwald gas field [1]. 

 

 

Treycovagnes 

The Treycovagnes site is also located in the Canton of Vaud between the town of Lausanne and Yverdon 

(Figure 24), approx. 20 km from the same Holcim cement factory. The structural framework of this site 

consists of a half anticline bounded by faults (Figure 28). This site was selected based on the large 

thickness (62 m) of the Triassic Buntsandstein aquifer/reservoir found in the Treycovagnes-1 well. 

There is an anticline A spanning ca 0.4 mio m2 above spill point/ leak point. A second anticlinal structure 

– albeit poorly constrained by the 2D seismic line – may exist, spanning ca 0.6 mio m2 above spill point. 

The porosity distribution for the Buntsandstein sand found here ranges between 2 - 6%. We estimated 

a P50 static CO2 storage capacity for both structures in the order of 0.03 Mt of CO2. Generally, the 

density of seismic lines is lower than for the Eclépens site, leading to a larger uncertainty of the exact 

structure of the reservoir. 

 

3.2.5 Next steps on site selection 

The outcome of the screening activities for CCS and CPG on selected sites across the SMB has (1) 

substantially in- creased the understanding of the properties of these sites (especially the reservoir 

tightness in terms of porosity and permeability, see Table 2), (2) indicated a very small capacity for CO2 

storage and a negligible potential for CPG, and (3) revealed the substantial unsatisfactory level of 

knowledge regarding the nature of the Swiss subsurface. 
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Figure 27: 3D top reservoir structure of the target interval for storing CO2 at the Eclépens area. 

 

Figure 28: 3D top reservoir structure of the target interval for storing CO2 in Treycovagnes site. 

 

The primary data needed for assessing the potential of CCS and CPG is presented in Table 3, of which 

seismic data and well data are of paramount importance. Areas across the SMB without 3D seismic 

data or high-density of 2D seismic reflection datasets and sparse well data are associated with 

challenges and uncertainties in characterizing regions or sub-regions suitable for CCS and CPG. Sparse 

seismic data coverage limits detailed mapping and modelling of potential subsurface structures and 

traps capable of sequestering CO2 in the SMB. 
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Furthermore, this has a consequence in understanding surface fault behaviors, which may have 

implications on storage integrity at specific sites. In addition, this may result in inaccurate CO2 storage 

volume estimation at selected sites. Limited deep well data in the SMB will limit deployment of 

geostatistical reservoir/aquifer modelling techniques especially facies constrained petrophysical 

modelling of the target reservoirs/aquifers. Therefore, the only possible choice of assuming 

homogeneous reservoir/aquifer facies or petrophysical properties over a considerably large vertical and 

lateral extent in inter well region does not give a good approximation of the subsurface properties of the 

SMB. 

Importantly, this study highlights some challenges related to the subsurface aquifer/reservoir quality of 

the sites. Since most of the reservoirs in the SMB are tight systems, the possibility that a porosity and 

permeability contribution from fracture systems might play an important role in controlling storativity and 

fluid flow behaviour, needs to be considered. 

Fracture evaluation is vital in tight reservoirs since fractures are well known to influence the reservoir 

porosity [49][74], hence the capacity of storing considerable volumes of fluids, as well as the rock 

permeability and transmissivity. Indeed, incorporation of one or multiple open fracture systems in the 

conceptual geological model [46] can result in a higher estimates of CO2 storage capacity. 

However, estimating fracture porosity and permeability requires detailed assessment of the 

reservoir/aquifer parameters. This can be achieved by characterizing subsurface image logs such as 

formation micro-imager (FMI) and electrical micro-imager (EMI), and core samples. Unfortunately, such 

data were acquired only in recently drilled wells in the SMB such as the ST Gallen GT-1, GEo-01 and 

NAGRA’s boreholes in the NE Switzerland. 

In addition, cores may have only been recovered from sections of borehole of interest to the actual 

project, and this may be different to promising subsurface intervals for CCS and CPG. Two ways to 

ameliorate this is analyzing any well test and production data such as DST, MDT data, mud loss and 

production data (i.e. PLT). These data may indeed provide information about possible fractured intervals 

having high aperture that may develop into a fracture network [2]. However, such data are also limited 

in the SMB subsurface (Table 2) and outcrop analogues can be used to characterize the fracture system 

representative of the Swiss subsurface. 

During a possible follow-up project, a robust probabilistic assessment of the geological storage capacity 

could be developed for the sites described above. This should be based on realistic geological 

conceptual models that are corroborated by relevant analogue data sets. This will allow to build detailed 

3D static models which consider realistic complex-porosity and permeability systems, that are 

representative of aquifer/reservoir intervals, including matrix, fracture and karstic networks. Such 

procedure will al- low to better estimate a range of different CO2 storage capacity scenarios across 

Switzerland. 

Ultimately, the 3D static model will then be used as input for dynamic simulations aimed at understanding 

the fate of the CO2 plume and will serve as basis for geomechanical modelling (i.e. slip tendency, 

discrete network modeling, etc.), to predict fault behaviour and related risks of induced seismicity 

associated with injectivity tests. 

In summary, this preliminary study has identified only a small storage capacity in the three sites analyzed 

in the SMB (in total < 1 Mton of CO2 , Table 2). This is mainly because of the tight nature (i.e. low matrix 

porosity and permeability) of the potential reservoirs and aquifers under consideration. Further work 

should be carried out to com- plete the assessment of CO2 storage potential as not all geological 

uncertainties (i.e. existence of fractured and/or karst porosity and permeability) have been fully assessed 

in this work. 
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Table 2: Qualifying & delimiting factors for the three investigated sites. 

 

 

Table 3: Assessment of key subsurface data needed for characterizing the potential for CCS and CPG 
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Figure 29: Site screening workflow developed for CCS and CPG for a candidate site in Switzerland. The Power 

Generated per 5-spot for CO2 Geothermal System is from Adams and Saar [1]. 
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3.2.6 Suitability CO2 storage assessment for selected wells (PSI) 

The previous sections focused on the geological conditions and the risk of not finding an appropriate 

site. However, other factors, like the distance from the CO2 emitter, the connection to roads and railways, 

the presence of natural parks, biospheres, etc., could have an impact on the site selection. In order to 

consider the plethora of criteria in the site suitability assessment and decision-making process, a spatial 

Multi-Criteria Decision Analysis (sMCDA) has been applied [24]. This method combines MCDA with 

Geographical Information System (GIS) and it is applicable to different topic like, for example, 

sustainability as it has been shown for Deep Geothermal Energy in Switzerland [65]. The MCDA enables 

to consider a wide variety of aspects, e.g. environmental, socio-economic, etc., in a transparent manner 

[75], while GIS accounts for the spatial variability of the problem [85]. 

The spatial MCDA (sMCDA) framework applied in this study consists of three major steps. First, the 

potential sites for comparative assessment are identified and characterized. In this context, five already 

drilled wells are selected in collaboration with the University of Geneva, based on their locations and 

depths, i.e. the wells should be > 800 m depth to be able to reach the supercritical condition of CO2 [86]. 

The selected wells are shown in Table 4. 

Table 4:  Wells selected for suitability assessment in this study 

Well Name Canton Drilling Reason Depth [m] 

Eclepens-1 Vaud Hydrocarbons 2150 

Entlebuch-1 Lucerne Hydrocarbons 5289.5 

Schafisheim Aargau Research 2006.5 

St.Gallen GT-1 Saint Gallen Geothermal Energy 4450 

Triemli-Zurich Zurich Geothermal Energy 2708 

 

In the second step, 13 criteria are considered to cover different aspects that could have an impact in the 

site suitability assessment. Two geological suitability criteria (Depleted Hydrocarbon Reservoir, CO2 

Sequestration Potential), one CO2 Source criteria, three land use criteria (Deep Geological Repository, 

Existing and Planned Geothermal Wells, Critical Infrastructures), two transportation criteria (Road, Rail), 

three environmental related criteria (UNESCO Biosphere, Environmental Protected Areas (EPA), 

Parks), two socio-economic criteria (UNESCO Cultural Areas, Population Density). The criteria are 

summarized in Table 5. 

The Depleted Hydrocarbon Reservoir is expressed as a binary factor, i.e. 1 if the well is connected to a 

depleted reservoir and 0 if not. This criteria has been given by the University of Geneva, and it is chosen 

since depleted hydrocarbon reservoirs are shown to be useful for CO2 sequestration [29]. The CO2 

Sequestration Potential is based on the work from [7][16], which classified Switzerland’s CO2 

sequestration potential based on the presence of the upper muschelkalk and saline aquifers. The CO2 

Source criteria considers the distance in km of each wells from the closest CO2 emitter, which are waste 

incinerator plants, biogas plants and cement plants. The lower the distance, the better will perform the 

well in the sMCDA. The Deep Geological Repository, the Existing and Planned Geothermal Wells, the 

Critical Infrastructures (Nuclear Power Plants (NPP) and Dams), UNESCO Biosphere, EPA, Parks and 

UNESCO Cultural Areas, criteria account for the distance in km of the wells from these 

areas/infrastructures. In these cases the higher the distance, the better the well will perform in the 

sMCDA. In fact, as far the well is located from, for example, EPA, NPP, etc., as the potential acceptance 

of a CO2 sequestration project is higher from on a regulatory point of view. The Rail and Road criteria 

are estimated as the distance in km of the well from railways and roads, respectively. These criteria are 

considered since no information about pipelines are found and, therefore, they are the primary already 

present known connections of the well to a CO2 emitter. The smaller the distance, the better the wells 

will perform in the sMCDA. Finally, the Population Density accounts for the number of inhabitants per 

ha in the area of the well. Lower the density, better will the well perform in the sMCDA. In fact, it is 

expected that in densely populated areas the social acceptance of a potential CO2 sequestration project 
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is reduced due to the larger number of inhabitants per ha. Except for the Depleted Hydrocarbon 

Reservoir and the CO2 Sequestration Potential criteria, the other criteria GIS layers/maps are collected 

from Swisstopo. 

Table 5 Criteria selected as input for the sMCDA. Polarity indicates the criteria direction, that is if the lowest value 

is the best (-) or the highest is (+). 

Pillars Criteria Unit Polarity 

Geological 

Suitability 

Depleted Hydrocarbon 

Reservoir 

Binary 0/1 + 

CO2 Sequestration Potential Scale [0,1] + 

CO2 Source 

CO2 Source (Waste 

incinerator, Cement plant, 

Biogas plant)   

Distance in km - 

Land Use 

Deep Geological Repository Distance in km + 

Existing and Planned 

Geothermal Wells 

Distance in km + 

Critical Infrastructures 

(Nuclear Power Plant, Dam) 

Distance in km + 

Transportation 
Road Distance in km - 

Rail Distance in km - 

Environment 

UNESCO Biosphere Distance in km + 

EPA Distance in km + 

Parks Distance in km + 

Socio-Economic 
UNESCO Cultural Areas Distance in km + 

Population Density Number of inhabitants per ha - 

 

Once the criteria values are associated to each well, the sMCDA is performed. In this study, a Stochastic 

Multi-criteria Acceptability Analysis (SMAA-TRI) [72] is applied to the spatial case. The SMAA-TRI 

algorithm is a classification method, which does not allow compensation between criteria, and the 

weights are considered independent from the measurement scales. The SMAA-TRI assigns a class of 

suitability (Ci) to a well in probabilistic terms (Figure 30). This method compares the score for each 

criteria (gj) with respect to class profiles (Prh), which distinguish between different suitability classes, for 

example, high (C1), medium (C2) and low (C3). Every Ci is defined by two profiles, a lower bound and an 

upper bound. For example, in the case of C2 in Figure 30, Pr2 is the lower bound profile and P1 is the 

upper bound profile. The performance of each criteria for every well is compared with the Prh from the 

worst to the best to evaluate whether its performance is at least as good as the profile (in MCDA terms 

this is known as outrank). For each criteria in which the well equals or overcomes the Prh, the respective 

weight of the criteria is added to an index named concordance (c(ti, Prh)). A threshold value denoted λ is 

used to drive the classification. In this study, λ is an arbitrarily distributed parameter analyzed using 

10000 Monte Carlo simulations. For each Monte Carlo simulation, starting with h= 1, if c(ti, Prh) (which 

can be also expressed as the cumulative weight of the criteria that equal or overcome the Prh) does not 

reach λ, the minimum cumulative weight of the criteria to grant a better classification, the well is allotted 

to class Ch. If c(ti, Prh) reaches or exceeds λ, the well can be assigned to a better class and it is 

compared with the next profile Prh+1. The process goes on until either a profile Prh such that c(ti, Prh) is 

lower than λ or the best class is reached. Once all the Monte Carlo simulations run, the Class 

Acceptability Index (CAI) is provided by counting the number of times the well is allotted to each class. 

Therefore, CAI for a well is assessed in terms of probability of membership in each class. In this study, 

the final suitability score is given on a scale from 0 (Worst Suitability) to 100 (Best Suitability) for each 
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well. This score is estimated using a weighted sum of the probabilities in CAI weighted by 0 if in C3, 0.5 

in C2 and 1 in C1. 

  

 

Figure 30: Evaluation steps of the Class Acceptability Index (CAI) in SMAA-TRI 

Since no stakeholder elicitation has been performed, the following approach was chosen. First, a Monte 

Carlo approach is used to generate an average suitability map (see Figure 31). Second, eight 

representative, artificial preference profiles are defined: 

 Equal weights for all criteria; 

 Six weighting profiles that strongly favour one of the considered pillars, e.g. geological suitability 

(weight 80%), whereas the others are equally weighted to reach a total of 20% weights; 

 One weighting profile with a more geological and engineering perspective given by the 

University of Geneva where to the geological suitability is assigned 40% of the weights, 20% to 

the CO2 source and Land Use criteria, 10% to the transportation criteria and 5% to the 

environmental and socio-economic criteria (see Figure 32). 

Figure 31 shows the average suitability map based on a sampling approach of the preference profiles. 

The CO2 sequestration suitability performance of the selected wells in Switzerland is higher for 

Eclepens-1 and St.Gallen GT-1, while Schafisheim is the least suitable in relative terms. 
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Figure 31:Average CO2 sequestration Sustainability map for selected Wells in Switzerland based on a set of sample 

preference profiles. 

 

Figure 32: CO2 sequestration Sustainability map for selected Wells in Switzerland based on the weighting profile 

provided by the University of Geneva: Geological suitability weight = 40%; CO2 source and Land Use criteria 

weights = 20% each; Transportation criteria weight = 10%; Environmental and Socio-Economic criteria weights = 

5% each. 
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Figure 32 shows the result for the weighting profile proposed by the University of Geneva. In this case, 

St.Gallen GT-1 performs best, followed by Entlebuch-1 and Eclepens-1, while Schafisheim and Triemli-

Zurich perform worst in relative terms. In fact, in this particular case, the suitability of Entlebuch-1 is only 

slightly reduced with respect to Figure 31, whereas Eclepens-1 has a larger reduction in its suitability 

score larger than the one of Entlebuch-1, resulting in a rank change. This is mostly related to the 

geological suitability criteria, which are generally better for Entlebuch-1 compared to Eclepens-1. 

Similar suitability scoring variations as shown in Figure 32 are found also for the other considered 

weighting profiles. For example, when considering the transportation pillar at 80% weight, Triemli-Zurich 

perform as best among all the wells, while in the case where 80% is given to the socio-economic pillar, 

Triemli-Zurich and St.Gallen GT-1 perform as worst. This results clearly indicate that different weighting 

profiles can influence the final selection of a suitable site. This illustrates the sensitivity of the ranking to 

subjective preferences by various stakeholders. Therefore, trade-offs have to be considered for an 

informed decision-making process, and to guide the public debate and participatory processes. 

 

3.2.7 A hypothetical CO2 storage project in the city of Zurich (ETHZ) 

One of the outcomes of the CS-D experiment is the proof that the Opalinus Clay could provide a great 

caprock, but a storage project also highly depends on the reservoir properties to allow disposing the 

CO2. To address the feasibility of carbon sequestration in Switzerland, we performed numerical 

simulations for CO2 injection for a hypothetical project under the city of Zurich, Switzerland. The model 

geometry is based on the stratigraphy of the ~2.7 km deep Triemli borehole (ewz, 2014). The injection 

reservoir is representative of the Oberer Muschelkalk, which is considered to be a potential storage 

aquifer in the Zurich region [16]. As above, the numerical simulations are performed with the multi-phase 

and multi-component simulator TOUGH2 (Pruess et al., 2011), whose ECO2N module considers both 

brine and supercritical CO2. 

The model domain is shown in Figure 33 a. The reservoir layer is located at the center of the model at 

a depth of 2270 m (in blue), has a thickness of 50 m and is overlain by low-permeability caprock (in 

green). In the base case scenario, the permeability of the reservoir is set to 10-15 m2 (~1 millidarcy) and 

the porosity to 8 %. The matrix permeability and porosity are probably lower at these depths [7], but 

fractures may contribute to enhance these values. Injection of CO2 occurs at a constant pressure of 30 

MPa into a fully water-saturated reservoir at an in-situ pore pressure of about 22 MPa at a constant 

temperature of 73 °C over a period of 10 years. Here, we consider three scenarios: (i) injection along a 

50 m long vertical, (ii) a 500 m long horizontal, and (iii) a 500 m long horizontal hydraulically stimulated 

open well section. 

Results of the vertical well scenario are shown in Figure 33b-d. After 10 years, the pressure front reaches 

a horizontal distance of about 6 km, while the injected CO2 remains within the first 400 m from the well 

(Figure 33b-c). The amount of CO2 that can be injected largely depends on the permeability of the 

reservoir (Figure 33d). For the base case permeability (10-15 m2), about 0.4 million tons of CO2 can be 

injected in 10 years (average rate of 0.04 million tons per year). For a lower permeability (10-16 m2), the 

injection rate drops to 0.004 million tons per year, while for a larger permeability (10-14 m2), the average 

injection rate increases to 0.4 million tons per year (a total of 4 million tons after 10 years). Results of 

the horizontal well scenarios are illustrated in Figure 34. In the unstimulated scenario, the CO2 plume 

propagates about 800 m in the y direction (i.e., along the well) and about 300 m in the x direction (Figure 

34a). The hydraulically stimulated well is simulated assuming 5 fractured zones, each with a length of 

130 m (along x), a vertical extent of 50 m, and a permeability of 10-12 m2. The spatial extension of the 

CO2 plume is similar to the unstimulated scenario, but more CO2 can be injected along the fractured 

zones (Figure 34b). Figure 34c shows that the cumulative injected mass of CO2 can be almost doubled 

(about 0.7 million tons after 10 years) for the horizontal well scenario and more than doubled (1 million 

ton after 10 years) in the case of hydraulically stimulated horizontal well. 
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Figure 33: (a) Numerical model domain with 22’500 elements. (b) Pressure change and (c) CO2 saturation for the 

vertical well scenario after 10 years on a horizontal cross-section at the top of the injection reservoir. (d) Cumulative 

injected mass of CO2 for three different reservoir permeability values. Note that the y axis is shown on a logarithmic 

scale. 

 

Figure 34: (a, b) CO2 saturation after 10 years for (a) the horizontal well and (b) the stimulated horizontal well 

scenarios on a horizontal cross-section at the top of the injection reservoir. (c) Cumulative injected mass of CO2 for 

the vertical well, horizontal well, and stimulated horizontal well scenarios. Note that the y axis is shown on a 

logarithmic scale.  
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3.3 CO2 migration in a faulted caprock – the CS-D experiment  

 

3.3.1 The rock characterization in laboratory 

The ETHZ Team at the Rock Physics and Mechanics Laboratory in ETH Zurich performed also a study 

focused on the structural characterization around the 1.5 to 3 m thick Main Fault and matrix petrophysical 

characterization of both the protolith and fault core. Contrary to typical fault models, matrix permeability 

and seismic velocity measurements show similarities in the host rock and within the Main Fault (Figure 

35). In the clay-rich samples, measurements indicate compressional wave velocities range from 2.60 to 

2.95 km/s parallel to foliation and 3.38 to 3.58 km/s perpendicular to foliation at 5 MPa confining pressure 

(Mont Terri conditions). Since the permeability of the host rock and fault zone is very low (ranging from 

10-19 to 10-21 m2 by in situ measurements) flow is expected to prevail along fractures. Based on in-situ 

stress estimates and fault slip analysis, the most critically stressed fractures (potential hydraulically 

conductive fractures) are not those parallel to the Main Fault, but instead conjugates that dip in opposite 

directions ([82] – submitted to J. Str. Geo.). 

 

Figure 35: Host rock (a-b) and Main Fault (d-e) permeability and p-wave velocity. Closed markers are parallel to 

foliation/bedding, while open markers are perpendicular to foliation/bedding. 
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In collaboration with Imperial College London, the team at ETHZ performed direct-shear laboratory 

experiments on Opalinus claystone (from BCS-D5) following fluid injection to elucidate the coupling 

between mechanical fracture deformation, fluid sorption and fluid flow. Simultaneous imaging by X-ray 

Computed Tomography and digital image correlation was used to map the temporal-spatial evolution of 

the fracture aperture field. We found that under constant radial stress 1.5 MPa and upon brine injection, 

the initial average mechanical aperture 140-250 um is reduced by 40% (Figure 36) and the increase of 

contact points within the fracture induces dilation of 50-170 um. None of these changes are observed in 

a control experiment with decane, indicating that creep is subordinate to swelling in sealing the fracture 

([83] – submitted to Geo. Res. Let.). 

 

Figure 36: Temporal and spatial evolution of the fracture aperture in Opalinus claystone upon shearing and fluid 

injection. The colormap represents values of the local fracture aperture. a, D5S14Q, shearing under constant radial 

confining pressure and varying axial stress b, D5S14Q, injection of synthetic brine. c, D5S29-1, shearing under 

constant radial confining pressure and varying axial stress. d, D5S29-1, injection of decane. e, D5S29-1, injection 

of water. For shearing experiments, the longitudinal displacement is given above each map and arrows indicate 

shearing direction. For flow experiments, acquisition times are given above each map and arrows indicate flow 

direction. 
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The research activities carried out at the Laboratory of Soil Mechanics in EPFL focused on the 

characterization of the caprock with long-term CO2 injection tests, aiming to analyze the possible impact 

of chemical effects on the properties of the Opalinus Clay. The impact on permeability, grain density, 

and pore structure have been considered. Two types of Opalinus Clay have been analysed; clay-rich 

and carbonate-rich. Grain density measured on clay-rich samples exposed to acid solution (pH 3-4) up 

to 360 days does not show appreciable changes before and after exposure.  

The material’s permeability has been evaluated using two different methodologies in clay-rich and 

carbonate-rich samples. For the clay-rich sample, liquid CO2 is injected in water saturated specimen for 

100 days, at a pressure ranging between 8 MPa and 16 MPa. The CO2 entry-pressure has been 

measured between 2 MPa and 4 MPa. A slight reduction of permeability is measured after injection 

(from 3.7 × 10-21 m2 to 2.6 × 10-21 m2).  

 

Figure 37: Results of the CO2 injection phase of the test with the evolution of the upstream and downstream CO2 

pressure 

For the carbonate-rich sample, CO2-rich water isinjected in the specimen instead of pure gaseous or 

liquid CO2 in order to encourage the creation of carbonic acid in the presence of more water (other than 

the limited pore water). In this case, the injection has been performed for 53 days. A slight reduction of 

permeability has been observed also in this case (from 3.4 × 10−20 m2 to 2.1 × 10−20 m2); the values are 

one order of magnitude higher compared to the clay-rich sample. Permeability reduces of one order of 

magnitude if the injected fluid is CO2-rich water, and not distilled water and a significant lower value was 

observed compared to the measurement carried out with distilled water.  

Pore size distribution performed with Mercury Intrusion Porosimetry tests has revealed a different pore 

distribution on the carbonate-rich and clay-rich samples, with the presence of an additional pore size 

class in the first case. No significant impact of the exposure to CO2 for the clay-rich specimen was 

observed.  

In conclusions, the Opalinus Clay samples tested  at EPFL did not exhibit a significant sensitivity to CO2 

exposure considering the testing strategy and testing period adopted in this study. Thus, the 
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experimental outcomes of the study support the possibility of considering the Opalinus Clay formation 

as caprock for CO2 storage. A significant capillary entry-pressure has been observed, along with a low 

sensitivity of the transport properties to CO2 exposure for the analysed testing period. These features 

are fundamental requirements for the sealing capacity and the integrity of a caprock. 

 

3.3.2 The full-scale experiment in Mont Terri 

The CS-D experiment aimed at better understand the mobility of CO2-rich water through a fault in 

caprock. We performed several injection tests to estimate hydraulic properties and opening pressure 

(FOP) of the fault zone.  

We carried out injection tests in several injection intervals. Figure 38 shows the results of a step up 

pressure test in interval Q4: only when injecting in this interval we observed a hydraulic response in the 

fluid monitoring borehole (BCS-D2). In particular, when injecting in Q4, only the bottom intervals of the 

fluid monitoring boreholes show pressure variation (e.g., M1 less than 0.1 MPa, Figure 38b, red curve), 

while all the others show no variation (e.g., M5, Figure 38b, green curve). Our tests gave first order 

estimates of the initial transmissivity of the fault zone from interval Q4 of c.a. 1.8×10-13 m2/s, 

corresponding to a permeability of the fault of the order of 10-21 m2, therefore the same permeability as 

in the host-rock.  The fault opening pressure (FOP) in the interval Q4 was determined by increasing 

pressure in steps of 0.3 MPa and shut-in after reaching the desired pressure .The pressure response is 

non-linear when injection pressure was raised above 4.5 MPa. The large steps (0.3 MPa) employed do 

not allow for a precise measure of the FOP, but we can conclude than it is in the range 4.5-4.8 MPa. 

After reaching this “reactivation”, we started the long-term CO2-saturated fluid injection below the FOP 

at a constant pressure of 4.5 MPa.  

 

Figure 38: a) Projection on plane of boreholes BCS-D1 and BCS-D2 and their intervals. The inlet shows the location 

of the boreholes and the orientation of the plane. b) Pressure changes in the injection interval Q4 (blue) and 

response at two intervals in the fluid monitoring borehole (M1 in red and M5 in green). The positions of the monitor 

intervals with respect the injection interval is shown in panel (a). c) Flow rate at the syringe pump 
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In conclusion the and in situ hydraulic characterization before the long term injection of CO2 saturated 

water showed that the fluid does not flow preferentially along the fault but it is confined in small 

regions/fractures crosscutting the fault, even if the estimated permeability is extremely low.  

The seismic characterization successfully highlighted the fault zone as a region of low velocity anomaly, 

probably due to the weaker material within the fault zone, but also due to different seismic velocity 

anisotropy in and outside the fault (see Figure 39). Nevertheless the resolution did not allow to image 

small fractures through which the fluid flow probably occurred. Another target of the experiment was to 

test the occurrence of induced micro-seismicity in clay. No induced seismicity have been observed, even 

at injection pressure higher than the Fault Opening Pressure.   

 

Figure 39: VP-tomogram obtained by cross-hole travel time inversion between borehole BCS-D3 (geophones) and 

BCS-D4 (sparker sources). Locations of geophones and sources are indicated by triangle- and star-symbols, 

respectively 

 

Among the main aims of the experiment is the evolution of permeability after long-term exposure to CO2, 

and the variation of geomechanical response with time.  

In June 2019 we started a continuous injection at constant pressure of 4.5 MPa of CO2-rich water, 

saturated prior injection in an external mixing chamber at a pressure of c.a.2.2 MPa.  

Figure 40 shows the full time series for the flow rate and recorded pressure for one year of injection. 

The flow rate drops in the first few days of injection from an average value of 0.2 ml/min to about 0.05 

ml/min, then slowly decreases up to a steady-state value of about 0.035 ml/min (Figure 40a). In one 

year, only about 20 litres of CO2-saturated water were injected into the fault zone. 
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Figure 40: (a) Flow rate recorded during the one year-long injection of CO2 saturated fluid. (b) Pressure at injection 

interval (blue line) and pressure changes recorded at the monitoring interval (red line). See Figure 1b for relative 

distances. (c) Zoom on injection pressure in the first days of injection. 

The injection pressure is overall constant at 4.5 MPa (Figure 40b – blue line), while the pressure 

monitored at the interval M1 is first increasing to a maximum change of 0.08 MPa, then starting a slow 

decrease with a negative trend at time of writing (Figure 40b – red line). Worth to note that the two major 

pressure drops in the monitoring interval in June and December 2019 were due to incorrect incorrect 

manoeuvres of the operators, while the "jumps" observed in the period January - March 2020 where 

poroelastic effects caused by a nearby excavation. Overall, the pressure at the monitoring interval 

reaches a maximum around October/November 2019, and  decreases afterward: this could be indicative 

of a compressive front with pressure increasing before the fluid from the injection breakthrough in the 

monitoring interval and decreasing afterwards. The pressure at injection is set constant, but at regular 

interval (every 30 days), we perform a little shut-in/restart cycle to check for possible reactivation of the 

micro-fractures in the fault (Figure 40b – blue line). Figure 40c shows an example of these tests, at the 

start of the injection activities. The time of pressure decay of 0.3 MPa (from 4.8.to 4.5 MPa) is of 1 min 
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on  June 12th, 2019, and 30 min on June 13th, 2019. All following tests show a progressive increase in 

the decay time, as expected for a pressure front propagating further away from injection point. 

Figure 41 shows the pH, continuously monitored throughout a flow-through cell during one year- in M1, 

and the corresponding CO2 partial pressure (normalized for Nitrogen partial pressure) measured at the 

portable mass spectrometer, connected for measurements to interval M2. All boreholes were initially 

filled with synthetic water, whose properties in major dissolved elements/salts (not in redox and pH 

conditions) are similar to the in-situ water with pH>7.8. Figure 41 (red line) shows how as soon as the 

flow-through cell is connected, the pH drops to right below 7, and it is stable before June 2019, i.e. the 

start of CO2 -rich water injection (dashed black line in Fig. 4a). The variability of the measurements from 

Jun to Aug 2019 are due to non -optimal fluid sampling operation and are not reliable.  Upon changing 

the sampling protocol, the pH start dropping for several months down to a value of 6.8. From October 

2019 to present, we observed a complete reverse trend. After one year of injection, the pH is 7.63, still 

below the original synthetic water pH> 7.8.  

The ratio between CO2 partial pressure and Nitrogen partial pressure (measured by the mass 

spectrometer in M2) are also plotted in Figure 41 (green squared). We observe that the CO2 content 

starts increasing after the pH trend reverses. The ratio pCO2/pN is still increasing at time of writing with 

a value of 2·10−3. Worth to note that the measurements in August/September 2019 are above the 

baseline measurement prior CO2 injection (May 2019). This could be due to several reasons including 

the installation of a wall in the niche in mid-May that could increase the CO2 air content in the niche, 

altering the calibration. This influence of varying CO2 concentrations in the calibration air is subject to 

on-going data processing. Overall, we consider the measurements in August/September 2019 as a 

reliable baseline as no real indications of CO2-rich water breakthrough are available before that time. 

 

Figure 41: pH (red line) at M1 and ratio pCO2/pN (green squares) recorded at the mass spectrometer in the interval 

above M1. 

 

Our interpretation of the observations of pH and CO2 partial pressure and on the knowledge of pH of 

synthetic water in injection and monitoring boreholes ( >7.8), of pH of injected water (5.5) and of in situ 

water (not measured directly at the CS-D experiment but estimated from previous experiment c.a.??). 

We think that in a first phase (June 2019) the little fluid injected not travelled far from the injection point, 

but some in-situ water could be pushed from the rock to the monitoring interval, with a dilution of 

synthetic and in-situ water (with pH dropping to 6.95). In a second phase (June-Sept 2019) more in-situ 

water is pushed from the rock toward the monitoring interval, allowing for further dilution and further 

decrease of the pH. Worth to note that at this stage the pressure is still increasing at the monitoring point 

(Figure 40b – red line) and the ratio pCO2/pN is constant ( August-Sept 2019). Assuming these value 
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as a baseline, our interpretation for this phase is that the CO2 has not travel far from the injection point, 

and it has then not reached the monitoring borehole. The trend change of pH  in Oct 2019 is interpreted 

as the CO2-rich water reaching the monitoring point. The CO2-rich water at the injection point has a pH 

of 5.5, hence we would expect a further decrease in pH. This leads to the assumption that the amount 

of dissolved CO2 in the injected water arriving at the monitoring point is much lower than at the injection 

point. This can be argued from the large pressure difference between injection and monitoring point with 

potential degassing, possible adsorption effects the pH would only drop slightly below the unperturbed 

synthetic water, whose pH is above 7.8. Hence, we interpret these observations as the injected CO2-

rich water arriving at the monitoring, but with a pCO2 much below the one at injection: if the ratio pCO2/pinj 

CO2 is 100% at injection, at the monitor only a minor portion below (e.g. 1%-2% if compared to pressure 

difference) would be observed. Consequently, the increasing pH could be related to the injected 

synthetic water with a minor amount of dissolved CO2 and therefore higher pH in the water at the 

monitoring point. The mass spectrometer measurement confirms the increasing CO2 content in time. In 

this phase the pressure at the monitoring reaches its peak and start decreasing after such breakthrough 

has occurred.  In the current phase, both the CO2 content and the pH are still increasing, confirming 

that the breakthrough has actually occurred but not all the fluid has been replaced. Given enough time 

to equilibrate, our interpretation would lead to a stable amount of CO2 and a pH below 7.8. The pressure 

at the monitoring point is still dropping after the peak in November 2019 (Figure 40b – red line), 

suggesting the occurrence of a compressive front passing by the monitoring point. 

Modelling of pressure observations indicate some potential porosity decrease in the near injection 

region. This would represent a sort of healing mechanism, that in the long term would prevent the 

leakage to happen. Worth to note that the results was here highlighted only with a very simple model, 

with many assumptions, and sophisticated models are required to proper confirmed this finding. In 

particular, a hydro-mechanical model would better capture the fracture-like behaviour, and would allow 

introducing swelling effects that are common in clay material. As above, the time scale of CS-D was 

probably too short to have measurable effects, but these processes will certainly have a role at large 

scale.  

Upscaling of the results to large scale and assuming far-worst conditions than CS-D experiment (i.e. 

much more permeable fault) show relatively large leakage only if the permeability is above 10-17 m2. In 

the worst simulated case (permeability 10-15 m2, distance injection well-fault of only 50 m), about 

0.1%/year of injected CO2 migrated at shallow depth. Worth to mention that here we do not simulate a 

seismic reactivation of the fault, and therefore assume the permeability changes are negligible.  

 

3.3.3 Upscaling the experimental results at CS-D (ETHZ) 

In order to upscale the experimental results, we performed numerical simulation aimed at giving a more 

general picture of our understanding of the CO2 leakage through fault zones. The simulations represent 

a generic 100 m-thick reservoir, overlaid by a 150 m-thick caprock. A fault zone connects the injection 

reservoir to shallower depth (Figure 42-left). We simulate a horizontal injection well, striking parallel to 

the fault, with a flow rate of 6 Mt/year for a period of 20 years. The injection period is followed by 

additional 20 years of post-injection. 

We employ the parallel code TOUGH3 to perform the large scale simulation of fluid flow through a fault 

zone. For the analysis of the heterogeneities, each element of the fault zone has a different permeability. 

We employs a two-peaks log-normal distribution to simulate low permeable and high permeable 

patches. For each simulation, we performed 100 realizations and considered the average leakage and 

standard deviation over all realizations.  

A worst-case scenario could be the case when the well is extremely close to the fault zone, and this 

latter is going undetected during site characterization. By directly upscaling the permeability estimates 

from the CS-D experiment (10−20 m2 via single well analytical solutions – Zappone et al., 2020 – or 10−18 

m2 via inverse modelling with fracture assumption), the injected CO2 is fully contained in the injection 
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reservoir and no leakage is observed. The leakage starts to occur only when the permeability of the fault 

zone is assumed larger than 10−17 m2.  

The lesson learned from the CS-D experiment does not include only the estimate of permeability. One 

of the key findings is the fluid flow observed across the fault rather than along the fault, possibly linked 

to conjugate fracture (Zappone et al., 2020; Wenning et al., 2020).  To upscale this finding, we model 

heterogeneities on the entire fault volume with thickness of 3 m. We assume the fault zone as composed 

by regions of low permeability (e.g. low-permeability deformation bands, Faulkner et al., 2010) and 

regions of high permeability (fractures). These features are then distributed randomly on the fault region, 

and we tested different combinations of the ratio deformation bands/fractures. Figure 6 shows the results 

for two distributions, both log-normal with two peaks for bands and fracture, respectively. In the first 

example, we assume that the deformation bands distribution has a peak at permeability of 10−18 m2, with 

a one standard deviation variability, while the fractures are more widely distrusted with a peak at 10−15 

m2 and a width of 2 standard deviations. This distribution allows for CO2 reaching the upper aquifer, but 

rather than being widespread the leakage occurs at random locations and it results finger-shaped 

(Figure 42a). Another distribution (e.g. two identical peaks for bands and fractures) lead to similar 

behaviour, but the CO2 plume could reach shallower depths and be more widespread (Figure 42b). 

When running a statistically relevant number of realizations (100), both distributions show an average 

amount of leakage much smaller (factor of four) than a case with constant permeability at 10−16 m2 

(Figure 42c, d). The results are 100 ±50 ppm and 130±70 ppm for the two distributions, respectively, 

compared to 450 ppm for the homogeneous case. Assuming a distribution with the values estimated at 

the CS-D experiment (10−18 m2 for fractures and 10−20 m2 for the deformation bands) the leakage would 

be null. 

   

Figure 42: (left) Sketch of the computational domain with relevant layers and conditions. (right) (a, b) Example of 

CO2 leakage on the fault plane with different deformation band/fracture distribution for a single realization. The 

dashed lines represent the limit of the reservoir and caprock (c, d) CO2 leakage average on the 100 realizations 

and compared to a homogenous case. 

3.3.4 Hydro-mechanical modelling of Long Step Test (EPFL) 

We performed hydro-mechanical modelling of one Long Step Test (LST) in which water was injected 

from the Q4 interval in 13 pressure steps. Each step consists of an increase of pressure of approximately 

300 kPa and last between 28 to 30 hours. The initial pressure was measured as 1 MPa just prior the 

test, and the final and maximum pressure of the LST was approximately 4.8 MPa.  



 

58/109 

We developed two different models, one discrete quasi-random lattice model using the software XSite, 

and one continuum poroelastic model using semi-analytical solutions of the diffusion equation. The 

modelling tasks and main results are described below. 

Discrete quasi-random model (XSite) 

We built a discrete hydro-mechanical model using XSite (Itasca Consulting Group): a software that 

simulates hydraulic fracture propagation through a three-dimensional space consisting of a network of 

fractures and intact rock. This software is capable of modelling deformation, fluid flow and hydraulic 

fracture propagation in both pre-existing joints and intact rock. XSite models conduct a fully coupled 

hydro-mechanical simulation using an explicit time integration scheme. 

A simple model consisting of a single joint/fault crossing the whole domain was created (see Figure 43). 

The joint is characterized by the parameters given in Table 6. The size of the domain is 50x50x50 

meters. The far-field boundary conditions are fixed displacements for elasticity and no flux for fluid flow. 

The size of the domain and the boundary conditions were chosen such that they do not influence the 

response of the fault and host rock in the surrounding region of the injection interval. The borehole and 

the injection point are explicitly modelled considering the actual diameter of the borehole section. A 

constant pressure step is imposed at the center of the simulated fault at the highest pressure of the 

experiment. The aim of this model is to quantify the overall response of the fault and host rock in order 

to see if either opening or slip are activated in the fault, or hydraulic fracturing of the host rock in a plane 

oblique to the fault plane.  

Table 6: Mechanical and hydraulic properties of host rock and fault, input parameters to the model. 

 Properties Unit Value Ref. 
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Bulk density Kg/m3 2450 [2] 

Young’s modulus GPa 1 [3] 

Poisson’s ratio - 0.27 [2] 

UCS MPa 10.5 [2] 

Tensile strength MPa 1.3 [2] 

Fracture 
toughness 

MPa 
m0.5 

0.5 [2] 

Friction angle deg 23 [2] 

Porosity - 0.14 [2] 

Intrinsic perm. m2 10-20 [3] 

Biot’s coeff. - 0.7 [3] 

F
au

lt 
P

ro
p.

 Normal stiffness GPa/m 10 [3] 

Shear stiffness GPa/m 1 - 

Friction angle deg 21 [2] 

Intrinsic perm. m2 6*10-

17 
[3] 

 

In-situ stress tensor and pore pressure: The estimate of the in-situ stress tensor at the location of the 

experiment is based on the work of Martin and Lanyon [14], who studied the stress tensor at Mont Terri 

by analysing information coming from several in-situ stress measurement programs. We used the 

recommended values of their study, σ1 = 6.5 MPa with trend = 210° and plunge = 70°, and σ2 = 4.0 

MPa with trend = 320° and plunge = 10°. The only exception is the minimum principal stress that was 

chosen as σ3 = 2.0 MPa with trend = 50° and plunge = 15°, in this way, we forced a more realistic and 

purely compressive stress state regarding the pore pressure equal to 1 MPa that was measured prior to 

the test. 

Fault geometry and properties: According to the geological model, the main fault is located between two 

planes that are oriented N50- 52° and dipping 56-60°SE, while the fault thickness goes from 1.5 to 3.0 
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meters. Since the first model of the fault is built as a single joint with constant thickness, an “equivalent” 

fault plane oriented N51° and dipping 58°SE with a thickness of 2.25 meters is defined, i.e., an “average” 

fault plane has been considered. The mechanical and hydraulic properties of the fault were obtained 

from previous studies and experiments at Mont Terri [30][51]. There is a higher uncertainty in these 

properties comparing to the host rock, due to the inherent complexity of the fault zone. An isotropic value 

of permeability is used; this value is then converted to an equivalent hydraulic aperture through the well-

known cubic law, since this is the input that XSite uses. In addition, normal and shear stiffness are 

assumed homogeneous through the fault together with constant friction (no softening/weakening). No 

cohesion is considered.  

Host rock properties: The mechanical and hydraulic properties of the host rock were obtained from 

previous studies and experiments at Mont Terri [30][51]. The host rock has been extensively studied 

and has a laminar structure, consequently the elastic properties and fracture toughness are better 

represented by a transversely isotropic material. However, as a first model, an isotropic material is 

assumed. According to the deformations measured during the experiment, the mechanical response of 

the host rock-fault system can be apparently neglected, meaning that modelling a more complex 

material is not worth it. This assumption will be confirmed later by the simulation. 

Results and discussion 

Neither slip nor opening occured through the fault during the simulation. Hydraulic fracturing did not 

happen either. Then, the response of the fault-host rock system is most notably explained by pore 

pressure diffusivity within the fault zone as can be seen in Figure 43 (flow into the host rock is negligible). 

These results are further supported by experimental data showing almost no deformation through the 

fault during the experiment.  

Given that the experiment reduces to a problem of only fluid flow, XSite becomes not the proper tool for 

modelling. The explicit time integration scheme which maximum time step is controlled by the CFL 

condition, makes the simulations too slow if an inversion or calibration of the model wants to be 

performed. Therefore, an alternative model is proposed in the following section. 

 

Figure 43: Simplified discrete model of fault-rock system. Color indicates pore pressure diffusion through the fault. 
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Continuum poroelastic model 

A simple poroelastic model is proposed in order to reproduce the pressure-flow rate data measured at 

the injection interval during the experiment. The model assumes radial flow from a borehole of radius 

r_w in an infinite layer of porous material of thickness b equal to the Q4 interval length; the permeability 

of this layer is assumed to be higher than the permeability of the host rock such that flow into the 

overburden and underburden can be neglected. 

Under these assumptions, the mass conservation of the fluid plus Darcy’s law lead to the uncoupled 

diffusion equation of poroelasticity for pore pressure ∂p/∂t=α∇2p with α=ρgk/μSs being the diffusivity 

coefficient, where: ρ is the fluid density equal to 1000 [kg/m3] in the case of water, g is the acceleration 

due to gravity equal to 9.8 [m/s2], k is the intrinsic permeability of the porous solid in units of m2, μ is 

the dynamic viscosity of the fluid equal to 8.9×10-4 [Pa⋅s] in the case of water, and S_s is the specific 

storage of the porous solid in units of m-1. 

The solution of this boundary value problem for the flow rate at the borehole (Q_w) is given for one 

single pressure step by Jacob and Lohman [37]. After reformulating the poroelastic parameters from 

this latter work, applying the principle of superposition for n steps characterized by pressures 

{p_1,p_2,…,p_n} starting at times {t_1,t_2,…,t_n }, and defining p_0 as the initial pore pressure at t=0, 

the flow rate at the borehole takes the form: 

 

𝑄𝑤(𝑡) =
2𝜋𝑏

𝜇
∑𝑘𝑖
𝑛

𝑖=1

(𝑝𝑖 − 𝑝𝑖−1)𝐺 (
𝜌𝑔𝑘𝑖

𝑟𝑤
2𝜇𝑆𝑠

𝑖
(𝑡 − 𝑡𝑖)) 

 

Where G is an integral function which values are given in a tabulated form by Jacob and Lohman [37]. 

Note that in the previous equation we have considered that the two parameters of the model k^i and 

S_s^i can indeed vary at every pressure step, since usually a pressure-dependent evolution is found in 

the literature. 

Results and discussion 

The poroelastic model just presented was fitted to the experimental data using the 'NonLinearModelFit' 

routine of Wolfram Mathematica software. The results of the inversion are shown in Figure 44. This 

simple model is already able to reproduce the flow rate data. The early time data has been discarded 

when performing the inversion, because it is strongly affected by the wellbore storage and skin effects. 

Although it is possible to model these two effects, there is no point in doing it since they will not provide 

a better understanding of the fault response.  

The step variation of both the intrinsic permeability and the specific storage is shown in Figure 45. These 

plots suggest that both parameters are approximately constant, i.e., not pressure-dependent, and their 

values are the order of 10−20 [m2] and 10−4 [m−1], respectively. Alternatively, the model can be 

reformulated in terms of pressure head instead of pressure. In this formulation, the two parameters are 

the transmissivity, T, in units of m2/s, and the storage coefficient, S, which is dimensionless. Under this 

formulation, the transmissivity was found to be in the order of 10−13 [m2/s]. Interestingly, the variation 

of the diffusivity, α — that is related to the position of the fluid pressure front— has a higher variability 

(between 3 orders of magnitude, from 10-10 to 10-7). 
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Figure 44: Comparison between inversion and experimental data. 

 

 
   

Figure 45: Variation of intrinsic permeability and specific storage. 
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3.4 The role of hydrogen and CCS within the future Swiss energy system 

This section considers various aspects of the H2-CCS chain as it was studied in Elegancy, namely (i) 

the importance  of European networks for CO2 and H2 (sections 3.4.1and 3.4.2), (ii) the role of hydrogen 

for the decarbonisation of freight transport (section 3.4.3), (iii) the importance of hydrogen and CCS for 

the overall energy system (section 3.4.4), (iv) the business opportunities that come with the H2-CCS 

chain (section 3.4.5), (v) and finally the aspects of public perception (section 3.4.6). 

3.4.1 Link to a European CO2 infrastructure 

Carbon capture and storage is expected to play a key role in the next decades in achieving drastic 

emissions reductions in the European energy and carbon-intensive industries to comply with the 1.5 °C 

climate target [91]. In addition, CCS may be the only option available to reduce emissions of hard-to-

abate sectors. In some instances, carbon capture and utilization (CCU) could also be an effective way 

of reducing emissions by using the captured CO2 as feedstock for the production of carbon-based 

products. The ability of CCU to contribute on the long term to climate change mitigation depends on the 

life time of the product and on its lifecycle carbon footprint.  

 

Figure 46: Map of large point-source emitters across Europe. Source: [92] 

A Pan-European CCUS network 

Large point-source CO2 emitters from various sectors, e.g., power generation, cement and steel 

manufacturing, waste incineration, are spread all over Europe, see Figure 46, and offer the possibility 

to capture ca. 1.3 GtCO2/y [92]. Unlocking this potential implies the creation of a shared European CO2 

network to connect the emission sources to the CO2 utilization or permanent storage sites. Shared 

infrastructures are most needed to decrease the risk of investment and provide low-cost mitigation 

measures. In addition, considering the role that hydrogen is expected to play as clean energy source, it 

becomes evident that this CO2 network should be intertwined with dedicated supply chains for the 

distribution of hydrogen and with the natural gas grid. In fact, the production of hydrogen from fossil or 

organic carbonaceous feedstock coupled with CCS will provide a net-zero or net-negative, respectively, 

CO2 emissions solution.  



 

63/109 

CO2 storage hubs 

The key components of this CCS- and CCU-based ecosystem will be, besides the CO2 emitters, the 

CO2 transportation network and the CO2 permanent storage sites. Currently, several European CCS 

projects are focused on building hubs and clusters rather than providing a full chain solution for a single 

source of emissions. CO2 storage hubs are being developed in various locations across Europe (e.g., 

in Norway, in the Netherlands, and in the UK). Among these, the Northern Lights project will most likely 

be the first one to enter into the operational phase, targeted for 2024-2025 [90]. As illustrated in Figure 

47, the project aims to deliver a ship-based CO2 transport and storage solution in the North Sea by 

importing emissions from European industries and achieving economies of scale and relatively low 

costs. The injection and storage capacity is planned to increase from ca. 1.5 MtCO2/y in the first phase 

to 5 MtCO2/y in the following phase [90]. In the long term, Northern Lights's objective is to enable the 

storage of up to 100 MtCO2/y as a result of industrial clustering, scale-up of connected third-party CO2 

volumes, and learning through strategic R\&D projects [94]. The combination of these factors should 

contribute to the successful establishment of a European network for CO2 capture, transport, and 

storage based on ship and pipeline solutions, see Figure 48. 

 

Figure 47: Schematic depiction of the value chain envisioned by the Northern Lights project. Source: [90]} 

In Amsterdam, Porthos is developing a project aiming at storing CO2 captured from industries located 

nearby the the Port of Rotterdam in empty gas fields beneath the North Sea [95]. In its early years, the 

project is expected to store ca. 2.5 MtCO2/y. Similarly, the Northern Endurance Partnership in the UK 

aims to develop an offshore pipeline network to transport CO2 emissions (captured through the Net 

Zero Teesside and the Net Zero Hamber projects) to offshore geological storage beneath the UK North 

Sea, as shown in Figure 49 [93]. These initiatives all share at least two key features. First, they plan to 

implement shared infrastructures making third party CO2 storage an attractive business opportunity. 

Second, they rely on offshore CO2 storage, thus circumventing the problem of social acceptance and 

perception of onshore storage. Other geographical regions in Europe, e.g., in Germany or in Italy, have 

the potential for geological CO2 storage, which is estimated to be over 300 GtCO2 [96]. In addition, a 

suitable geology for CO2 storage may be found in nearby regions such as North Africa.  
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CO2 transport infrastructure 

The envisioned CCUS network will rely on dedicated infrastructures for the transport of CO2 from the 

emission sites or clusters to the utilization sites and/or permanent storage hubs, possibly including 

intermediate storage sites where the CO2 is provisionally stored before being transported to the final 

locations. Developing an optimal logistics network design in terms of minimum costs, emissions, and 

risks will be a key challenge in creating a mature CCUS industry.  

 

Figure 48: Long-term scenario for the development of a European network for CO2 capture, transport, and storage 

in the Northern Lights site. Source:  [94]} 

 

Figure 49: The Northern Endurance Partnership aims to develop offshore CO2 transport and storage infrastructure 

in the UK North Sea. Source: [93] 
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Nowadays, pipelines are the most common CO2 transport mode. They are a mature technology that 

has been in operations since the early 1970s for enhanced oil recovery applications. Gaseous CO2 is 

usually compressed to increase its density, thus making it easier and less costly to be transported. 

Transport of large volumes of CO2 in the gaseous phase would, in fact, require unrealistic pipeline 

dimensions [97]. Generally, pipeline costs depend on distances and are mainly driven by their capital 

expenditure, therefore, they profit considerably from economies of scale and full capacity utilization. 

From this perspective, the construction of a CO2 pipelines system, which may be similar to the existing 

natural gas grid, faces a typical chicken-and-egg situation as large investments require considerable 

CO2 volumes and viceversa. Finally, it is worth noting that the construction of onshore pipelines, not 

only it will require long planning and execution phases, but it may also face public acceptance issues. 

An effective communication and community engagement strategy is much needed for the successful 

implementation of CO2 transport infrastructures. 

In some locations, CO2 transport by ship or barge may be an economically attractive alternative to 

pipelines. The transport of liquefied food-grade CO2 via ship from large point-source emitters (e.g., 

ammonia plants) in Northern Europe to coastal distribution terminals is already in operation [98]. 

In the perspective of a permanent storage site in the North Sea (in Norway, Netherlands or UK), water 

transport may be preferred, not only by coastal CO2 emitters in Northern Europe, but also by those 

emitters located in the proximity of the Rhine axis that links the largest European seaports to their 

hinterland. For example, Northern Lights is developing an optimized solution for CO2 sea transport by 

adapting current LPG ship designs to make them suitable for CO2 and to reduce their carbon footprint 

(e.g., by adding batteries for manoeuvring operations) [99].  

For small CO2 volumes, road and rail tankers are also viable options. In particular, in the short term and 

at an early stage of development of the CCUS network, the use of insulated tankers that can be loaded 

onto trucks or rails is most likely the only feasible choice.  

In addition to their techno-economical feasibility, environmental and risks aspects of potential CO2 

transport modes should be assessed. Detailed lifecycle assessment analysis should identify the overall 

carbon footprint of proposed source-to-sink value chains to minimize the total emissions. Risks 

management strategies should be implemented to guarantee safety during loading and unloading 

operations, and during transport. Furthermore, CO2 logistics must rely on a flexible and resilient network 

able to effectively manage changes in CO2 supply and demand, and to respond to disruptions in a timely 

manner.  

Finally, while the European Union CCS directive establishes a robust legal framework to guarantee safe 

CO2 geological storage, it does not address the transboundary transport of CO2. A regulatory 

framework covering the liability, ownership, and risks aspects of CO2 transport across countries in 

Europe must be defined. Currently, the London Protocol prohibits its contracting parties from exporting 

transboundary waste for disposal at sea, with CO2 being considered a waste (unless it is used as 

working fluid for enhanced oil recovery). Although an amendment to the London Protocol was proposed 

in 2009 to allow for cross-border transportation of CO2 for the purpose of geological storage, it has been 

ratified only by six treaty signatories (including Norway, the UK, and the Netherlands). Awaiting for a 

ratification, several alternatives have been proposed to allow the export of CO2 for storage without 

breaching international obligations [100] [101]. 

 

Swiss CO2 value chains 

The Swiss strategy to achieve the net-zero-CO2-emissions goal by 2050 will, in all probability, rely on 

carbon capture, utilization, and storage for managing its point-source emissions. The largest Swiss 

point-source emitters, shown in Figure 50, belong to the Waste-to-Energy (WtE), mineral (mainly 

cement), and chemical industry, which emit yearly ca. 4.5, 2.7, and 1.1 MtCO2/y, respectively [102][103]. 

It is worth noting that ca. 50% of the emissions from the WtE plants are of biogenic origin and are, 

therefore, an often overlooked source of negative emissions [103]. 
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Figure 50: Map of main point-source Siwss emitters: WtE (blue), cement (orange), and chemical (green) plants.} 

The potential routes for managing the CO2 captured from these large emitters are essentially three: (i) 

CO2 utilization as feedstock for the production of valuable carbon-based products (e.g., methanol, 

polymers, fuels), (ii) permanent storage in concrete through the carbonation of recycled concrete 

aggregates, (iii) permanent storage in geological formations. All routes are in principle feasible and each 

has its own pros and cons. Current limitations to the widespread implementation of CCU technologies 

are linked to their economic unfeasibility, energy requirements, and overall life-cycle CO2 emissions. In 

fact, most of CCU routes often simply delay the emission of CO2 to the atmosphere, which will ultimately 

depend on how and when the carbon-based product is disposed of.  

Mineral carbonation of recycled concrete aggregates has a twofold effect in terms of emissions 

reduction. To one hand, it enables the permanent sequestration of CO2 in recycled concrete. To the 

other hand, replacing sand and gravel with carbonated recycled concrete decreases the CO2 emissions 

from the production of fresh concrete through cement savings. It was estimated that the full carbonation 

of all demolished concrete available in Switzerland can store up to 2.5 MtCO2/y by 2050 [104].  

The ETH spin-off Neustark is bringing this technology to the commercial scale and estimates that up to 

60 kg\coo can be stored per ton of demolition concrete [89]. Storage of CO2 in building materials is, 

therefore, a viable option for emissions reduction that can be attained domestically, i.e., without the need 

of transporting CO2 to other countries.  

Permanent geological storage of Swiss CO2 may be implemented in the near term through the storage 

hubs that will be made available in the North Sea from the mid-20s. Provided that other suitable 

geologies will be identified in the future for CO2 storage, it may be favorable to opt for other nearer 

geographical locations. However, it seems plausible that Swiss emissions mitigation strategies would 

benefit greatly from the creation of a shared European infrastructure for CO2 transport and storage. 

KVA Linth, a WtE plant located in the canton of Glarus and emitting ca. 120 ktCO2/y, is paving the way 

for the creation of a Swiss CO2 value chain consisting of CO2 capture at its incineration facilities, 

transport, and storage abroad [105]. The costs and associated risks of the project are being assessed 

in view of an investment decision towards the end of 2020 [105].  
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Nevertheless, it is evident that at an early stage of implementation, CO2 transport to possible storage 

sites in Northern Europe will face large capital and/or operational expenditures as well as technical, 

legal, and environmental challenges. In addition, national regulations are needed to acknowledge in the 

current carbon pricing scheme the reduction of emissions achieved through CO2 storage abroad.  

A combination of technological solutions illustrated here is required to achieve a deep decarbonization 

and to meet the Swiss climate targets by 2050. The successful implementation of these mitigation 

measures depends on technological and financial aspects as well as on other challenges (e.g., 

environmental, legal, etc.), thus requiring the joint effort of public and private institutions. 

 

3.4.2 Optimal design of low-carbon H2 supply chains  

To determine how to reduce costs and CO2 emissions of HSC by using CCS, we consider the Swiss 

case study, with the possibility of storing CO2 both in Switzerland and in the North Sea (see Figure 51). 

While storing CO2 in Switzerland (i.e. closer to the hydrogen consumption sites) allows reducing both 

costs and emissions, the North Sea storage hub is the most realistic option for storing the CO2 produced 

in continental Europe, and can potentially be a game changer for the deployment of CCS. We observe 

that the cost, the CO2 emissions and the structure of the resulting HSC are significantly affected by the 

capture technology (which quantifies the minimum attainable value of CO2 emissions, hence the amount 

of CO2 that must be stored), the network characteristics and the location of the CO2 storage.  

 

Figure 51: Results of network modelling 
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More specifically, the optimal network structure is a function of all such aspects, with (i) hydrogen being 

produced at the storage site and being transported for small networks, high values of CO2 capture rate 

and low values of network losses, (ii) hydrogen being produced at the consumption sites, with CO2 being 

transported to the storage site for larger networks, lower values of CO2 capture rate and higher values 

of network losses, (iii) neither hydrogen nor CO2 transport, with a fully distributed hydrogen production 

through water electrolysis for large networks, low values of CO2 capture rate, and high values of network 

losses. 

To conclude, the optimal design of low-carbon HSC is a complex optimization problem due to the 

interplay between several production and network alternatives. However, general design guidelines can 

be derived, in some cases even before running an optimization. While we do not refer to ”green” and 

”blue” hydrogen, the analysis clearly shows how the traditional terminology would need to be revised 

and must be defined by adopting a system perspective. Hydrogen production via reforming of natural 

gas coupled with CCS (”blue” hydrogen, or ”brown” when based on natural gas only) or biomass, leads 

to lower CO2 emissions than hydrogen production via water electrolysis (”green” hydrogen) in most 

countries, due to the high carbon intensity of the electricity mix. Therefore, while we support further 

deployment of renewable energy sources to decarbonize electricity, we highlight the fundamental role 

of biomass (when available) and of carbon capture and storage for decarbonizing hydrogen supply 

chains during such a transition phase. 

 

3.4.3 The environmental performance of hydrogen production and use as vehicle fuel  

The environmental performance of hydrogen production and its use as vehicle fuel has been evaluated 

applying Life Cycle Assessment (LCA) (see section 2.2.2). Figure 52 shows life-cycle GHG emissions 

of hydrogen production for different feedstock and conversion options [4]. 

 

Figure 52: Contribution of life cycle phases to the impacts on climate change from production of 1 MJ H2 at 200 
bar via selected technologies and system designs. The right y-axis shows the overall CO2 capture rate at plant 
level. The category "Other" includes “Catalyst and Adsorbents”, “Direct emissions from fuel combustion in 
furnace”, “H2 production unit infrastructure”, and “Water supply”. Figure taken from [4]. 
 
 
 

Hydrogen production from natural gas without CCS generates higher GHG emissions than hydrogen 

production via electrolysis with low-carbon renewable power supply. Adding CCS to natural gas 
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reforming allows, depending on process configurations, for a reduction of GHG emissions in the order 

of 50% to more than 80% [5] – thus, the carbon footprint of renewable-based electrolysis and SMR-CCS 

and ATR-CCS, respectively, can be considered to be in a similar range. As the climate change 

performance of the electrolysis process depends largely on the greenhouse gas intensity of the input 

electricity,  Figure 53 gives an overview on this relationship,  Using biomass as feedstock for hydrogen 

production is the best option in terms of life-cycle GHG emissions: While biomass-to-hydrogen 

conversion without CCS results in a roughly neutral life-cycle carbon balance (i.e. zero GHG emissions), 

adding CCS generates negative GHG emissions due to permanent removal of CO2 from the 

atmosphere, which has previously been absorbed by biomass. The results for biomethane feedstock, 

generated via anaerobic digestion of biowaste, depend on the carbon balance of the digestion process 

and the fate of carbon as part of the digestate [6] – potential variabilities are indicated by error bars. The 

benefits for climate change impacts of adding CCS are not clouded by significant increase of impacts in 

other environmental impact categories, as could be shown in [4]. 

 

Figure 53: Life cycle climate change impacts for H2 production via water electrolysis, reforming of natural gas 
(NG) or biomethane (BM), and gasification of wood. A similar figure has already been published in 1 and has now 
been extended to include the wood gasification configurations. Results are shown in relation to the greenhouse 
gas intensity of the input electricity to the electrolysis and biomass conversion processes. Figure taken from [4]. 
 

Figure 54 shows life-cycle GHG emissions of 40-ton trucks with different drivetrains and fuel supply 

options, in 2050, per-ton-km of freight transported, taking into account expected development of vehicle 

technologies [61]. 
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Figure 54: Life-cycle GHG emissions of a 40-ton truck with different powertrains and across different fuel supply 

pathways in 2050 (“Long haul” driving cycle, 800 km of range autonomy, equal load factors) per ton-km, broken 

down into contributions from different life-cycle stages [61]. FCEV: Fuel Cell Electric Vehicle; BEV: Battery Electric 

Vehicle; SMR: Steam Methane Reforming; CCS: Carbon Capture and Storage; ICEV: Internal Combustion Engine 

Vehile; -d: diesel; -g: gas; PV: photovoltaics. 

Only minor reductions compared to conventional diesel trucks can be achieved with FCEV using 

hydrogen from SMR. Adding CCS to SMR allows for a reduction of about 50%, similar to FCEV using 

hydrogen from renewable powered electrolysis or biomethane SMR and BEV charged with renewable 

electricity (the latter two offering a slightly higher reduction potential, though). Lowest life-cycle GHG are 

generated by FCEV trucks using hydrogen from biomass-based hydrogen production chains with CCS. 

However, limited biomass resources and competing use options need to be considered in this context. 

Long-distance, heavy-duty road transport represents the preferred hydrogen use option in the mobility 

sector, since battery electric vehicles face some barriers in terms of energy storage requirements. 

Especially with current battery technology and the associated environmental burdens from 

manufacturing, large fuel cell trucks with high range requirements show a substantially better life-cycle 

GHG emission performance than comparable battery electric trucks. Such an advantage cannot be 

observed for passenger vehicles[59][61]. 

3.4.4 Net-zero emissions scenarios for Switzerland  

By applying the Swiss TIMES Energy Systems Model, this scenario analysis mainly concentrates on the 

prospects of a hydrogen economy. Developments of the rest of the energy system are only discussed 

in connection to their impact on the evolution of hydrogen supply and demand system. This section is 

largely based on the deliverable D3.5.6 of the ELEGANCY project.  
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Drivers to the Swiss energy system development 

The main economic and demographic assumptions that influence the development of Swiss energy 

demand are based on SCCER Joint Activity Scenarios and Modelling [44] and are shown in Table 7. 

The Swiss economy is progressively changing its structure as sectors with higher value-added develop 

more rapidly than sectors that are heavily intensive concerning energy and materials, which in turn 

accelerates the decoupling between energy consumption and economic activity. The passenger mobility 

demand shows saturation effects with respect to the growing incomes, while the freight transport 

demand continues to decouple from economic activity due to improved logistics 

Table 7: Key economic and demographic indicators of Switzerland 2015-2050.  

 

Next to the domestic drivers, the international context is also a key influential factor for the future 

development of the Swiss energy system as it affects the prices of imported energy carriers at the Swiss 

border. We follow the assumptions of SCCER Joint Activity Scenarios and Modelling [44], as shown in 

Table 7 and Table 8. 

Table 8: Import prices at the Swiss border, excluding taxes and transmission tariffs. The Reference trajectory is 

used in the scenarios that do not implement the climate goals of the Paris Agreement, while the Climate trajectory 

corresponds to the normative scenarios that aim at net-zero emissions in 2050 

 

Technological prospects for hydrogen supply and demand to 2050 

The aim of this section is to point out the main developments regarding costs and efficiencies of 

hydrogen production and demand technologies as they are assumed in the scenario analysis up to the 

year 2050. Table 9 shows the improvement over time of the investment costs and efficiencies, assuming 

a “baseline” technology learning1. The improvement in cost and efficiency of electrolysis is attributable 

to innovation and economies of scale in the manufacturing process. In contrast, hydrogen from natural 

gas reforming is assumed to have limited potential for cost reductions given the maturity of this 

technology today. Biomass gasification is still immature and costs reductions are highly uncertain. 

Regarding fuel cells, spill-overs between stationary and mobile applications can accelerate their 

                                                      
1 In the variants that are assessed in this study, we also explore increased learning rates. 

2015 2020 2030 2040 2050

CAGR 

2015-2050

Population  (millions) 8.3 8.7 9.4 10.0 10.4 0.6%

Number of households (million) 3.6 3.8 4.2 4.5 4.7 0.7%

GDP in market prices (BCHF2010) 661 725 820 922 1023 1.3%

Gross Value Added (Index 2015=100) 100 106 121 135 149 1.2%

Industry 100 105 121 134 148 1.1%

Services & Commercial Sectors 100 106 121 136 150 1.2%

Energy Reference Area in residential (Mm2) 475 507 561 601 632 0.8%

Passenger transport demand (Bpkm) 122 132 138 143 146 0.5%

Private cars ownership (cars per 1000 capita) 535 541 547 553 559 0.1%

Freight transport demand (Btkm) 28 30 33 37 39 1.0%

Source: SCCER Joint Activity Scenarios and Modelling

2020 2030 2040 2050 2030 2040 2050

Crude oil 8.8 18.5 20.7 22.8 11.0 10.7 10.3

Natural gas 3.1 9.3 10.4 11.0 7.4 6.9 6.5

Biodiesel / PtL diesel* 42.7 49.7 52.4 55.0 56.4 65.7 70.8

Ethanol / PtL gasoline* 30.4 39.4 41.9 44.3 48.2 59.2 64.1

Biogas 17.0 19.1 22.3 24.4 20.6 24.2 27.4

Electricity** 16.7 21.2 20.3 18.0 27.7 27.7 28.9

Hydrogen 26.9 40.1 42.7 44.7 41.6 44.4 52.1

* Price refers either to diesel/gasoline from biogenic sources or imported e-fuels

** Electricity prices are averaged across the neighbouring countries and across the hours of a year

Source: SCCER Joint Activity Scenarios and Modelling

Reference (CHF2010/GJ) Climate (CHF2010/GJ)
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technical and economic improvement, but the main challenge lies on simultaneously improving the fuel 

cell performance and its durability while keeping the costs low. 

Table 9: Technical and economic prospects of key hydrogen production and demand technologies. 

 

Definition of the long-term scenarios and variants 

Two core scenarios are assessed, mainly differentiated by the level of the climate change mitigation 

effort. The Baseline assumes a continuation of already implemented policies and measures. It does not 

enforce specific long-term targets regarding renewable penetration, climate change mitigation and 

energy efficiency improvement. The Baseline assumes a discontinuation of nuclear power in Switzerland 

[10] with a  phase-out of existing nuclear power plants after maximum 60 years lifetime. 

The second core scenario is the Net-Zero scenario, which aims at achieving the target of net-zero CO2-

emissions (energy and process-related emissions) in the Swiss energy systems by 2050, while it 

assumes the Baseline developments regarding nuclear power. We do not consider emissions outside 

the energy system in our analysis2, e.g. from agriculture, which could amount to 5 Mt CO2eq in 2050 

(Swiss Federal Office for the Environment, 2020). These are assumed to be offset outside the Swiss 

territory. The Net-Zero scenario implements emissions standards for buildings and vehicles, and it also 

assumes the strengthening of the Swiss and EU emission trading schemes [25]. Beyond 2030, the 

emission standards for vehicles are based on scenarios from the European Commission [21][22], while 

for buildings on an extrapolation of the MINERGIE standards [63].  

We also examine variants of the Net Zero scenario in order to explore the drivers for accelerating the 

penetration of hydrogen as an energy carrier, while at the same time achieving net zero emissions by 

2050 in the Swiss energy system. The variants are summarised in Table 10, and they scope in particular 

at the impact of technical improvement in infrastructure and demand technologies, as well as of targeted 

policies that bring forward in time the introduction of hydrogen in the Swiss energy mix. It should be 

noted that also combinations of variants, e.g .both R&D in fuel cells and infrastructure, or both R&D in 

infrastructure and tax recycle were assessed as well.  

Finally, because of the uncertainty related to the domestic CO2 sequestration potential and the 

development of cross border CO2 transport infrastructure, we assume that: a) the CCS technologies are 

deployed in Switzerland from 2035/2040 onwards; b) the total cumulative domestic CO2 sequestration 

                                                      
2 STEM is an energy systems model. Including emissions from the non-energy sectors in the assessment would require interfaces 
with models for agriculture and forestry, which is not in the scope of the ELEGANCY project. 

 
Current 2050 Current 2050 Current 2050

Electrolysis (PEM) 1400 600 21 9 64% 71%

Gas SMR 910 910 43 43 76% 76%

Gas SMR with CO2 capture 1680 1280 50 38 69% 69%

Wood gasification 3500 1900 350 190 61% 61%

Wood gasification with CO2 capture 4800 2300 480 230 55% 55%

Source: IEA, 2019: The Future of Hydrogen & Own assumptions

Current 2050 Current 2050 Current 2050 Current 2050

CHP Fuel Cell in industry 3800 2800 93 38 44% 62% 80% 90%

CHP Fuel Cell in industry w reformer 4000 3000 100 45 42% 60% 80% 90%

CHP Fuel Cell in services 9800 2800 93 38 53% 67% 80% 90%

CHP Fuel Cell in services w reformer 10000 3000 100 45 51% 65% 80% 90%

CHP Fuel Cell in residential w reformer 16000 4000 300 200 36% 45% 88% 90%

Source: Bauer et al, 2019

Current 2050 Current 2050 Current 2050

Mid size passenger car 77300 49500 1000 900 0.787 1.145

Van & light duty vehicle <3.5 t 84200 54100 7500 6000 0.449 0.605

Mid size bus 518700 173100 86700 21500 0.137 0.219

Truck >3.5 t 493600 168000 45000 45000 0.174 0.219

Source: SCCER Mobility

Capital cost CHF/kWH2 Fix O&M cost CHF/kWH2*a Efficiency %
Hydrogen production technologies

Capital cost CHF/kWe Fix O&M cost CHF/kWe*a Electrical Efficiency % Total Efficiency %

Capital cost CHF/veh Fix O&M cost CHF/veh*a Efficiency km/MJ

Hydrogen Fuel Cell CHP

Hydrogen vehicles
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potential is limited at around 50 Mt CO2 [20]. Regarding the access to cross-border CO2 transport 

infrastructure, we follow an egalitarian approach based on the per capita captured CO2 across the EU 

in 2050 [22], and we set the potential to export CO2 from Switzerland to about 15 Mt/yr. in 2050. The 

assumed CO2 transportation and storage costs are 50 CHF/tCO2 for domestic transport and 

sequestration, and 200 CHF/tCO2 for transportation and sequestration abroad.  

Table 10: Overview of the assessed variants of the Net-Zero scenario. 

 

Results from the core scenarios  

Achieving net-zero emissions in 2050 requires additional reductions in the cumulative CO2 emissions 

budget over the period from 2015 to 2050 of about 480 Mt CO2 in the Net-Zero scenario relative to 

Baseline (Figure 55). The residential, services and transport sectors are almost fully decarbonised by 

2050, and the sources of the remaining emissions in the energy system are in the industrial sector. 

 

Figure 55: : Left: CO2 emissions from fuel combustion (excluding international aviation) and industrial processes in 

the Net-Zero scenario; about 2.6 Mt CO2/yr. are net negative emissions in 2050 offsetting emissions mainly from 

the industry; the dashed line represents the emissions in the Baseline scenario. Right: CO2 captured from different 

sources to achieve the net-zero target in 2050.  

Negative emission technologies based on bioenergy with carbon capture and storage (BECCS) are 

deployed in the energy conversion sectors for the production of electricity, hydrogen and biogenic gases 

and liquids (Figure 55). Direct Air Capture (DAC) with carbon capture and storage (DACCS) is deployed 

as a backstop technology, after the deployment of BECCS. The scenario results reveal about 3.9 Mt 

CO2/yr.as negative emissions in 2050, which are captured by BECCS and DAC. Because of the 

assumed limited domestic sequestration potential, more than three-quarters of the captured CO2 needs 

to be transported and stored outside Switzerland.   

Electrification and efficiency improvements play an essential role in a future decarbonised Swiss energy 

system. Until 2030, there is a very small increase in electricity generation due to efficiency measures in 

the demand sectors. In the last two decades of the projection period in the Net-Zero scenario, new 

Code in charts Scenario Remark

Baseline Baseline Business as usual scenario

Net-Zero Net-Zero Net zero CO2 emissions in the energy system (incl. Industrial processes) by 2050

Code in charts Variant Remark

R&D in FC Demand-pull Costs of fuel cells cars reduce by 10% in 2050; Cost of fuel cell CHP reduce by 20% in 2050

R&D in H2 supply Demand-push
Costs of renewable hydrogen production reduce by 50% in 2050; Costs of distribution 

infrastructure reduce by 10% in 2050

Tax Recycle
Subsidy of 

infrastructure

Increase the current fossil fuel tax by +22.3 CHF/GJ  (doubling the existing tax) from 2030 onwards 

and use half of the revenues to finance H2 distribution infrastructure

R&D in FC + R&D in H2 

Supply + Tax Recycle
Combined policy All the above policies implemented together

Core scenarios

Variants of the Net-Zero Scenario
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electricity uses in mobility, heating and electrolysis emerge. These result in additional electricity 

production of about 10 TWh/yr. in 2050, compared to the Baseline (Figure 56). The electricity sector is 

transformed towards a more decentralised generation structure, where consumers maximise self-

consumption. 

 

Figure 56: Left: electricity generation by source in the Net-Zero scenario. Right: final energy consumption by fuel in 

the Net-Zero scenario. Lines represent the total electricity generation in the Net-Zero scenario (red) and the 

Baseline scenario (black). 

The total final energy consumption (excluding international aviation) strongly declines in the Net-Zero 

scenario from today’s levels, due to increased electrification and deployment of efficiency measures  

(Figure 56). The residential heating shifts away from fossil towards heat pumps and renewable energy. 

District heating and heat from distributed CHPs slightly expand, mainly in the last two decades. Almost 

all of the remaining natural gas in the energy mix in 2050 is consumed in the industrial sectors for 

processes that require gas combustion to generate high-temperature heat, and where the electrification 

is extremely difficult or even not possible. The transport sector shifts away from fossil oil products by 

2050. It is fully decarbonised via electrification, hydrogen and imported biofuels or e-fuels from Power-

to-X applications. 

By 2030, hydrogen emerges in the Net-Zero scenario as an energy carrier for the supply of electricity 

and heat in the Swiss industry (Figure 57). Its uptake is facilitated by the increasing carbon prices and 

the reinforcement of the emission trading scheme, as industry replaces carbon-intensive equipment with 

long lifetimes to reduce the climate change costs. While the industry can be one of the first movers in 

the use of hydrogen, the scaling up of the domestic consumption in the long-term by 2050 can be 

observed mainly in the transport sector. If the cost of fuel cell stacks will be reduced to the levels targeted 

by the manufacturing industry, then the total costs of ownership of fuel cell vehicles can become 

competitive to the battery-electric ones in the private transport, and to the internal combustion and hybrid 

engines operated on low-carbon fuels in the freight transport. The enforcement of vehicle emissions 

standards can accelerate the penetration of hydrogen in all transport modes, and, in particular, in those 

that are hard to electrify via battery-electric vehicles, such as the freight and long-distance transport.  

District heating from stationary fuel cells also emerges beyond 2040, based on micro-grids that can 

provide electricity and heat to building blocks and communities3. The application of fuel cells in district 

heating can be seen as a way to lift barriers in their penetration to single houses or buildings. These 

barriers are mainly related to high upfront costs and complexity of the integration of fuel cell CHPs 

compared to alternative heating options.  

                                                      
3 See for example the FC-District Project https://cordis.europa.eu/project/id/260105/reporting , the LEMENE Project 
http://www.lempaalanenergia.fi/content/en/1/20126/LEMENE.html and the ELECTROU project 
https://www.fch.europa.eu/project/mw-fuel-cell-micro-grid-and-district-heating-king’s-cross  
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There is also use of hydrogen for the production of synthetic methane and synthetic liquid fuels. The 

domestic synthetic fuel production using hydrogen peaks around 2040, by when about 1 TWh of 

synthetic fuels are produced and consumed in the heating sectors, road transport and domestic aviation.  

As shown in Figure 57, the demand for hydrogen in 2030 is mostly met via Steam Methane 

Reforming/Auto Thermal Reforming (SMR/ATR), and then in 2040 also by electrolysis. In 2050, when 

deep reductions in CO2 emissions are needed, SMR/ATR loses market shares in favour of electrolysis 

and wood gasification with CCS. Any SMR/ATR plants that remain in operation need to be equipped 

with CCS, and if possible, to use biogenic gas as a feedstock. However, biomethane is limited, and there 

is strong competition for the resource in other sectors where gas cannot be easily replaced (e.g. 

industrial processes).  

 

Figure 57: Left: hydrogen production in the Net-Zero scenario by technology. Right: hydrogen consumption in the 

Net-Zero scenario by sector and application. 

Electrolysis has a dual role in the Swiss energy system. It provides a scalable low-carbon option for 

hydrogen production and at the same time helps in the daily and seasonal balancing needs of the 

electricity system. As shown in Figure 58, about one-fifth of the produced hydrogen from electricity in 

the Net-Zero scenario is stored and seasonally shifted from summer to winter in order to balance the 

system.  

 

Figure 58: Production and demand for hydrogen and its role in the seasonal balancing and sector coupling in the 

Swiss energy system in the Net-Zero scenario in 2050. Hydrogen can also be used as a backup and provide 

buffering functions, enhancing the security of supply in the long term. Energy buffering interlinks different end-use 

sectors and it could allow to re-price energy in specific markets.  
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The cumulative capital outlays in hydrogen production amount to 3.5 billion CHF2010 between 2030 and 

2050. Electrolysers account for about the half in these investment expenditures. However, the lion’s 

share in the investment in hydrogen technologies is on the demand side. Between 2030 and 2050, more 

than 73 billion CHF2010 are attributable to fuel cell vehicles and power plants, of which the transport 

sector alone absorbs 96% of the total. However, by excluding the glider and system of balance costs, 

the cumulative investment in fuel cell stacks amounts to around 23 billion CHF2010 over the period of 

2030 – 2050.  

Results from variants   

The results from the additional variants regarding the key drivers influencing the penetration of 

hydrogen show that the fuel cell stack cost is a decisive factor for the uptake of hydrogen in transport 

(Figure 59). Regarding the scale up of the production, this is mainly achieved with SMR/ATR with CCS 

(Figure 60) as the domestic renewable electricity and wood potentials are limited.  

  

 

Figure 59: Penetration of hydrogen in transport in the different variants of the Net-Zero scenario in 2050. The R&D 

infusions to reduce the costs and improve the efficiency of fuel cell stacks have a larger impact on the penetration 

of hydrogen-fueled vehicles than the cost reductions in the infrastructure 

 

 

Figure 60: Hydrogen production trajectory in the different variants, and by technology of the Net-Zero scenario in 

2050  

Finally, as shown in Figure 60, the timing of the introduction of hydrogen in the Swiss energy system 

can be brought forward 5 to 10 years when targeted policies to support infrastructure development are 
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in place. The next two decades are critical regarding the development of the hydrogen economy, as a 

delay in the infrastructure could lead to a significantly lower uptake of hydrogen in 2050. 

 

3.4.5 Potential business cases for H2/CCS  

Elegancy business case framework 

 

The vision of ELEGANCY includes not only technical and scientific objectives, but also an ambition to 

investigate regulatory, commercial and market issues around H2-CCS chains in order to accelerate their 

deployment. Within this scope, Work Package 3 (WP3) has developed a publicly available business 

case framework to identify and select suitable business models for H2-CCS projects. 

The framework comprises an assessment methodology, Excel-based analytical and visualization tools, 

as well as guidance papers, and is applicable to H2-CCS projects broadly. A full description of the 

elements and approach of the framework are detailed in the relevant reports of WP3.4 This section 

provides a high-level summary of the methodology and tools. 

 

Methodology 

The overall methodology developed by WP3 to select business models for H2-CCS opportunities is 

presented in Figure 61. The process is divided into four distinct steps, from the definition of the case 

study scope to the selection of appropriate business models. A business case can be defined and 

assessed once a business model is selected. The ELEGANCY business case assessment methodology 

(presented in report D3.3.4) is therefore applied to business models chosen through the process 

described herein. As business model preferences can change with changing business contexts as well 

as with the maturity of a project, the combined selection and assessment process is iterative. 

                                                      
4 ELEGANCY publications: https://www.sintef.no/projectweb/elegancy/publications/.  

https://www.sintef.no/projectweb/elegancy/publications/


 

78/109 

 

Figure 61: Business model development methodology. (Source: Sustainable Decisions Limited) 

 

Step 1: Definition of the scope of the particular H2-CCS chain for the relevant case study 

The process commences with an initial focus on the specific H2-CCS chain technical sub-

components, business segments, and associated market sectors of main interest, the 

geographical extent (including industrial hubs, production facilities, storage areas, end-users, 

cross-border interactions, etc.), and market potential. 

First Climate and Sustainable Decisions have created a standardised framework for any 

case study lead organisation to use in this first step that matches the needs of the scope 

definition exercise described above. This framework comprises the technology elements and 

market sectors, a H2-CCS chain business tree, and an extensive set of potentially relevant 

case study parameters (described in Report D3.2.1). This framework and analysis are to be 

used side-by-side with the scenarios and quantitative estimates of market potentials 

undertaken in Work Package 5, Task 5.1 Interfaces, and reported in D5.1.1. 

 

Step 2: Focussed market background review and gap analysis 

The purpose of this second step is to guide an overall assessment of the market background 

for any case study in preparation for the third step of understanding the investability and 

handling of major business risks. The major barriers and business risks that are faced by 

potential developers and financiers in the H2-CCS business chain have been identified by 

stakeholders to be non-technical, and robust economic scrutiny is essential for any large-

scale infrastructure investment. Investing in, and delivering, low-carbon hydrogen using CCS 

at scale requires an understanding of the risks associated with government policy, market 

development, and regulatory frameworks. 

A set of spreadsheet tools has been designed and produced, based on the project 

development experience gained over a number of years in countries such as The 

Netherlands, Norway and UK, to facilitate a simple high-level analysis of the major drivers for 
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each of the H2-CCS chain market sectors and business segments. The market background 

includes the legal and regulatory environment, the market fundamentals and applicable 

market failures, key macroeconomic drivers, the policy status and financial support 

mechanisms. An important aspect of this assessment method is the requirement to include 

thinking and review of the interactions between different market players reflected in the H2-

CCS chain business segments. 

 

Step 3:  Business and investment risk identification and mitigation 

Based on the information gathered during step 2, the third step is to identify and quantify the 

major business risks that impact the level of investment potential for each of the market 

sectors and business opportunities from both a public and a private sector perspective. A 

bespoke risk assessment spreadsheet tool has been designed by Sustainable Decisions 

(Report D3.3.2 Appendix A.2) that can be applied to any individual or bundled business 

opportunities along the H2-CCS chain selected from the standardised business tree. 

Section 2.4 of report D3.3.2 describes the risk assessment methodology in more detail. In 

summary, assessable risks are divided into: 

 
A. Investment barriers: these are circumstances or facts that raise the risk of detrimental 

investment outcomes to an unacceptable level for any type of investor. Generally, these 
barriers will affect multiple segments along the chain, or the whole chain, and require a 
‘system view’ and multi-party (often in collaboration with government) approach to 
mitigation measures. These barriers need to be addressed in priority for any investment 
to be possible; and 

B. Major business risks: these are risks that impact cost, revenue, liabilities, financing, 
schedule and therefore the risk/return equation for a final investment decision (FID). 
Individual businesses will generally be capable of mitigating these operational risks 
through familiar technical, commercial, insurance and other standard measures. 

This step facilitates an early identification and prioritisation of risks to be addressed by a 

case study lead organisation and guide the subsequent communication and conversations 

with potential private investors and public/government organisations. 

 

Step 4:  Business model development 

The fourth step in the method focuses on how to remove the investment barriers and 

mitigate business risks and to select appropriate business models for any given case study. 

Chapters 4-7 of Report D3.3.2 deal with the principles and elements used in the 

methodology. Report D3.3.3 completed the methodology with a description of the business 

model selection process, its relationship with preparing and assessing a business case, and 

a business model selection tool. When applied to case studies, the outcome will be the 

development of a number of viable commercial structures and business models, 

investigating the potential investor mix and the allocation of risks between those investors for 

each of the market opportunities, the de-risking mechanisms required from the financial and 

carbon markets and from the EU and national governments. 

 

Toolkit 

The content of the ELEGANCY Business Case Development Toolkit is presented in Figure 62 and 

comprises the various spreadsheets developed to accompany the business development methodology 

and steps described previously. The toolkit uses heatmaps and matrices for the display of complex data 

and information relationships to assist in visualizing the results. 
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The toolkit is made available for any case study lead organisation to use towards identifying key 

investment issues for the project and applicable commercial structures. As every case study or project 

is different, both in scope and level of maturity, the tools are intended to be flexible and customizable to 

suit specific purposes. 

The toolkit is released under the Creative Commons Attribution NoDerivs (CC BY-ND). It can be found 

on the ELEGANCY website at: https://www.sintef.no/projectweb/elegancy/programme/wp3/business-

case-development-toolbox/ 

 

Figure 62: ELEGANCY WP3 Business Case Development Toolkit. (Source: First Climate) 

Business model considerations for the Swiss case study 

 

Current use of hydrogen as an energy carrier in Switzerland’s economy is limited, both in the transport 

sector as well as other high GHG-emitting sectors. Forays into commercial deployments have mainly 

been in the form of niche activities, the most prominent of which is spearheaded by the H2 Mobility 

Association involving the targeted roll-out of 6 hydrogen refuelling stations and a fleet of 50 HFCEV 

trucks by the end of 2020. On the CCS side, private sector efforts are all but limited to Climework’s DAC 

plant. As such, the vision of the Swiss case study in ELEGANCY to deploy H2-CCS technology to 

decarbonize the transport sector and deliver negative emissions is ambitious and, if successful, 

potentially transformative. 

Considering the early-stage market environment of the Swiss case study – in contrast to more advanced 

H2-CCS developments in other ELEGANCY countries the likes of Norway and the UK – the ELEGANCY 

business case framework and associated toolkit was applied in a limited scope to identify key system-

level barriers and gaps and navigate initial business model considerations. The assessments conducted, 

using a subset of the full toolkit, are reported in Milestone 5.3.2 and highlight regulatory drivers, market 

governance and sector coordination as priority areas to address to foster large scale development of 

low-carbon H2 production and end-use in the transport sector, as well as associated CO2 transport and 

storage services. Indeed, the general absence of a guiding hydrogen strategy at national level, unclear 

regulatory framework for CCS, and missing domestic markets for both H2 and CCS are limiting factors 

to large-scale investment. 

Despite the absence of needed H2- and CCS-specific support, Switzerland has a robust climate policy 

framework which seeks to incentivize a technology-neutral transition to a low-carbon economy. Carbon 

https://creativecommons.org/licenses/by-nd/4.0/
https://www.sintef.no/projectweb/elegancy/programme/wp3/business-case-development-toolbox/
https://www.sintef.no/projectweb/elegancy/programme/wp3/business-case-development-toolbox/


 

81/109 

pricing instruments covering all high-emitting sectors (industry, building, transport) are in place since 

2008 and could play an important role in accelerating deployment of H2-CCS chains. Indeed, through a 

price on emissions avoided or removed, the cost premium of clean H2 could be compensated and the 

competitiveness of this technology improved. 

Several business model configurations are envisaged, and the applicability of existing carbon pricing 

instruments are assessed (see a summary of results in Table 11). The authors find that in each case 

the policy basis is in place, with applicable precedents sometimes available, but that important limitations 

exist. Regulatory uncertainty is high on this list since a legal basis for permitting technical sinks – both 

avoided emissions and carbon removals – as mitigation measures is missing (as of August 2020), 

prohibiting these activities from being eligible for CO2 levy refund, accounted under the emissions trading 

system (ETS), and generating attestations.  

Insufficient price signal is also deemed critical. Based on a quantitative assessment of indicative carbon 

price requirements as of August 2020 (see Milestone 5.3.2), price levels of the carbon levy and 

compensation mechanism are found to not be fully sufficient for incentivizing H2 production with CCS 

(natural gas reforming or biomass gasification) if CO2 is stored abroad such as the North Sea. 5 Under 

the Swiss ETS, linked with the EU system since January 2020, current prices are also far too low to 

drive adoption of CCS technology with natural gas SMR irrespective of CO2 storage location. Future 

allowance prices in the Swiss ETS will depend on European policies to strengthen GHG abatement 

targets and the associated tightening of the emissions cap in the EU ETS. 

Addressing these limitations is of high importance to ensure this policy framework supports an 

increase in the speed and scale of H2-CCS deployment in Switzerland. 

 

                                                      
5 At the time of submitting the assessment (August 2020), proposals for the ongoing revisions to the Swiss CO2 Act were such 

that they would raise these prices to needed levels once adopted. 
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Table 11: Overview of business model configurations with options to monetize avoided emissions and carbon removals from H2 production and end-use. Status as of 

August 2020. (Source: First Climate) 

Business 

model 

configuration 

Climate 

impact 

Applicable carbon pricing instruments (status: August 2020) Limitations under existing regulations (status: August 

2020) 

Hydrogen 

production in 

Switzerland 

from fossil fuel 

feedstocks in 

stationary 

installations 

with CCS 

Avoided 

emissions from 

carbon capture 

and storage  

Depending on the installation’s installed capacity, it would either be subject to 

the carbon levy or the ETS. If the former applies, and if a reimbursement of the 

CO2 levy for CCS activities were possible, it would effectively price the avoided 

emissions of fossil CO2 at the level of the levy (96 CHF/tCO2, equivalent to 90 

EUR/tCO2). Under the latter instrument, CCS would lower the needed number 

of allowances to be surrendered by the installation operator as effective 

emissions are reduced. This would either decrease the number of allowances 

that an operator would have to purchase or increase any surplus in gratis 

allowances available for sale in the market. In either case, pricing the avoided 

emissions at the allowance price (approx. 25 EUR/tCO2). 

 Swiss CO2 Act is generally silent on technical sinks, 

leading to an absence of guidelines on CCS. 

 No apparent mechanisms available (e.g. CO2 levy 

reimbursement, accounting in ETS) to incentivize or 

compensate installation operators for capture and 

storage of CO2, but this may change under the revised 

CO2 Act for the period 2021–2030. 

Hydrogen 

production in 

Switzerland 

from biogenic 

feedstocks 

(e.g. biomass, 

biomethane) in 

stationary 

installations 

with CCS 

Potential for 

negative 

emissions 

(carbon 

removals)  

Assuming CO2 storage were to occur in Switzerland, pricing these biogenic 

carbon removals could in principle be achieved through Switzerland’s 

domestic compliance offset mechanism. Projects could benefit from the 

comparatively high carbon prices in the Swiss market, where typical prices 

paid are around 100 CHF/tCO2 (approx. 95 EUR/tCO2) with a cap at 160 CHF/t 

CO2 (approx. 150 EUR/tCO2). To claim and account for removals in the case 

where biogenic carbon is exported and stored abroad, Switzerland would 

possibly have to rely on instruments to transfer emission reductions such as 

Article 6 of the Paris Agreement. 

 Technical sinks not allowable as domestic offset projects. 

 Driver of compensation requirement (i.e. fossil fuel 

imports) may not be stable source of funding long term 

as the transport sector decarbonizes. 

 No final rulebook for international transfers of emission 

credits through bilateral agreements under Art. 6.2 of the 

Paris Agreement. Nevertheless, Switzerland is 

pioneering piloting activities and the authors (First 

Climate) consider the elements required for transfers of 

CO2 removals to be largely in place. 

Use of low-

carbon 

hydrogen in 

transport 

sector 

Avoided 

emissions from 

displaced 

fossil fuels in 

internal 

combustion 

engines 

An offsetting approach under the domestic compensation mechanism can be 

envisioned for low-carbon hydrogen used as transport fuel. Precedent exists 

in Switzerland for monetizing the climate benefit of low-carbon transport fuels. 

Several domestic compensation projects are registered under Switzerland’s 

compliance offset mechanism, which deliver emission reduction credits (so-

called “attestations”) to fuel importers for biofuels brought into the Swiss 

transport market. 

 No clear basis – legal or in guidance form – defining the 

sources of hydrogen considered to have a sufficiently 

high ecological added value to qualify for a domestic 

compensation project, for hydrogen produced in 

Switzerland (fossil feedstock with CCS, biogenic 

feedstock, renewable energy electrolysis) but also if 

imported. 



 Federal Department of the Environment, Transport, 
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3.4.6 Societal acceptance of CCS and hydrogen in Switzerland  

We first surveyed in 2017 social acceptance of CCS (N = 808, German and French speaking parts of 

Switzerland [27]) in comparison with other underground technologies, namely deep geothermal energy 

(DGE), hydraulic fracturing for shale gas (SG) and CO2-plume geothermal CPG. CCS is reluctantly 

accepted (average acceptance of 4.28 on a seven-point scale, see Table 12). Males perceive CCS 

significantly more positively than females, whilst we found no significant difference between French and 

German speaking part of Switzerland. Compared with other underground technologies, CCS is 

perceived rather neutral [27], not as promising and not as good for the environment as DGE, but 

significantly better than shale gas. 

Table 12: Results from an online survey in Switzerland 2017 comparing acceptance of CCS with other underground 

technologies (N = 808, DGE: deep geothermal energy, SG: hydraulic fracturing for shale gas, CPG: CO2-plume 

geothermal, CCS: carbon capture and storage [27]) 

 

As CCS might induce seismicity, we compared as well different risk mitigation measures (Table 13) and 

show that for CCS relocation to a place where fewer people live is preferred over other measures. 

Comparing again across different technologies, most mitigation measures are less preferred for CCS 

than for EGS, though seismic risks are actually perceived being higher than with EGS [27].  

Table 13: Perception of different risk mitigation measures (online survey in Switzerland 2017, N = 808, overall score 

across the four individual criteria necessity, effectiveness, safety, technology approval [26]) 

 

With a second online survey in 2019 (N = 923 [28]), we examined public perception of different options 

of hydrogen production combined with CCS, namely different sources (natural gas or biogas), different 

storage places (Switzerland or abroad) and different end-use options (electricity for the grid or hydrogen 

for transport). In general, biogas was preferred over natural gas as source but there was no difference 

between electricity and hydrogen as end-use (Table 14).  

Table 14: Affective perception of different sources and end-use options (online survey in Switzerland 2019, N = 923 

[28]) 
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With respect to transportation, transport via pipeline was preferred over transport by truck, for biogas 

even more pronounced than for natural gas (Figure 63, left). Interesting to note, that storage in 

Switzerland was preferred over storage abroad (Figure 63, right). 

 

Figure 63: Acceptance of different transport options (left) and storage sites (right) split by different sources of 

hydrogen (online survey in Switzerland 2019, N = 923 [28]) 

We provide in Table 15 an overview of all results with respect to Elegancy technologies based on our 

online survey in Switzerland 2019 [28]. More promising are biogas as source, in contrast rather critical 

are seen storage abroad and not capturing CO2 from hydrogen production using natural gas. 

Table 15: Public perception of different Elegancy technologies (online survey in Switzerland 2019, N = 923 [28]) 
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These survey-based results primarily provide a first but static picture. Yet they cannot inform concrete 

siting projects when concerns by local population will most probably induce major shifts in such patterns 

of perception and acceptance. Thus, we complemented these surveys, with a forward-looking approach, 

trying to integrate social factors into site-screening. We developed a methodology to include factors 

important for community acceptance early in the site-screening process, based on a literature review of 

former CCS implementation processes and maps of potential locations [78]. To test the methodology 

we evaluated data for 37 cases and the usability of GIS maps to represent social factors in Switzerland.  

Our results show that the match between the proposed technology and the character of the chosen 

location has been key for the social acceptability of projects [77]. As shown in Figure 64, aspects of the 

location, the socio-economic characteristics and the perceptions and experiences of communities were 

mentioned as relevant for the social fit of different projects. We also showed that maps can help 

identifying areas where the acceptability of projects is more likely and where further social site 
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characterizations should concentrate. This methodology can therefore serve, along technical site 

screenings, as a basis for regional CCS planning for the successful development of neutral or negative-

emission projects. Some social factors can, however, have positive or negative effects depending on 

how they are interpreted locally. We recommend thus to conduct a social site characterization and 

consult stakeholders and the public on a set of sites before the final selection.   

 

Figure 64: Place factors mentioned as relevant for the success of projects. The place factors comprise the location 

characteristics relevant for the acceptance or opposition of projects. The bars indicate the number of projects that 

encountered a negative or positive reception of communities for which the place factor was relevant (result based 

on extensive literature review [77]). 
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4 Conclusions 

4.1 The overall ELEGANCY project 

ELEGANCY is an ERA-Net Cofund ACT project with the aim to help fast-tracking the decarbonization 

of Europe’s energy system via hydrogen and CCS. The project has therefore two dimensions: The 

European one with 22 partners from 5 different countries, and the Swiss part that was funded through 

the P&D program of SFOE. The present report focuses on the achievements by the Swiss team, 

however, this is only a subset of the overall project results (see the project website 

https://www.sintef.no/projectweb/elegancy/). 

The overall project objectives have been achieved by overcoming specific scientific, technological and 

economic/legal barriers and by undertaking five national case studies adapted to the conditions in the 

partner countries Germany, the Netherlands, Norway, Switzerland and the UK.  

The following key insights resulted from the overall ELEGANCY project: 

 Europe is dependent on all main available decarbonization options – including hydrogen and 

CCS – to address the European-parliament declared climate emergency from November 2019 

and reduce CO2 emissions be cut by 55% by 2030 and further to net zero by 2050.  

 The European parliament has also supported greater action for implementing commercial-scale 

CCS.   

 Hydrogen can be delivered at scale – fast-tracking the 2050 net-zero emission goal. 

 Fuel-switching to hydrogen will: 

o Curb emissions from distributed sources, such as transport, industrial processes, 

heating and cooling.  

o Quickly decarbonize heavy industry in the EU and so maintain economic activity and 

jobs. 

 Hydrogen produced both from renewable energy sources and from natural gas with CCS will be 

needed. 

 Climate positive hydrogen from biomass with CCS can play an important role in compensating 

CO2 emissions from hard-to-abate sectors, despite limited sustainable biomass resources. 

 CCS is an efficient and safe way to eliminate CO2 emissions. 

 The Hydrogen Pathway needs appropriate financial, regulatory and political frameworks. 

 Hydrogen should form part of the future European energy system. 

 A comprehensive hydrogen infrastructure is required, also using existing assets. 

 Open access infrastructure for CO2 transport and storage is required – being able to 

permanently store CO2 will enable new pathways to climate neutrality. 

 Full-scale deployment of hydrogen with CCS should start now.  

 Recommended key principles for market re-design are: 

o Integrated energy system planning and governance tools. 

o Efficient and coordinated permitting procedures. 

o Access to the grid and gas grid conversion. 

o Operation of transport networks and related infrastructures. 

https://www.sintef.no/projectweb/elegancy/
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4.2 The Swiss P&D project 

The Swiss part of ELEGANCY was fully integrated into the overall European project. Its primary activities 

aimed at four objectives: (i) improve two key processes, namely the production of hydrogen through 

steam methane reforming and the direct air capture (DAC) of CO2; (ii) assess the risk of CO2 leakage 

through a fault in an opalinus clay caprock; (iii) establish and apply a workflow for the assessment of 

CO2 storage sites in Switzerland; (iv) put all elements together in a Swiss case study that leads to 

scenarios how Switzerland can meet its net-zero ambition by 2050. 

 

Improved production of hydrogen and direct air CO2 capture 

The primary objective of the work was the development of vacuum pressure swing adsorption 

technology (VPSA) for the single cycle co-purification of H2 and CO2 (see sections 3.1.1 and 3.1.2). 

This was first done in silico and for a generic gas stream. The developed VPSA cycle was then applied 

to relevant syngases from steam reforming and autothermal reforming of natural gas. The cycle was 

also used for the modelling and optimization of different H2 production pathways starting form natural 

gas or biogas comparing the state-of-the-art technology combination for H2 purification and CO2 capture 

with VPSA. In the first part of the project, we focused on VPSA cycles using existing commercial 

sorbents. We then evaluated novel materials for VPSA through experimental characterization and 

modelling and optimization of VPSA process performance.  Finally, the new cycle was demonstrated in 

the ETH inhouse pilot plant: we designed, refurbished, and updated the automation of the lab-pilot and 

undertook breakthrough and full cycle experiments, showcasing that the cycle works satisfactorily in 

practice, bringing the technology to TRL 5. 

The first and foremost result of the DAC work carried out in this project was the construction, installation 

and successful demonstration of a demonstration unit (see sections 2.1.2 and 3.1.4). The system 

successfully captures CO2 from ambient air and provides a high-purity product stream. More importantly, 

the Climeworks Demonstrator provides a flexible and accessible setup for the testing of sorbent material 

and process conditions and characteristics, that was extensively exploited throughout the project 

duration and will continue to sustain Climeworks testing capabilities at the company’s facilities in Zurich. 

The testing of novel sorbent materials and the corresponding processes resulted in important new 

insights for the adaptation of DAC processes to the CO2 purity specifications for geological CO2 storage. 

Firstly, sorbent materials that are resistive to oxidation provide more flexibility in lowering the N2 and O2 

concentration in the product CO2. Secondly, many actual projects define stricter CO2 purity 

requirements than those discussed in the literature, especially regarding the allowable oxygen 

concentration. These requirements may be overly cautious, and the limitations will possibly be relaxed 

as more experience is gathered and shared between CCS projects worldwide in the future.  

 

De-risking CO2 storage – the Mont Terri experiment 

The experiment (CS-D) aims at improving our understanding on the main physical and chemical 

mechanisms controlling the migration of CO2 through a fault damage zone in a caprock, and the impact 

of the injection on the transmissivity in the fault (see sections 2.1.5 and 3.3). To this end, we performed 

a prolonged (12 months) injection of CO2-saturated saline water in the damage zone of a 3 m think fault 

in the Opalinus Clay, a clay formation that is a good representative of common caprocks for CO2 storage 

at depth. The mobility of the CO2 within the fault is studied at decameter scale. We collect data from 

different independent monitoring systems, such as a seismic network, pressure temperature and 

electrical conductivity sensors, fiber optics, extensometers, in situ mass spectrometer for dissolved gas 

monitoring. The observations are complemented by laboratory data on collected fluids and rock 

samples. While injecting at a pressure just below the limit for fault opening and reactivation, we could 
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observe that that the flow is minimal and confined in tiny fractures that cannot be detected by classical 

geophysical measurements. Results also indicates some potential porosity decrease in the region 

immediately near the injection.  An exposure to relatively high pressure, prolonged for 12 months, does 

not further weakens the fault. No notable seismic induced event could be detected. 

 

The Swiss case study 

The aforementioned aspects of hydrogen production, CO2 air capture and CO2 storage went to a 

considerable technological depth. The Swiss case study aimed at the system level to better understand 

the interaction of these technological elements with the energy system. It was perfectly timed for two 

reasons: (i) Switzerland has formulated in 2019 its ambition to reach net-zero GHG emissions by 2050; 

and (ii) the energy strategy, that dates back to 2012, is currently being revised by the Swiss Federal 

Office of Energy (SFOE). This revision is being carried out by a team of consulting firms. In parallel, a 

large group of researchers from academia and industry is generating scenarios for 2050/60 (see Joint 

Activity Scenarios & Modelling, www.sccer-jasm.ch). Elegancy gives a crucial contribution to the 

overarching goal of net-zero emissions, as it is clear that hydrogen and CCS will play a key role. 

The Swiss case study covers various aspects and disciplines in the context of hydrogen and CCS, which 

can roughly be grouped into above- and below-ground activities. Above-ground activities includes (A1) 

the generation of hydrogen via various thermochemical processes, (A2) the direct capture of CO2 from 

the atmosphere, (A3) the life-cycle assessment of various pathways, and (A4) the embedding of the 

overall chain into a full energy system analysis. The below-ground activities include (B1) the 

identification of potential storage CO2 storage sites with focus on geology, (B2) a Multi-Criteria Decision 

Analysis approach to aid site selection and to properly account for all risks, and (B3) the opportunity to 

realize CO2 plume geothermal (CPG) a variant of deep geothermal energy that uses CO2 as working 

fluid, and is there-fore best combined with CO2 storage. Both the above- and below-ground aspects are 

synthesized within (C1) a business case framework and (C2) an assessment of social perception and 

acceptance. 

A1: Thermochemical hydrogen production (ETHZ). An integrated techno-environmental assessment 

study of hydrogen production from natural gas, biogas and wood, combined with CO2 capture and 

storage (CCS) has been performed (see sections 3.1.2 and 3.1.3). The technologies analysed, both 

technically and environmentally, are steam methane reforming (SMR), autothermal reforming (ATR) and 

biomass gasification for syngas production. CO2 is captured from the syngas with a novel vacuum 

pressure swing adsorption (VPSA) process, that combines hydrogen purification and CO2 separation in 

one cycle. As comparison, we have included cases with conventional amine-based technology. The 

integration of biomass allows negative emissions, while producing hydrogen with CCS. The work is 

strongly linked to the aforementioned detailed work on the VPSA cycle. 

A2: Direct Air Capture and Storage (DACS, Climeworks) of CO2 represents a more technical, and thus, 

readily scalable alternative to the aforementioned biological extraction of CO2 from the atmosphere via 

biomass growth (see sections 2.1.2 and 3.1.4). Climeworks designed, built, and operated a DAC 

demonstration unit with a capacity of capturing approximately 10 kg of CO2 per day. It uses a 

temperature-vacuum-swing adsorption process. The Climeworks Demonstrator was successfully 

employed to test and validate novel adsorption materials with the general objective of further improving 

the energetic and carbon efficiency, and of reducing the overall DAC costs. 

A3: Life Cycle Assessment (see sections 2.2.2 and 3.4.3) showed that using biomass for hydrogen 

production with CCS leads to a net removal of GHG emissions from the atmosphere and thus represents 

a very attractive option for fuel production. However, resource potentials are limited. Hydrogen from 

natural gas combined with CCS can be a low-carbon fuel and therefore contribute to decarbonization of 

the transport sector, but the performance regarding GHG reduction depends very much on process 

technologies and associated CO2 capture rates. LCA results for passenger vehicles show that hydrogen 

from the aforementioned thermo-chemical pathways is very much competitive in terms of GHG emission 
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reduction with hydrogen from electrolysis, if high CO2 capture rates can be achieved. Results indicate 

that fuel cell vehicles are especially suited in the road-freight sector.  

A4: Full energy system modelling and scenarios. The full benefit of the hydrogen/CCS chain can only 

be reliably assessed within a full energy system modelling framework (see sections 2.2.4and 3.4.4). The 

Swiss TIMES Energy Systems Model (STEM) was used to quantify two scenarios: a Baseline scenario 

(continuation of existing trends) and a Climate scenario (achievement of the goals of the Swiss energy 

and climate strategy). Results show that the achievement of net-zero GHG emissions in 2050 requires 

the deployment of CC(U)S and Negative Emission Technologies (NET). About 9 Mt/a will be captured 

in 2050, mainly in waste incineration plants, industry, hydrogen production and biofuels production. More 

than 80% of the captured CO2 is assumed to be exported, as no sufficient domestic sequestration 

potential could be identified yet. Direct Air Capture is a backstop technology, and is deployed after 

efficiency improvements, CCS and Bio-CCS.  

B1: Site selection for CCS in Switzerland (see section 3.2). A robust site-screening and site-selection 

work-flow has been developed to investigate potential sites for CCS and CO2-Plume-Geothermal (CPG) 

in Switzerland. This workflow was built by combining global best practices and adapting them to the 

Swiss legal framework and the yet poorly known characteristics of the Swiss Molasse Basin (SMB) 

subsurface. Storage capacity estimates were calculated for sites comprising a depleted hydrocarbon 

field and other subsurface locations characterized by deep saline aquifers (> 800 m). Based on this 

preliminary evaluation, a moderate capacity of < 1 Mt of CO2 at each site is considered potentially 

feasible in multiple locations, specifically when using horizontal drilling techniques to access aquifers 

over a larger area. This suggests that decentralised storage solutions (long-term or temporary) aimed 

at the amount of emissions from proximal medium scale CO2 point sources (i.e. incinerators, cement 

plants) should be explored further. Some of these sites, especially the depleted gas field, shows 

potential for an integrated CO2 storage and CPG employing elevated subsurface temperature at target 

storage reservoirs which are suitable for electricity generation.  

B2: Ranking of potential sites by Multi-Criteria Decision Analysis (see section 3.2.6). B1 focused on the 

geological conditions and the risk of not finding an appropriate site. However, other factors, like the 

distance to the CO2 emitter, the connection to roads, railways, pipelines, the presence of natural parks, 

biospheres, etc., the distance to populated areas, economic factors, e.g. taxes to the companies, etc., 

could have an impact on the site selection. In this context, a framework based on a spatial Multi-Criteria 

Decision Analysis (sMCDA) is applied to rank all potential sites based on the aforementioned weighted 

criteria. Trade-offs have to be considered for an informed decision-making process, and to guide the 

public debate and participatory processes. 

B3: CO2 Plume Geothermal (CPG, ETHZ). CO₂ sequestered into the porous subsurface for permanent 

storage may be recirculated to generate electricity in a so-called CO₂ Plume Geothermal (CPG) system. 

A CPG model was built to clearly show the dependence of power generation on depth and transmissivity. 

(Transmissivity is the product of a porous media reservoir permeability and thickness.) Thus, we can 

now say that CPG electricity may be generated in a reservoir as shallow as 1000 m, with a 50°C 

temperature and a 5x10-11 m2 transmissivity, which is much shallower than capable with a brine 

system. 

C1: Business case framework (see section 3.4.5). Teams within Work Package 3 (WP3) developed a 

publicly available business case framework to identify and select suitable business models for H2-CCS 

projects. The framework comprises an assessment methodology, analytical and visualization Excel-

based tools, as well as guidance papers, and is applicable to H2-CCS projects broadly. The application 

of the framework to the conditions of the Swiss case study indicates a clear need for targeted carbon 

pricing instruments to alleviate investment barriers for H2-CCS chains and to support in ramping up 

viable business cases.  

C2: Public and community acceptance (see section 3.4.6). A 2017 survey on the social acceptance of 

CCS showed reluctant acceptance (average of 4.28 on a seven-point scale). A second online survey in 

2019, studied public perception of different options regarding CCS combined with hydrogen production, 
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different sources (natural gas and biogas) and different end-use options (electricity for the grid, hydrogen 

for transport). In general, biogas was preferred over natural gas as source but there was no difference 

between electricity and hydrogen as end-use. Transportation of hydrogen via pipeline was preferred 

over transport by truck, for biogas even more pronounced than for natural gas. 

 

Carbon capture and storage for Switzerland 

The ELEGANCY project highlighted the fundamental role of permanent geological storage of CO2. We 

summarize the main aspects: 

1.) Energy and climate scenarios for Switzerland projected to 2050 agree in indicating that the goal of 

carbon neutrality can be reached only by capturing and storing an amount of CO2 of the order of 10 Mt 

CO2/y (see section 3.4.4). The most realistic option for such quantities is geological storage in suitable 

subsurface formations.  

2.) Research to try and establish the potential capacity for underground CO2 storage in Switzerland has 

been carried out for more than ten years, particularly at the University of Bern (see section 3.2.1). Such 

work has been based on existing geological data and on laboratory test on geological cores, but not on 

targeted exploration. Over the years, and via refining of the assessment of the criteria for determining 

the geological storage potential, the quantitative estimates of total storage volume have been 

significantly reduced. For instance, the CO2 storage potential of the Upper Muschelkalk, i.e. the Swiss 

largest deep saline aquifer, has recently been reassessed to be only about 50 Mt CO2 instead of the 

original estimate of about 700 Mt CO2. 

3.) In the scope of the Elegancy project, there has been intense activity (coordinated by the University 

of Geneva) aimed at characterizing specific geological structures in specific Swiss locations capable of 

trapping, based on new seismic data acquisition and/or reinterpretation, accompanied by new porosity 

and permeability data (see sections 3.2.2 and 3.2.3). Such activity indicates clearly that the Swiss earth-

scientists have the expertise and the tools to conduct this type of study. 

4.) The three sites identified as promising and analyzed in detail for CO2 storage potential (see section 

3.2.4) have unfortunately exhibited very limited capacity, totaling about 0.35 Mt CO2 (this is less than 

one tenth of the yearly emissions from all Swiss Waste-to-Energy plants).  

5.) A complementary investigation of the potential for CPG in one  of the three sites (conducted by ETH 

Zurich, see section 3.2.4) has indicated that a 1000 kWe CPG power plant could be realized under 

optimal permeability conditions (at 4 km of depth). To put this in perspective with reference to the 

concept of the 2000 W society, such a CPG plant would deliver the electricity utilized by 500 persons; 

at current power consumption this number would reduce to a little more than 100 persons.  

6.) Based on these results and considering this situation one might argue that further research and 

exploration should be made with the goal and the hope to find better sites for CO2 geological storage in 

Switzerland. This will come at a cost obviously, and will carry the risk of not finding one. Another 

approach, less expensive and less risky, would be that of combining the lessons learnt from the high 

level analysis summarized in section 3.2.1 and from the in-depth investigations reported in section 3.2.4, 

and make a better and more accurate prediction of the potential for CCS and CPG in Switzerland, on 

which - if encouraging - one can base further exploration activities. Such an activity that targets at 

improving our understanding of the Swiss subsurface should ideally be combined with the exploration 

for geothermal reservoirs – both for heat and electricity production.  

7.) The development of two complementary concepts (see section 3.4.1), namely (i) of CO2 storage 

hubs for Europe in the favorable subsurface under the North See floor, and (ii) of a pan-European CO2 

infrastructure that connects CO2 sources and CO2 sinks, promises to provide also Switzerland with the 

possibility of storing Swiss CO2 in storage sites abroad. Such opportunity will have to be tested very 

soon for its techno-economic-environmental feasibility and for its political and societal viability. 
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8.) Today the energy strategy rightly focuses on avoiding the use of fossil fuels wherever possible - by 

switching to electro- or hydrogen-mobility for the transport sector or by deploying efficiency measures 

and heat pumps in the building sector. These measures will deliver the bulk of the CO2 reductions. 

However, it would be wrong to consider CCS only as an option that needs to be deployed after all other 

measures have been taken. Given the long lead time of capture plants, CO2 pipelines and CO2 storage 

sites, immediate action is required right now. 
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5 Outlook and next steps 

A number of next steps that carry forward the work done in Elegancy are already defined: 

 The ACCESS project aims at developing replicable CCUS pathways towards a climate Neutral 

Europe in 2050. The project will cover three main areas that are of vital importance for the 

successful implementation of CCUS at large scale: (i) Test CO2 capture and CO2 use at TRL7 

and integrate capture technologies in industrial installations in the most energy and cost-efficient 

manner, with focus on industries that partly or fully emit biogenic CO2, namely pulp and paper, 

waste to energy and cement industries. (ii) Develop and improve CCUS chains from continental 

Europe and the Baltic area to the North Sea, to provide access routes to the flexible, ship-based 

offshore CO2 transport and storage infrastructures that are under development in the North Sea 

(e.g., Northern Lights); (iii) Engage and inform stakeholders about CCUS, its societal benefits 

at large, and the marginal additional cost of the products produced with CCUS. 

 The DemoUpCARMA project has the overarching goal to create and demonstrate pathways to 

use and store CO2 captured at Swiss industrial sites, and to pave the way for their upscale and 

broad deployment in the cement and concrete manufacturing, waste treatment, and chemical 

sectors. The specific objectives of the project are to: (i) Demonstrate the technical feasibility of 

using and storing CO2 captured at a Swiss industrial site (a biogas upgrading plant) and of 

generating negative emissions when CO2 is biogenic by utilizing and storing it in primary and 

recycling concrete via a novel technology solution, thus realizing a domestic CCUS value chain, 

and by implementing a CCTS (carbon capture, transport and storage) value chain by 

transporting CO2 and permanently storing it in a geological reservoir abroad using a novel 

injection technique; (ii) Investigate the potential of creating a CO2 network for clusters of Swiss 

CO2 sources and potential CO2 storage sites, and its optimal design with respect to techno-

economic, environmental, and reliability performance in the mid and long terms; (iii) Address 

policy, legal, and regulatory challenges to verify and ensure economic viability and timely 

mobilization of financial investment of CCTS and CCUS value chains. 

 

 Within the new SFOE-funded program SWEET, three projects (PATHFNDR, DeCarbCH and 

SURE) tackle the subject of how to generate negative emissions  

o PATHFNDR shall characterize the techno-economic potential for negative emissions 

technologies across Europe generally and in Switzerland specifically. The main goal is 

to provide a techno-economic assessment of value chains connecting Swiss and 

European bioenergy production and direct air capture sites with CO2 permanent 

storage sites. To do the team will collect relevant data, i.e., availability of biomass, 

biogenic sources, renewable energy and CO2 storage sites, then formulate and solve 

optimization problem will determine the optimal selection, site, location of BECCS and 

DACCS technologies as well as optimal biomass and CO2 transport and storage 

networks. Besides Europe more generally, we will also dedicate time to focus on 

Switzerland with higher detail. Results will consider and inform the overarching 

scenarios for Switzerland. 

o DeCarbCH will study the various options for negative emissions in the context of 

concrete case studies with customers and technology suppliers. It also has a strong 

interaction with the scenario analysis and especially industrial heat supply that is the 

special focus of the project. The objective is to identify opportunities for a pilot & 

demonstration project (WPPD5). All efforts on negative emissions are futile without an 

appropriate infrastructure to transport and store the CO2. Therefore the teams will work 

closely with the corresponding PATHFNDR team to advance the subject of negative 

emissions for Switzerland in a coordinated fashion.  
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o SURE  identifies and evaluates pathways to the energy system that reliably provide 

affordable energy and reduce environmental burden. SURE includes a broad modelling 

toolbox from high spatial infrastructure models to detailed energy systems models, life-

cycle assessment models and macroeconomic models, as well as extensive 

involvement of stakeholders (from citizens and associations to companies and policy 

makers), in order to assess the main goals of the Swiss energy and climate policy 

across several resilience and sustainability criteria. Within SURE negative emission, 

technologies and hydrogen pathways are part of the analysis, as these are key to meet 

the long-term climate targets and their sustainability and resilience performance, as well 

as their broader impacts on energy and economy systems is of a high interest.    

 

 The SYNFUEL project has a focus on the business case of synthetic fuels produced from low-

carbon and renewable H2 and CO2 capture, including Direct Air Capture, which can be used to 

decarbonize aviation. The project assesses life-cycle environmental impacts of synfuels, 

production pathways based on H2 and CCS and their costs, as well as it provides an holistic 

energy systems analysis regarding the system-integration costs of pathways compatible with 

the long-term climate change mitigation targets of Switzerland. 

 The VPSA technology was developed at ETH/SPL and them licensed to CASALE; their exact 

plans how to bring it to commercialization are yet unclear. 

 The DAC technology will be further developed utilizing three major avenues. Firstly, the 

continued installation of plants following a scale-up roadmap will generate invaluable knowledge 

for the engineering design of larger plants and their construction, integration into different 

applications, installation at different sites in various climates, as well as their operation and 

servicing. … ? At the same time, plant installations will enable cost reductions through 

increasingly automated and efficient production processes for the modular collectors and central 

plant components as well as through economies of scale for central installations, site 

preparation and utilities. Secondly, the core technology around sorbent, contactor and process 

will be continued to be optimized and subsequent generations of technology will be feed into 

the scale-up roadmap. Thirdly, installed plants will also generate additional volumes of CO2 

removal certificates and help to develop the market for such certificates from a market for 

pioneers to a mass market. 

 Two research projects will evaluate the potential roles of low-carbon hydrogen and negative 

emission technologies on the European level with a specific focus on Germany and its pathways 

towards “net-zero”: “Ariadne” and “SESAME-Europe”. 

o Ariadne researches energy transition strategies and their systemic effects as well as 

sectoral interactions in Germany, embedded in its European environment. Ariadne 

explores policy instruments to achieve climate goals in an efficient and socially 

balanced way. And Ariadne explores which governance and which institutions are 

needed to design effective climate protection. 

o SESAME-Europe evaluates the role of low-carbon hydrogen in Europe with a special 

focus on Germany. Techno-economic and environmental assessments will be linked to 

global Integrated Assessment models to evaluate optimal hydrogen supply chains for 

decarbonization. 
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6 National and international cooperation 

ELEGANCY as an ERA-Net Cofund ACT project with 22 partners from 5 countries featured obviously a 

strong collaboration. The following paragraphs stem from the final report of the overall project and 

summarize this collaboration. 

Although the national subprojects have a value in their own right, the full potential of ELEGANCY could 

not be achieved if they were carried out in isolation. On the contrary, the international collaboration in 

ELEGANCY is the essence of the project, involving the exchange of experimental data, simulation 

results, soft-ware and ideas. This multi-faceted collaboration is also strengthened by the transnational 

industrial perspective taken by INEOS, Total and Equinor. The ELEGANCY partners are also 

international experts in their respective domains. The overall level of the work has been higher than 

what would have been the case if it were conducted solely at a national level. Some examples of the 

trans-national European collaboration are given in the following: 

 Collaboration within WP1 between ETH-RUB-UU for the selection of gas mixtures of interest of 

the thermodynamic property model. Close collaboration, including researcher exchange, 

between UU and ETH on cycle development and optimization. ETH collaborated closely with 

UU for the development of new VPSA cycles.  ETH collaborated intensively with ICL, including 

researcher exchange, on process modelling. 

 Close collaboration between WP1, 4 and 5 on KPI definition and techno-economic framework 

and on the modelling of H2 production pathways (participation in teleconferences and webinars, 

one-week visit of ETH PhD student at ICL, one-day workshop at ICL, for a three-month period, 

ETH-ICL had biweekly meetings on their modelling interfaces).  

 Collaboration between WP1 (RUB), WP2 (ICL, RUB) and WP4 (ICL) to improve the thermody-

namic property model software (TREND) and implementing this program into the supply chain 

tool (CAPE open interface). Transfer of experimental data (H2 solubility in water and brine) from 

ICL to RUB (WP2). 

 SINTEF (WP2) employs TREND from RUB for CFD calculations. This improves the CFD model 

predictions, while also submitting the thermophysical properties software to demanding robust-

ness tests. 

 ICL and ETH/SCCER closely collaborate on the analysis of core samples from Mt Terri (WP2). 

This includes exchange visits both ways, Skype meetings, and joint experimental campaigns 

and joint manuscripts. 

 SCCER and BGS collaborate on the effects of microbial impurities on CO2-based geothermal 

(WP2). 

 SDL and FC (WP3) have conducted knowledge transfer workshops for the Netherlands and 

Ger-man case studies.   

 Close collaboration between ETH (CH), ICL (UK), SINTEF (NO), RUB (DE), TNO (NL) and PSI 

(CH) on KPI definition and techno-economic framework and on the modelling of H2 produc-tion 

pathways.  

 Knowledge sharing and model development work with TNO, ETH, RUB, SINTEF and ICL. 

 ICL, RUB and SINTEF have undertaken joint work to produce abstractions of the thermodynam-

ic models to use in the operational modelling tool. 

 SDL (UK), BGS (UK), INEOS (UK), TNO, RUB, PSI and SINTEF have all been in contact with 

ICL to shape the development of the chain tool for broader use.  

 Within WP4, integration of life cycle indicators into the chain-tool is based on intensive collabo-

ration between ICL, PSI, and ETH: ICL designs the chain tool, PSI supplies life cycle indicators 
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and ETHZ provides the technology modelling required for LCA of hydrogen production tech-

nologies. This collaboration and the resulting outputs represent a strong added value of ELE-

GANCY.  

 The chain tool is used to undertake regional and national case studies by various project 

partners. 

 Even though the case studies in WP5 are national, there are numerous transnational benefits. 

The experiences of the different partners are integrated, and the results placed in a European 

context to enable them to have a wider deployment potential. For example, the work on methane 

reform-ing in Switzerland is of direct use in the technology evaluation taking place in the 

Norwegian case study, the investigation and simulation of storage operations for CO2 from 

natural gas re-forming for H2 production in the UK is applicable to such operations in the other 

European coun-tries, while the work on public acceptance in Germany is relevant on a European 

level. 

 German case study: The German WP5 team had ongoing contact with the WP5 teams, 

especially from Norway, which lead to a steady exchange on dependencies between the 

countries. The co-ordination of the case studies within WP5 and the Consortium allows to gather 

perspectives and experiences from other countries relevant for the German case study (e.g. 

insights into the UK H21 project, expert assessment of the Dutch CCS storage capacities). The 

sociological team col-laborates with the Swiss social acceptance researchers to identify 

overlaps and to enhance under-standing of acceptance beyond the German case study. The 

cooperation with WP3 regarding the risk assessments tools (including workshops) provides 

input regarding the overall European ex-perience in respect of H2-CCS chains. With the 

industrial partners OGE and UNIPER a collabora-tion in masters theses took place and an 

ongoing discussion on hydrogen topics was performed over the project time. The legal team of 

the German case study aligned its research with the legal team of WP3 to combine expertise 

and to avoid unnecessary duplication of work. 

 Swiss case study: The assessment of thermochemical H2 production pathways was executed 

in WP1 and is heavily used for the LCA and energy system modelling in WP5. The Mont Terri 

ex-periments and related lab measurements of WP2 provided important input for modelling and 

safety assessment. The business case framework applied to the Swiss case study was 

developed within WP3. There are also strong links between the modelling work and the H2-

CCS chain tool from WP4. 

 UK case study: monthly meetings of the UK case study has enabled feedback from WP3 and 

WP4 to Task 5.4. Consortium collaboration to demonstrate the business case tools and the 

benefit of their application to the Netherlands case study via an ELEGANCY WP3 and WP5 

webi-nar/Skype meeting has been coordination enabled via Task 5.4. Expertise on facilitation 

of risk assessment for site selection of UK partners has been applied to the Swiss case study. 

 The Norwegian case study had close collaboration and exchange of data with the German case 

study, as the best strategy to deliver H2 to Germany from Norwegian natural gas was a key 

focus for the Norwegian case study. The Norwegian case study has been following the tool 

develop-ment and have provided valuable feedback to facilitate future modelling of the case 

studies. The Norwegian case studies has also been in discussions with international actors to 

identify the po-tential of H2 from Norway to Europe. 
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7.2 Deliverable and milestone reports 

Since Elegancy is an ERA-Net Cofund ACT project, there is the overall European deliverables and 

milestones that contain the complete work (see Table 16), and a smaller list as defined in the Swiss 

P&D project to which this report refers.  

 

Table 16: Overall list of deliverables and milestones for ERA-Net Cofund ACT project Elegancy. The list includes 

hyperlinks to those deliverables that are public at the time of writing. 

 

WP1 Title Partners 

D1.1.1 
Report on new PSA and VPSA cycles for sharp separation of CO2, H2 and 

impurities 
ETH 

D1.1.2 
Report on characterization of equilibria and transport phenomena in promising new 

absorbents for CO2/H2 separation 
ETH 

D1.1.3 Scientific paper on demonstration of novel PSA/VPSA cycles for CO2/H2 separation ETH  

D1.1.4 
Scientific paper on optimization of novel PSA/VPSA cycles and their application to 

different case studies 
ETH, UU 

D1.2.1 Report on 1000 hour catalyst stability ECN 

D1.2.2 
Report on demonstration of SEWGS performance under basic oxygen gas 

performance at TRL 5 
ECN, MEFOS 

D1.2.3 
Scientific paper on modelling of SEWGS cycles and prediction of separation 

performance for high CO content syngas 
ECN 

D1.2.4 
Report on preliminary design of a TRL7 demonstration platform for the SEWGS 

technology 
ECN 

D1.3.1 
Report on optimal plants for production of low-carbon H2 with state-of-the-art 

technologies 
ETH, UU  

D1.3.2 
Scientific paper on optimal plants for production of zero-carbon H2 with adsorption-

based technologies 
ETH, UU 

D1.3.3 Scientific paper on optimal plants for production of zero-carbon H2 with SEWGS ETH, UU, ECN 

D1.4.1 
Scientific paper on measured densities and speeds of sound for mixtures of H2 with 

CO2, CO, and CH4 
RUB 

D1.4.2 
Scientific paper on improved Helmholtz energy model for mixtures of H2 with CO2, 

CO, and CH4 
RUB 

WP2 Title Partners 

D2.1.1 
Report and software on a property model for CO2-rich mixtures in contact with 

brines with a sea-water like composition 
RUB 

D2.1.2 
Report and software on a property model considering a broader range of brine 

comp. 
RUB 

D2.1.3 

Report and software on the final property model implementing results from WP1 

(improved description of CO2/CO/H2 mixtures) and WP2 (brine model), 

dissemination and implementation in WP4 

RUB 

https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d1.1.2_characterization-of-new-adsorbents-co2-h2-separation.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d1.2.1_1000h-catalyst-stability_ecn.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d1.3.1_optimal-plants-low-carbon-h2.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d1.3.2_hydrogen_production_from_natural_gas.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d2.1.1_co2-brine_thermophysical-properties.pdf
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D2.1.4 
Report detailing experimental apparatus for measurement of H2 solubility in brine 

and validation 
ICL 

D2.1.5 
Document reporting results of solubility measurements for H2 in pure water at 

reservoir conditions 
ICL 

D2.1.6 
Document reporting results of solubility measurements for H2 in brine at reservoir 

conditions 
ICL 

D2.2.1 
Paper describing the inclusion of water phase and near-well model and performing 

relevant simulations 
SINTEF 

D2.2.2 
Paper assessing the influence of CO and H2 impurities on depressurization by 

analysing depressurization experiments and performing flow-model validation 
SINTEF 

D2.2.3 
Report analysing vertical-flow experiments with respect to well-operational issues 

and performing model validation 
SINTEF 

D2.3.1 Report detailing rock and fluid samples to be used in the petrophysics studies ICL 

D2.3.2 
Document summarising the results of routine core analysis on selected rock 

samples 
ICL 

D2.3.3 Report on single-phase core flooding experiments ICL 

D2.3.4 
Document reporting results of equilibrium and dissolution multi-phase core-flooding 

experiments 
ICL 

D2.4.1 Preliminary report on characterization and design of the Mont Terri exp. SCCER 

D2.4.2 
Report/paper on core characterization from related rock mechanics experiment and 

modelling of Mont Terri experiment 
SCCER 

D2.4.3 
Report/paper on risk assessment and de-risking strategies for future scenarios and 

knowledge transfer to WP5 
SCCER 

D2.4.4 Final report execution and characterization of the Mont Terri Experiment SCCER 

D2.5.1 
Review of literature of effect of H2 in subsurface environments and response of 

microbes. Knowledge transfer to WP5 
BGS 

D2.5.2 

Report on recommendations for operational practise and materials to minimize the 

degradation of installed downhole fibre-optic cable monitoring infrastructure. 

Knowledge transfer to WP5 

BGS 

D2.5.3 
Report on impact of the geochemical response to H2 as impurity on the Bunter or 

Captain sandstone 
BGS 

D2.5.4 
Report on the response of microbial communities to H2 and potential impacts on 

CCS 
BGS 

D2.5.5 
Report/paper on the thermal-hydraulic-chemical (THC) simulations of CO2-based 

geothermal energy systems 
SCCER 

ID Title Partners 

D3.1.1 Legal input to the interim report detailing the regulatory, fiscal, and macro-

economic background for each case study 

UiO, FC 

D3.2.1 Interim report detailing the regulatory, fiscal, and macro-economic background for 

each case study 

FC, SDL, UiO 

D3.3.1 A business risk matrix for application in Task 3.3 SDL 

https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d2.1.4_h2-in-brine_solubility_apparatus_validation.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d2.1.5_h2-solubility-in-water.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d2.1.6_h2-solubility-in-brine_v2.pdf
https://doi.org/10.1002/ghg.2035
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d2.3.1_petrophysics-sample-selection.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d2.3.2_opalinus-clay-properties.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d2.3.3_single-phase_core-flooding_exp_icl_eth.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d2.3.4_single-multiphase-flows-carbonates.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d2.5.1_gregory_subsurface_microbial_hydrogen_cycling.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d2.5.2_optic-fibre_operation_materials.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d2.5.3_geochemical-response_hydrogen-bunter.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d3.2.1_regulatory-fiscal-macro-economic-background.pdf
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D3.3.2 Interim report detailing policy-issues, business risks, de-risking instruments, and 

incentive mechanisms relevant for case study countries. 

SDL, UiO, FC 

D3.3.3 Interim report detailing the development of business models and commercial 

structures 

SDL, UiO, FC 

D3.3.4 Interim report detailing the guidelines for the assessment and application of the 

business case templates in WP5 

SDL, UiO, FC 

D3.4.1 Publication of the findings and outcome from WP3 in article or report format FC, SDL, UiO 

WP4 Title Partners 

D4.1.1 Overall functional and architecture specification for toolkit including methodology 

and metrics, report: requirement spec., functional spec., technical spec. 

ICL, SINTEF, 

PSI, RUB, TNO 

D4.2.1 Definition of quantifiable environmental, economic and operability metrics for all H2-

CCS chain sections and model components, report 

PSI, ICL, TNO, 

SINTEF 

D4.3.1 Component models: H2 production with integrated CSS, including software for 

property calculations, report and software uploaded to project eRoom 

ICL, SINTEF, 

TNO, RUB 

D4.4.1 Reduced order component models: H2 production with integrated CCS, software 

and report 

SINTEF, ICL, 

TNO, PSI 

D4.5.1 First prototype of whole chain design and simulation tool, report including user 

manual and model documentation 

ICL, SINTEF, 

RUB, TNO, PSI 

D4.5.2 Overall design and operational toolkit – final version, scientific paper describing 

toolkit, including user manual and model documentation 

ICL, SINTEF, 

TNO, PSI, RUB 

WP5 Title Partners 

D5.1.1 Regional overview of requirements and potentials of H2 markets SINTEF, TNO, 

SDL, BGS, PSI, 

RUB 

D5.1.2 Opportunities and challenges for H2-CCS chains in Europe for accelerating 

deployment of CO2 capture 

SINTEF 

D5.2.1 Report describing the current industrial cluster in Rotterdam with its socio-

economic contribution, CO2 emissions and target setting for emission reduction 

TNO, UU 

D5.2.2 Report describing the needed H2 production facilities, integration in port 

infrastructure, possible ownership structures and OPEX and CAPEX estimates 

TNO 

D5.2.3 Report describing the needed offshore storage and transport facilities to meet the 

emission reduction requirements including OPEX and CAPEX estimates 

TNO 

D5.2.4 Report describing the foreseen zero emission H2 utilization in industry, power 

generation and natural gas mixing, including limited market economics 

TNO 

D5.2.5 Scientific papers analysing the Rotterdam Industrial Cluster development with and 

without availability of CCUS 

UU 

D5.2.6 ROADMAP for the introduction of a low carbon industry in the Rotterdam Region TNO, ECN, UU 

D5.3.1 Scientific papers on H2 production from biogas and bio-mass in Switzerland: 

technical evaluation, potential estimation and comparison with H2 production from 

electrolysis, including focus on infrastructure for decarbonising transport 

ETH, PSI 

https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d3.3.2_policy_risks_incentives.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d3.3.3_business-models_commercial-structures.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d3.3.4_business-case-template-guidelines.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d3.4.1_business-case-development_h2-ccs-integrated-chains.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d4.1.1a_user_requirements_spec_2018-03.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d4.1.1b_functional_spec_2018-03.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d4.1.1c_technical_spec_2018-03.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d4.2.1_keyperformanceindicators.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d4.3.1/elegancy_d4.3.1_operational_component_inventory_final.pdf
https://github.com/act-elegancy/consumet
https://github.com/act-elegancy/chain_tool
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d5.1.1_regional-overview-h2-market.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d5.2.1_industrial-cluster-rotterdam.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d5.2.2_rotterdam_h2-production_integration.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d5.2.3_ccs-in-the-netherlands.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d5.2.5_h2-ccs_potential_dutch_steel_industry.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d5.2.6_roadmap_low-carbon-industry_rotterdam.pdf
https://doi.org/10.1039/D0SE00222D
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D5.3.2 Scientific papers on screening of underground sites in Switzerland for geothermal 

and CO2 storage applications, with emphasis on de-risking storage 

SCCER, ICL, 

BGS, PSI 

D5.3.3 Scientific papers on scenario modelling for energy production via coupled CO2 

storage and geothermal in Switzerland, including quantification of Swiss H2-CCS 

chain performance 

SCCER, PSI 

D5.3.4 Scientific papers on improved DACCS for accelerating CO2 storage and 

geothermal applications, including life cycle analysis of DACCS compared to 

biomass-based H2-CCS 

Climeworks, 

PSI 

D5.3.5 Scientific papers on the potential and role of clean H2 for road transportation and 

DACCS as enabler of geothermal and CO2 storage applications in the Swiss 

society 

SCCER, PSI 

D5.3.6 Report on energy model analysis of the role of H2-CCS systems in Swiss energy 

supply and mobility with quantification of economic and environmental trade-offs, 

including market assessment and business case drafts 

PSI, FC 

D5.4.1 Report of the injection scenario and storage operation for H21 Roadmap BGS 

D5.4.2 Scientific paper on UK case modelling, including industrial decarbonization 

potential 

ICL, INEOS 

D5.4.3 Business case template and risk matrix H21 Leeds City Gate SDL, SE 

D5.5.1 First assessment of options for a decarbonized gas infrastructure RUB 

D5.5.2 Report on German case: first results, final design and methodology RUB 

D5.5.3 Final Report German Case Study RUB, UES, 

OGE, GERG 

D5.6.1 Potential for H2 utilization and CO2 storage SINTEF, AKSO 

D5.6.2 Scenarios for Norwegian H2 value chain SINTEF, AKSO 

D5.6.3 Norwegian H2 value chain from a European perspective SINTEF, AKSO 

D5.6.4 Norwegian H2 value chain - business case and opportunities SINTEF, AKSO 

 

Table 17: List of milestones for the Swiss P&D project Elegancy; note that some Swiss milestones do not have a 

corresponding EU version. 

Label (CH) Label (EU) Title Partner 

MS1.1 M1.1.1 Process specifications and desiderata for efficient H2-CO2 separation with 
VPSA  

ETH  

MS1.2 - Feasibility study comparing different alternative desorption processes in the 
context of CO2 sequestration  

CW  

MS1.3 M1.1.2 Design and construction of the experimental rig for H2-CO2 separation with 
VPSA  

ETH  

MS1.4 - Design, construction and commissioning of test system for investigation of 
an alternative CO2 desorption process  

CW  

MS1.5 D2.4.1 Mont Terri experiment design and characterization  SCCER  

MS1.6 - Execution and demonstration of H2-CO2 separation experiments with 
VPSA  

ETH  

MS1.7 - Execution of experiments and demonstration of cyclic stability for CO2 
capture from air considering specifications for subsurface use  

CW  

MS1.8 M2.4.2 Execution of Mont Terri experiments  SCCER  

https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_m5.3.2_business-case-framework_swiss-case-study.pdf
https://doi.org/10.3929/ethz-b-000449685
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d5.4.3_h21_business-case_risk_reduction_web.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d5.5.1_germany_options_decarbonised-gas-infrastructure.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d5.5.2_german-case-study_design_first-results.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d5.5.3_co2_h2_infrastructure_germany.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d5.6.1_potential-h2-utilization_co2-storage.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d5.6.2_scenarios-for-norwegian-h2-value-chain_publishable-summary.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d5.6.3_norwegian_h2_value_chain_european_perspective_updated.pdf


 

102/109 

MS1.9 D2.4.2 Characterization of rock samples from Mont Terri experiments  SCCER  

MS2.1 D1.3.1 Optimal plants for production of zero-carbon H2 with state-of-the-art 
technologies  

ETH  

MS2.2 D1.3.2 Optimal plants for production of zero-carbon H2 with adsorption-based 
technologies  

ETH  

MS2.3 - Modelling of Mont Terri experiments   SCCER  

MS2.4 D2.5.5 Thermal-hydraulic-chemical (THC) simulations of CO2-based geothermal 
energy systems, including CPG systems  

SCCER  

MS2.5 D3.2.1 Regulatory, fiscal, and macro-economic background  FC  

MS2.6 D3.4.1 Business case development for H2-CCS integrated chains  FC  

MS2.7 D4.2.1 Definition of quantifiable environmental, economic and operability metrics 
for all H2CCS chain sections and model components  

PSI  

MS2.8 D4.5.2 Overall design and operational toolkit  PSI  

MS3.1 D5.3.1 H2 production from biogas and bio-mass in Switzerland: technical 
evaluation, potential estimation and comparison with H2 production from 
electrolysis, including focus on infrastructure for decarbonising transport  

ETH  

MS3.2 D5.3.4 Improved DACCS for accelerating CO2 storage and geothermal 
applications, including life cycle analysis of DACCS compared to biomass-
based H2-CCS  

CW/PSI  

MS3.3 D2.4.3 Risk assessment and de-risking strategies for geothermal and CO2 storage 
sites  

SCCER  

MS3.4 D5.3.2 Screening of underground sites in Switzerland for geothermal and CO2 
storage applications and combinations thereof (CPG), with emphasis on de-
risking storage  

SCCER  

MS3.5 D5.3.3 Energy production via coupled CO2 storage and geothermal in Switzerland, 
including quantification of Swiss H2-CCS chain performance  

SCCER  

MS3.6 D5.3.5 Societal perspective: Potential and role of clean H2 for road transportation 
and DACCS as enabler of geothermal and CO2 storage applications in the 
Swiss society  

SCCER  

MS3.7 D5.3.6 Energy model analysis of the role of H2-CCS systems in Swiss energy 
supply and mobility with quantification of economic and environmental 
trade-offs, including market assessment and business case drafts  

PSI  
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