
STUTTGARTER BEITRÄGE ZUR PRODUKTIONSFORSCHUNG

 Johannes Full

»Techno-Economic Analysis of  

Hydrogen Production from Biomass  

with Carbon Capture and Storage«



 

 

 

 

 



 

  

STUTTGARTER BEITRÄGE ZUR PRODUKTIONSFORSCHUNG BAND 164 

 

 

 

 

 

 

 

Johannes Full 

 

»Techno-Economic Analysis of Hydrogen Production from Biomass with Carbon 

Capture and Storage« 

 
 
 
 
 
 
 
 
 
 
 
Herausgeber 
 
Univ.-Prof. Dr.-Ing. Thomas Bauernhansl1,2 
Univ.-Prof. Dr.-Ing. Dipl.-Kfm. Alexander Sauer1,3 
Univ.-Prof. Dr.-Ing. Kai Peter Birke4 
Univ.-Prof. Dr.-Ing. Marco Huber1,2 
 
1 Fraunhofer-Institut für Produktionstechnik und Automatisierung IPA, Stuttgart 
2 Institut für Industrielle Fertigung und Fabrikbetrieb (IFF) der Universität Stuttgart 
3 Institut für Energieeffizienz in der Produktion (EEP) der Universität Stuttgart 
4 Institut für Photovoltaik (ipv) der Universität Stuttgart  



 

Kontaktadresse: 

Fraunhofer-Institut für Produktionstechnik und Automatisierung IPA 
Nobelstr. 12 
70569 Stuttgart 
Telefon 0711 970-1100 
info@ipa.fraunhofer.de 
www.ipa.fraunhofer.de 
 
 
 
 
 
 
 
Bibliographische Information der Deutschen Nationalbibliothek 

Die Deutsche Nationalbibliothek verzeichnet diese Publikation in der  
Deutschen Nationalbibliographie; detaillierte bibliografische Daten sind im Internet über 
http://dnb.de abrufbar. 
 
Zugl.: Stuttgart, Univ., Diss., 2023 
 

D 93 
 
 
 
 
2024 
 
 
 
 
 
 
Druck und Weiterverarbeitung: 

Fraunhofer Verlag Mediendienstleistungen, Stuttgart, Jahr des Drucks 
Für den Druck des Buches wurde chlor- und säurefreies Papier verwendet. 
 
 

 
Dieses Werk steht, soweit nicht gesondert gekennzeichnet, 
unter folgender Creative-Commons-Lizenz:  
Namensnennung  Nicht kommerziell  Keine Bearbeitungen   
International 4.0 (CC BY-NC-ND 4.0).  

https://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

 

 

Techno-Economic Analysis of Hydrogen Production from 

Biomass with Carbon Capture and Storage 

Von der Fakultät Energie-, Verfahrens- und Biotechnik  

der Universität Stuttgart  

zur Erlangung der Würde eines Doktor-Ingenieurs (Dr.-Ing.) 

genehmigte Abhandlung  

 

Vorgelegt von 

Johannes Simon Full 

aus Ravensburg 

 

Hauptberichter:  Univ.-Prof. Dr.-Ing. Dipl.-Kfm. Alexander Sauer  

Mitberichter:  Prof. Dr. Iris Lewandowski 

  

Tag der mündlichen Prüfung: 23.10.2023 

 

Institut für Energieeffizienz in der Produktion  

der Universität Stuttgart 

2023  



 

 

 

 



 

  

Vorwort des Autors 

Die vorliegende Dissertation entstand während meiner wissenschaftlichen Tätigkeit am 

Fraunhofer-Institut für Produktionstechnik und Automatisierung IPA in Stuttgart und am 

Institut für Energieeffizienz in der Produktion der Universität Stuttgart (EEP). Das 

anspruchsvolle, innovative und kollegiale Umfeld dieser Institutionen bildeten den idealen 

Rahmen für diese Arbeit. 

Für die Möglichkeit zur Promotion, das Vertrauen in meine Arbeit, die fachliche und 

persönliche Förderung sowie die freundliche und konstruktive Hilfe gilt mein Dank in erster 

Linie meinem Doktorvater, Univ.-Prof. Dr.-Ing. Dipl.-Kfm. Alexander Sauer, dem Leiter des 

Instituts für Energieeffizienz in der Produktion und des Fraunhofer-Instituts für 

Produktionstechnik und Automatisierung IPA. Besonderer Dank gilt außerdem meinen 

Wegbegleiterinnen und Wegbegleitern am Fraunhofer IPA. Besonders hervorheben möchte 

ich Dr.-Ing. Robert Miehe für die lehrreiche Zusammenarbeit, sein Vertrauen und die 

Förderung meiner persönlichen und fachlichen Entwicklung im industrienahen 

Forschungsumfeld. Sonja Ziehn, Marcel Geller, Steffen Merseburg und Tobias Schließ für 

zahlreiche Diskussionen und die Unterstützung bei der Ausarbeitung der dieser Dissertation 

zugrundeliegenden Publikationen. Steffen Kiemel, Lara Waltersmann, Alexander Emde, 

Lennard Sielaff und Anne-Kathrin Nuffer für den kollegialen und freundschaftlichen 

Zusammenhalt.   

Bei Frau Prof. Iris Lewandowski, der Leiterin des Fachgebiets Nachwachsende Rohstoffe in der 

Bioökonomie der Universität Hohenheim, möchte ich mich herzlich für die Übernahme des 

Korreferats und der wissenschaftlichen Begleitung der Arbeit bedanken. Für die Übernahme 

des Vorsitzes der Prüfungskommission danke ich Herrn Prof. Robin Ghosh, dem Leiter der 

Abteilung Bioenergetik des Instituts für Biomaterialien und biomolekulare Systeme der 

Universität Stuttgart.  

Herzlichst bedanke ich mich bei meiner gesamten Familie und meinem privaten Umfeld für 

die Unterstützung und den bedingungslosen Rückhalt. Insbesondere gilt meine tiefe 

Dankbarkeit Alexandra und meinen Eltern Martha und Jürgen. 



 

 



 

  

Inhaltsverzeichnis 

Nomenclature ............................................................................................................................ 8 

List of Figures ........................................................................................................................... 10 

Kurzfassung .............................................................................................................................. 12 

Abstract .................................................................................................................................... 14 

1 Introduction .................................................................................................................... 16 

1.1 Initial Situation ........................................................................................................... 16 

1.2 Problem and Objective .............................................................................................. 19 

1.3 Structure of the Work ................................................................................................ 21 

1.4 Philosophy of Science ................................................................................................ 26 

2 The HyBECCS Concept .................................................................................................... 28 

2.1 Summary of Paper A: Conceptualization of the technology approach ..................... 29 

2.2 Summary of Paper B: Exemplary implementation characteristics ............................ 32 

3 Assessment Fundamentals ............................................................................................. 34 

3.1 Summary of Paper C: Techno economic and environmental assessment ................ 35 

3.2 Summary of Paper D: Bioenergy and greenhouse gas mitigation potential ............. 39 

4 Exemplary Assessment ................................................................................................... 42 

4.1 Summary of Paper E: Exemplary techno-economic assessment ............................... 43 

5 Contributions Overview .................................................................................................. 46 

6 Critical Reflection and Limitations .................................................................................. 48 

7 Summary and Outlook .................................................................................................... 54 



 

 

8 Literature ......................................................................................................................... 62 

Appendix A: Paper A ................................................................................................................. 72 

Appendix B: Paper B ................................................................................................................. 96 

Appendix C: Paper C ............................................................................................................... 114 

Appendix D: Paper D ............................................................................................................... 140 

Appendix E: Paper E ................................................................................................................ 164 

 

  



 

  

 

°C Degrees celsius 

BECCS Bioenergy with carbon capture and storage 

Biohydrogen Hydrogen obtained from biogenic resources 

BW Baden-Wuerttemberg 

CapEx  Capital expenditures 

CCS Carbon dioxide capture and storage 

CDR Carbon dioxide removal 

CNH Carbon-negative hydrogen 

CO2 Carbon dioxide 

CRC Carbon dioxide removal certificates 

CS Carbon dioxide storage 

CU Carbon dioxide use 

DACCS Direct air carbon dioxide capture and storage 

DF Dark fermentation 

DIC Direct and indirect costs  

DP Dark photosynthesis 

FRG Federal republic of Germany 

GHG Greenhouse gas 

H2 Hydrogen  

HyBECC Hydrogen bioenergy with carbon dioxide capture 

HyBECCS Hydrogen bioenergy with carbon dioxide capture and storage 

HyBECCU Hydrogen bioenergy with carbon capture and use 

IPCC Intergovernmental panel on climate change 

KPI Key performance indicator 

LCA Life cycle assessment  

LCCNH Levelized costs of carbon-negative hydrogen 

8



 

 

LCNE Levelized costs of negative emissions 

LCOE Levelized Cost of Energy  

LCSC Levelized costs of stored carbon dioxide 

LHV Lower Heating Value 

NET Negative emission technology 

OpEx Operational expenditures 

R. rubrum Rhodospirillum rubrum 

SR Steam reforming 

TPC Total plant costs 

TRL Technology Readiness Level  

 

 

 

9



 

  

 

Figure 1-1 Science systematics (Ulrich 1976, p. 305) 22 

Figure 1-2 
Seven steps of the research process according to  
(Ulrich 2001, p.195) and connecting points of this work 26 

Figure 5-1 Structure and connections of the results of the work 46 

Figure 7-1 
Summary of the work: Main structure, paper contributions and 
connecting points to the research questions 55 

 

  

10



 

 

  

  

 

 

 

 

11



 

  

 

Auf dem Weg zu klimaneutralen Systemen muss zukünftig neben der Reduktion von 

Treibhausgasemissionen auch Kohlenstoffdioxid (CO2) aus der Atmosphäre entfernt werden. 

Eine vielversprechende Option dafür bieten Technologien, die Bioenergieerzeugung mit CO2-

Abscheidung und -speicherung koppeln (BECCS). In dieser Arbeit wird ein Technologiekonzept 

für BECCS vorgestellt, bei dem der Energieträger Wasserstoff aus biogenen Rohstoffen 

produziert wird: Biowasserstofferzeugung mit Kohlenstoffdioxidabscheidung und -

speicherung (HyBECCS, engl. hydrogen bioenergy with carbon capture and storage). Für das 

HyBECCS-Konzept bestehen keine technologiespezifischen Möglichkeiten der techno-

ökonomischen Bewertung. Standardisierte Bewertungsgrundlagen sind jedoch notwendig, 

damit potenzielle Anwender und Investoren bei ihren unternehmerischen 

Entscheidungsprozessen im Hinblick auf den Technologieeinsatz in der Praxis unterstützt 

werden können. Auch politische Rahmenbedingungen und Qualifizierungssysteme für 

öffentliche Subventionen können damit gezielt verbessert werden. Die in der vorliegenden 

Arbeit entwickelte Lösung stellt methodische Grundlagen für die techno-ökonomische 

Bewertung von HyBECCS-Technologien zur Verfügung. Dazu gehören einheitliche 

Systemgrenzen für ökologische und ökonomische Bilanzierungen und darauf aufbauende 

Kennzahlen. Diese können für Vergleiche mit anderen Wasserstoffproduktions- und 

Negativemissionstechnologien eingesetzt werden. Eine Besonderheit dabei ist, dass die 

Kennzahlen neben konventionellen betriebswirtschaftlichen Kriterien auch 

gesamtwirtschaftliche Auswirkungen integrieren, die aus den Treibhausgasemissionen und -

reduktionen der zu bewertenden Technologien resultieren. Anhand eines exemplarischen 

Anschauungsbeispiels wird eine techno-ökonomische Analyse mit Hilfe dieser Kennzahlen 

durchgeführt. Dabei wird gezeigt, dass die erarbeiteten theoretischen Grundlagen in der 

Praxis einsetzbar sind.     
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In addition to reducing greenhouse gas emissions, it is inevitable to remove carbon dioxide 

(CO2) from the atmosphere to achieve climate-neutrality. Promising options for this purpose 

are negative emission technologies (NETs) that couple bioenergy production with carbon 

capture and storage (BECCS). In this paper, a novel technology concept for BECCS is introduced 

with the peculiarity that the energy carrier hydrogen is produced from biogenic sources: 

hydrogen bioenergy with carbon capture and storage (HyBECCS). For the HyBECCS concept, 

no possibilities for technology-specific assessment exist. However, standardized evaluation 

fundamentals are necessary to support potential users and investors in their entrepreneurial 

decision-making processes. They are of great importance with regard to the technical 

implementation of HyBECCS technologies. Additionally, political framework conditions and 

qualification systems for public subsidies could also be improved in a more targeted way. The 

solution developed in this doctoral thesis provides a methodological basis for techno-

economic assessment of HyBECCS technologies. It includes uniform system boundaries for 

ecological and economic balancing and key performance indicators (KPIs). The KPIs can be 

applied to compare HyBECCS technologies with other hydrogen production technologies and 

NETs. In addition to conventional economic criteria, these indicators integrate 

macroeconomic effects resulting from the GHG emissions and reductions as a special feature. 

On the basis of an exemplary HyBECCS implementation project, a techno-economic analysis is 

carried out with the help of these KPIs. It is shown that the theoretical principles developed 

can be applied in practice.  
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1.1  Initial Situation 

Human-induced climate change and related rise in weather and climate extremes have 

already led to irreversible impacts on ecosystems and infrastructure. These impacts are 

related to socioeconomic consequences like reduced food and water security (IPCC 2022a, p. 

9). Near-term actions that limit global warming to close to 1.5°C above pre-industrial levels 

would substantially reduce further damages related to climate change (IPCC 2022a, p. 13).  

Without deep reductions in carbon dioxide and other greenhouse gas emissions in the coming 

decades, global warming of 1.5°C will very likely be exceeded during the 21st century (IPCC 

2021a, p. 14). Considering the reduction of GHG emissions, there are feasible and effective 

mitigation measures. Within energy system transitions, decentralized renewable energy 

generation is among the options (IPCC 2022a, p. 25). In this area, hydrogen (H2) can play a key 

role. Renewable generation possibilities as well as a wide range of applications in different 

sectors like heavy-duty transport and heat or power supply make H2 a promising option (Kovac 

et al. 2021). It can be generated with low GHG emissions, for example, by water electrolysis 

using renewable electrical energy or from organic residual and waste materials using 

thermochemical or biotechnological conversion technologies (Turner 2004, Nikolaidis & 

Poullikkas 2017). Hydrogen obtained from biogenic resources can be referred to as 

biohydrogen (Bhatia 2014).  

In addition to GHG emission reductions, carbon dioxide removal (CDR) from the atmosphere 

in the order of 100-1000 GtCO2 over the 21st century will very likely be unavoidable to limit 

global warming to 1.5°C (IPCC 2018a, p. 17). CDR aims to compensate for residual emissions 

to reach net zero CO2 or net zero GHG emissions (IPCC 2021a, p. 29). This is a requirement for 

stabilizing GHG-induced global temperature increase (IPCC 2021a, p. 30). Carbon dioxide 

capture and storage (CCS) technologies make this possible, but only if the CO2 is of biogenic 
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or atmospheric origin. CCS alone does not remove CO2 from the atmosphere (IPCC 2021b, p. 

2218). Biogenic carbon dioxide can be obtained from biomass conversion, i.e. during 

bioenergy production (BECCS). Atmospheric CO2 can be captured directly from ambient air 

using direct air carbon capture and storage (DACCS) approaches. Besides BECCS and DACCS, 

there are different CDR measures. Among them are afforestation, reforestation, soil carbon 

management and biochar (IPCC 2021b, p. 242). Known storage options for CO2 include 

geological storage in salt rock formations or depleted natural gas and oil fields. Storage of CO2 

in deep, onshore or offshore geological formations has been proven economically feasible 

under specific conditions for oil and gas fields and saline formations (IPCC 2005, p. 6).  

The concept of BECCS rests on the premise that bioenergy production is carbon neutral. This 

means that as much CO2 is captured from the air when growing biomass as is released by 

combustion or conversion. If this biogenic CO2 is captured and stored, the net effect is a 

removal of CO2 from the atmosphere or negative emissions (IPCC 2021b, p. 763). BECCS is 

constrained by sustainable biomass availability, but it is estimated to have a worldwide 

potential to remove 1 85 GtCO2 from the atmosphere in 2050 (IPCC 2018b, p. 342-343). This 

range can be narrowed to 0.5 5 GtCO2 per year (Fuss et al. 2018, p. 31). In Europe, the 

potential for CDR through BECCS is estimated at 200 MtCO2 per year (Rosa et al. 2021) and for 

the Federal Republic of Germany (FRD), a potential of approx. 62 MtCO2 per year is estimated 

(Borchers et al. 2022, p. 19). As stated in the Climate Change Act of the FRD, the annual 

greenhouse gas emissions have to be reduced by 88 percent compared to 1990 until 2040 and 

reach net neutrality in 2045 (FOJ 2021). Looking at the last step towards GHG neutrality from 

2040 2045, an annual amount of about 130 MtCO2eq of remaining GHG emissions would, 

therefore, need to be able to be reduced or removed from the atmosphere within five years.  

In this work, a new concept for BECCS is introduced with the special characteristic that 

hydrogen is produced. Biohydrogen production technologies generating biogenic CO2 as a by-

product are suitable for CDR and generate negative GHG emissions. The co-generation of 

biogenic CO2 applies to most of the known biohydrogen technologies, e.g. photofermentation 

(Singh et al. 2017, p. 14, p. 106), dark fermentation (Singh et al. 2017, p. 59, p. 212), pyrolysis 

(Singh  et al. 2017, p. 219-220), microbial electrolysis (Singh  et al. 2017, p. 215) and 

biomethane steam reforming (Singh  et al. 2017, p. 272).  

17



 

 

The HyBECCS negative emission technology concept introduced in this work combines 

biohydrogen production from renewable biomass, preferential biogenic residual and waste 

materials, with CCS. A basis for techno-economic assessment of technologies related to this 

concept is elaborated. The assessment allows the comparison of HyBECCS technologies among 

themselves and to other hydrogen production technologies or NETs. It is applied to the 

example of a specific HyBECCS technology implementation project. This is an important step 

for the understanding of the HyBECCS concept and its impacts and, therefore, supports its 

potential transfer into broad implementation.  
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1.2  Problem and Objective 

Individual technology combinations for biohydrogen production with carbon capture and 

storage have already been described. Examples are based on biomass gasification (Susmozas 

et al. 2016) or biomethane reforming (Antonini et al. 2020), for instance. However, a 

comprehensive technology concept that generically describes technical implementation 

options, peculiarities and prerequisites for HyBECCS has not yet been specified. 

Further, because there is no description basis, individual HyBECCS technologies are not yet 

sufficiently comparable and assessable from a techno-economic point of view. Techno-

economic assessments should enable the analysis of monetary costs and benefits of a 

particular technology or process to determine the economic feasibility and to compare 

different options. For HyBECCS technologies, there are no specific assessment fundamentals 

available for this purpose. Abstractions, standardizations and uniform system boundaries have 

not yet been elaborated. However, private and public investments depend on objective 

techno-economic comparability. Hence, there is a lack of conceptual techno-economic 

assessment fundamentals and guidelines for HyBECCS technologies that could serve as an 

important basis for their transfer to wider application.  

Appropriate and standardized key performance indicators (KPIs) are necessary to techno-

economically compare individual technologies with competing ones in the market 

environment. They are inevitable for analyzing and specifically improving the relative 

economic performance of upcoming and existing technologies. However, to depict the added 

value for society, it should further be possible to include societal costs in the assessment. This 

is particularly important in the case of technology concepts that promise additional 

socioeconomic benefits. As the HyBECCS concept intends to generate such benefits through 

avoiding economic damage related to climate change, it is particularly important to assess 

these technologies. Possibilities to integrate the impacts of HyBECCS technologies through 

GHG emission reductions or removals into techno-economic KPIs do not yet exist. However, 

this is an essential precondition for understanding the economic impacts holistically. The 

realization of the socioeconomic potentials of future technologies can be supported by 
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comprehensive and holistic assessment metrics, which serve as a necessary basis for designing 

policy frameworks and qualification systems for public funding.  

Hence, the objective of this work is to establish a basis for techno-economic assessment of 

HyBECCS processes. This basis should enable a comparison of HyBECCS technologies with each 

other and with other hydrogen production technologies and NETs in terms of their techno-

economic performance. It thus should serve technology providers and investors as a basis for 

decision-making. Moreover, it should be possible to consider aspects of climate protection 

and resulting economic impacts to serve as a guideline for political and societal decision-

making. For this purpose, technical abstractions and prerequisites, suitable system boundaries 

and KPIs are intended to be identified or defined in this scientific work.  

According to Kubicek, a central aspect of science is formulating research questions. The 

legitimacy of research questions is based on the knowledge that can be gained by answering 

them (Kubicek 1977, p. 14-16). Hence, the following central research question and the 

associated five sub-questions are derived from the objectives described above: 

How can HyBECCS technologies be assessed techno-economically? 

1. What is the HyBECCS concept? 

2. Which requirements have to be fulfilled to qualify as HyBECCS technologies? 

3. Which system boundaries are suitable for HyBECCS technologies to balance monetary, 

mass and greenhouse gas emission flows? 

4. How can the economic impact of the greenhouse gas balance be incorporated into the 

techno-economic evaluation of HyBECCS processes? 

5. Which key performance indicators are suitable for techno-economic assessment of 

HyBECCS technologies? 

The sub-questions build on each other in the sequence shown. The main research question 

can be answered conclusively from the results of the answers to the sub-questions.    
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1.3  Structure of the Work 

The research conducted as part of this dissertation can be assigned to the research process 

according to Ulrich, as shown in Figure 1-2 below (Ulrich 2001, p. 195). The seven single steps 

of this process are linked to the chapters of this thesis, as illustrated. Since this is a cumulative 

dissertation, essential contents have already been published in the five scientific papers (A-E) 

listed below.  

 Paper A: Full, Johannes; Merseburg, Steffen; Miehe, Robert; Sauer, Alexander, 2021. 

A new perspective for climate change mitigation  introducing carbon-negative 

hydrogen production from biomass with carbon capture and storage (HyBECCS). In: 

Sustainability 13.7 (2021): 4026. doi:10.3390/su13074026 

 Paper B: Full, Johannes; Hohmann, Silja; Ziehn, Sonja; Gamero, Edgar; Schließ, Tobias; 

Schmid, Hans-Peter; Miehe, Robert; Sauer, Alexander, 2023. Perspectives of Biogas 

Plants as BECCS Facilities: A Comparative Analysis of Biomethane vs. Biohydrogen 

Production with Carbon Capture and Storage or Use (CCS/CCU). 

In: Energies 2023, 16, 5066. doi: 0.3390/en16135066 

 Paper C: Full, Johannes; Ziehn, Sonja; Geller, Marcel, Miehe, Robert; Sauer, Alexander, 

2022. Carbon negative hydrogen production: Fundamentals for a techno economic 

and environmental assessment of HyBECCS approaches.   

In: GCB Bioenergy 14.5 (2022): 597-619. doi:10.1111/gcbb.12932 

 Paper D: Full, Johannes; Trauner, Mathias; Miehe, Robert; Sauer, Alexander, 2021. 

Carbon-Negative Hydrogen Production (HyBECCS) from Organic Waste Materials in 

Germany: How to Estimate Bioenergy and Greenhouse Gas Mitigation Potential. In: 

Energies 14.22 (2021): 7741. doi: 10.3390/en14227741 

 Paper E: Full, Johannes; Geller, Marcel; Ziehn, Sonja; Schließ, Tobias; Miehe, Robert; 

Sauer, Alexander, 2023. Carbon-Negative Hydrogen Production (HyBECCS): An 

Exemplary Techno-Economic and Environmental Assessment  

In: International Journal of Hydrogen Energy, doi: 10.1016/j.ijhydene.2023.09.252 
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The basic chapter structure and the interconnections to the research process are explained in 

the following. References to the research questions are made in each case, and the 

contributions made in the respective research publications (A-E) are described briefly. 

Figure 1-1 Seven steps of the research process according to (Ulrich 2001, p.195) and connecting points of this work.

The work begins and ends in practice and is mainly focused on investigating of the application 

context (Ulrich 1981, p.19). In chapter 1, the practice-relevant problems are identified first. 

This starts with a description of the initial situation and motivation for the research to be 

conducted. Problems resulting from human-induced climate change and the novel

technological HyBECCS approach to support its mitigation are derived. Moreover, the research 

gap of insufficient assessability for this approach is explained briefly. This is followed by the 

elaboration of the philosophy of science assigning the work in a scientific-theoretical context 

to the applied sciences in general, and to technical sciences in particular. A more detailed 

specification of the research gaps is conducted thereafter and objectives are deducted. These 

serve to derive the research questions to be answered in this work. The main question of how 

to assess HyBECCS technologies from a techno-economic perspective is thereby divided into 

five sub-questions. The respective answers lead to a holistic view of the answer to the 

superordinate question.
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In the second chapter, the HyBECCS concept is introduced, and its associated scientific 

foundations are defined and described from a technological point of view. Following the first 

step of the research process according to Ulrich, theories and techniques from the 

fundamental and the formal sciences are identified (Ulrich 2001). These include, in particular, 

physical and biological knowledge. Significant generic contributions to this part are covered in 

Paper A (Full et al. 2021a). It summarizes the state of the art in science and technology for 

biohydrogen production as well as for NETs focusing on BECCS and carbon dioxide 

sequestration options. Further, the HyBECCS technology concept is defined generically and 

subdivided into four basic process steps to be implemented with different technology options. 

It further provides initial estimates of the technological potential for climate protection and 

considerations of the economic viability of the HyBECCS concept.  An additional contribution 

on specific application peculiarities is made in Paper B (Full et al. 2023a). Herein, the focus is 

laid on retrofitting existing biogas plants using biogas steam reforming technology. The 

technical implementation is described and trade-offs for this approach are discussed. The first 

and second research sub-questions (cf. Section 1.2) are addressed in chapter 2, introducing 

and describing the HyBECCS technology concept and defining basic requirements for 

technological implementation options.  

In the third chapter, the fundamentals for techno-economic assessment of HyBECCS 

technologies are elaborated. Referring to the research process, the relevant application 

context for this purpose is identified first. As summarized in section 1.2, the results are 

intended to support investors, technology providers and policy makers in their decision-

making processes. Assessment criteria, design rules and models are derived and advices for 

application in practice are elaborated. The main contributions to this part are covered in Paper 

C (Full et al. 2022b). Results are uniform system boundaries and KPIs enabling comparison of 

HyBECCS technologies with other hydrogen production technologies and NETs. Additional 

contributions are made in Paper D (Full et al. 2021b), outlining terminologies for waste 

classification and giving methodological advice for substrate selection and bioenergy potential 

estimation for HyBECCS technologies. Research sub-question 2 is intended to be conclusively 

answered in this chapter by providing an in-depth understanding of the state of the art for the 

HyBECCS concept and concretizing the verification of the technical requirements defined. Sub-
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questions 3, 4 and 5 are addressed, providing basic fundamentals for techno-economic 

assessment of HyBECCS technologies. These include uniform system boundaries with 

standardized material, monetary and GHG emission flows as well as KPIs. Impacts on global 

climate and their economic correlations are particularly considered.  

Chapter 4 is a conclusion chapter summarizing the outcomes of the previous chapters and 

applying the techno-economic assessment fundamentals. Following the research process 

according to Ulrich (2001), the rules and models are validated in the context of application. 

An exemplary HyBECCS implementation project is defined for this purpose. Further practice 

advice can be derived from the validation example by concretizing the procedures to 

determine and analyze the relevant KPIs on the basis of the practical application example. The 

contributions to this part are described in Paper E (Full et al. 2023b). Research sub-questions 

2, 3, 4 and 5 are considered to be answered conclusively in this chapter through application 

validation. The system boundaries with standardized material, monetary and GHG emission 

flows defined in Paper C are applied for this purpose. The KPIs are derived and analyzed. The 

example technology can be compared with other hydrogen production technologies and NETs 

considering the economic effects resulting from GHG emissions and removals. 

In chapter 5, the interrelationships between the single contributions (Paper A-E) are outlined, 

and the common thread of the work is described for a better understanding of the overall 

context of the results.  

In chapter 6, all results elaborated in chapters 2-4 are discussed, and the limitations for their 

application are explained. This contributes to the seventh step in the research process, 

providing practice advice. It contributes to answering research sub-question 5, especially in 

terms of applicability constraints. 

Chapter 7 summarizes the results of the work and explains its core findings. The significance 

of the results for scientific advancement and practice application is outlined. With regard to 

the research process, concluding advice for practice in terms of holistic application possibilities 

of the findings is provided. This advice, however, does not represent a temporal end point. It 

must be understood as a constantly recurring phase, as envisaged by Ulrich (Ulrich 1981, p. 

21). In the sense of this iterative character of the overall research process, advice for further 
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scientific development of the results obtained is given. All substantial results are explained in 

terms of their contributions to answering the five research sub-questions. The main research 

question defined for this thesis can finally be answered by recapitulating the essential findings 

and resuming the answers to the sub-questions in a superordinate overall context.  
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1.4 Philosophy of Science

In the common understanding, science intends to explain states and events of reality by 

attributing them to the validity of general laws (Ulrich 2001, p. 169). However, it can also be 

applied to the systematic derivation of recommendations for human action (Ulrich 2001, p.

170). In general, the science process can be defined as systematic thinking that takes place 

according to specific rules. As there are no common criteria for those rules, they result in a 

consensus problem. However, this consensus problem can be addressed by science 

systematics. Science systematics provide classifications into science categories. These allow 

guidance to examine the rules attached to individual science categories more specifically. 

Figure 1-1 shows the essential fundamentals of science systematics according to Ulrich and 

Hill (Ulrich & Hill 1976, p. 305). In the following, these systematics are explained and related 

to the present work to understand the objectives and its position in the context of science 

philosophy. 

Figure 1-2 Science systematics (Ulrich & Hill 1976, p. 305)

As illustrated in Figure 1-2, science can generically be subdivided into formal and real sciences. 

In formal sciences, constructing languages or character systems with rules for their use is the 

objective. Thereby, no reference to reality exists and the findings can only be checked for their 

logical truth. Real sciences describe, explain and shape empirically perceivable sections of 

reality. The findings must be checked for their truth from a logical and a factual point of view. 

Real science precisely describes new forms of thinking according to certain rules and 
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generalizes them. Hence, they always need formal sciences as a prerequisite. (Ulrich & Hill 

1976, p. 305-306)  

Among real sciences, a distinction can be made between fundamental and applied sciences. 

In fundamental sciences, the explanation is their key focus and explanatory models are 

formed. The applied sciences analyze human action alternatives for the design of social and 

technical systems. For this purpose, decision models or processes are developed. An applied 

science must be able to provide appropriate design models and rules for changing social reality 

in complex social systems (Ulrich 2021, p. 192). Problems of applied research originate outside 

of science in practice. The problem to be investigated is not the validity of theories but the 

applicability of models and rules to support human behavior in practice (Ulrich 2001, p. 2020).  

Therefore, the central task of the applied sciences is the study of the application context. It 

expresses itself in practice, since that is where problems arise, and their solutions are realized. 

Practice can be defined as human action or, more broadly, their behavior and the effects that 

result from it. The application of scientific knowledge, as it also takes place in this work, deals 

with human action or behavior and impacts and provides solutions for changing social reality. 

(Ulrich 1981, p. 7) 

The technical sciences can be located between fundamental and applied sciences. They aim 

at the research and development of artificial artifacts with the goal of testing a practical 

functionality (Ropohl 2009, p. 161-162). In a broader sense, the artifact and the actual and 

possible actions associated with it and their forms of organization must be encompassed 

(Kornwachs 2011, p. 140). 

Due to the practical relevance and the main outcome of an applicable basis for technology-

specific assessment of a novel technology concept, the present work can be assigned to the 

applied sciences. It aims to provide appropriate design models and rules for changing social 

reality in a complex social system. A generalizing abstraction of the novel technology concept 

is derived to test and support the practical implication of individual cases within this concept 

through the provision of a standardized assessment basis. In particular, the work is also linked 

to technical sciences as the actual and possible actions associated with the technology concept 

belong to the application context.  
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2  

The HyBECCS (hydrogen bioenergy with carbon capture and storage) technology concept 

combines biohydrogen production from renewable biomass, preferential waste and residues, 

with carbon dioxide capture and storage. In this chapter, the technological fundamentals are 

explained, and implementation options are described. 

In Paper A, the basic concept is introduced and the state of the art from a technical point of 

view is explained. The technology concept is divided into four generic process steps, for each 

of which different technology options can be selected. Technical requirements for the 

suitability of the options are established and peculiarities are analyzed. The state of the art on 

biohydrogen production and NETs is elaborated. Additionally, general perspectives for 

HyBECCS from economic and ecological points of view are outlined.  

Paper B emphasizes a technical implementation option of the HyBECCS concept based on 

modifying existing biogas plants with biogas steam reforming.  
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2.1  Summary of Paper A: Conceptualization of the technology 
approach 

Paper A (Full et al. 2021a) introduces the basic approach of the HyBECCS concept. It starts with 

deriving the role of negative emissions and hydrogen in energy transition and climate change 

mitigation activities. Thereafter, the state of the art in science and technology for hydrogen 

technologies and NETs is elaborated. A special focus is placed on biohydrogen production 

technologies and BECCS approaches. It is made clear that the HyBECCS concept can be 

implemented in various technological ways.  

For better understanding, it is divided into four steps: biomass pretreatment (1), biohydrogen 

production (2), product gas separation (3), and their processing (4). All steps are 

interdependent and can be performed by different technology options. For the selection of 

the substrate biomass, it is suggested to use residual and waste materials. However, their 

suitability depends on the technology choices for the pretreatment and biohydrogen 

production steps. Considering biohydrogen production, it is a necessary condition that carbon 

dioxide is produced as a by-product. This applies to most of the biohydrogen production 

technologies known. CO2 storage options include geological storage in salt rock formations or 

depleted natural gas and oil fields, for instance. 

As HyBECCS is introduced as a NET concept, the entire HyBECCS process chain, including 

biomass supply, the use of hydrogen and storage of CO2, must have a negative GHG balance. 

This is an essential basic requirement for HyBECCS technologies, which is explained in more 

detail in chapter 3. If this prerequisite is fulfilled, the hydrogen produced can be referred to as 

carbon-negative hydrogen (CNH).  

In comparison to other NET approaches, the potential advantages of HyBECCS from a technical 

point of view are derived. Compared to direct air carbon capture and storage (DACCS), the 

main advantage of HyBECCS and BECCS in general is the energy-efficient capture of CO2 from 

a highly concentrated point source. A disadvantage, however, are ecological and social 

problems that can arise from biomass recovery. Compared to other BECCS approaches that 

produce hydrocarbon-based energy carriers, the theoretical relative carbon dioxide removal 

potential of HyBECCS technologies is higher. For example, in biogas or biomethane production 
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with carbon capture and storage (CCS), a stoichiometric fraction of the carbon from the 

biomass remains in the energy carrier methane (CH4). This carbon is usually distributed, e.g. 

as fuels for transport applications or heating, and emitted as CO2 during biogas or biomethane 

combustion. The distribution complicates the capturing of the GHG. In HyBECCS projects, the 

carbon-free energy carrier H2 is produced (and distributed), and CO2 can be captured centrally 

at the biohydrogen plant site as a point source. Thus, the main technical advantage of 

HyBECCS is the thermodynamically efficient capture of a large share of CO2 from biomass. 

Further, the role of HyBECCS in future energy systems is analyzed. Key societal and 

technological drivers are discussed. At the example of the FRD, ecological impacts on GHG 

emissions for Germany are estimated briefly. The determination is based on the example of 

dark fermentation (DF) as the biohydrogen production technology choice. A theoretically 

possible annual production capacity of hydrogen in the amount of about 9.9 19.9 TWh/a is 

therefore adopted from Weide et al. (2020, p. 6) for the reference year of 2030. This 

assumption is based on estimates for theoretically available biogenic residual materials in 

Germany derived from Brosowski et al. (2016, p. 266-268) and shows how high the theoretical 

H2 potential through DP would be if all available waste streams were used. The average value 

for the theoretical hydrogen yield per ton of residual materials is therefore assumed to be 90 

- 180 litres of hydrogen per kilogram of organic dry matter according to Weide et al. (2019, p. 

24114-24117). Based on this data, an initial estimation of the theoretical maximum emission 

reduction potential through substituting natural gas could be made, resulting in an amount of 

2.0 4.0 Mio. tCO2eq/a. However, alternative uses and competition for biomass are not taken 

into account in this analysis. Since all types of biomass are limited and can have multiple end 

uses, as analyzed by the European Environment Agency (EEA 2023, pp. 19-21), for example, 

this leads to resource conflicts and trade-offs. These are not taken into account in this 

example, thus these results can only be considered and classified with these limitations in 

mind, as explained further in chapter 6. Refinement of the theoretical potential to a 

sustainable potential through further work is strongly recommended by the author of this 

thesis. In addition, GHG emissions from biomass production, transport and pretreatment, the 

biohydrogen production process and hydrogen distribution and usage, as well as for the 

carbon dioxide capturing, transport and storage are neglected. Based on stoichiometric 
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conditions, the same amount of biogenic CO2 (in moles) as hydrogen produced is assumed to 

be generated through dark fermentation. This number leads to the potential estimation for 

capturable and storable biogenic CO2. It also represents the maximum possible potential for 

negative GHG emissions, which is determined at 6.4 13 Mio. tCO2/a. The total ecological 

potential in terms of GHG emissions sums up to 8.49  17.06 Mio. tCO2eq/a of maximum 

possible CO2 reduction and capture potential. Additionally, the maximum production costs for 

CNH to be competitive in Germany are estimated, considering hydrogen market forecasts. 

They would have to be below 4.30 EUR per kg H2 in a worst-case scenario and below 10.44 

EUR per kg H2 in a best-case scenario.  

In conclusion, an outlook from a technical point of view discusses a concept for biorefineries 

based on the HyBECCS concept. The main gas fractions of HyBECCS technologies, H2 and CO2, 

could therefore be used in a combinatorial way. For example, using H2 as a reducing agent for 

CO2 could serve as a basis for the production of hydrocarbons. 
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2.2  Summary of Paper B: Exemplary implementation characteristics 

Paper B (Full et al. 2023a) is a supplementary contribution describing and analyzing a specific 

technological implementation approach for the HyBECCS concept, retrofitting existing biogas 

plants: Biohydrogen production via steam reforming of biogas with carbon dioxide capture 

and storage (HyBECCS process, process option 2). This option is compared to biomethane 

production from biogas with carbon dioxide capture and storage (process option 1). Technical, 

economic, and environmental aspects are considered. The aim is to provide insights into the 

technical configuration of the HyBECCS process and the tradeoffs that must be considered 

when retrofitting biogas plants. 

First, the technical implementation particularities of the options are described. The focus is 

laid on the biogas steam reforming process step. Relevant reaction equations and a flow 

diagram for producing biohydrogen and biogenic carbon dioxide are provided and discussed. 

The exemplary comparisons for the two process options are carried out based on these 

technological descriptions. 

Considering the energy efficiency, the results indicate that the HyBECCS approach in process 

option 2 leads to an energy loss of approximately 37% compared to process option 1. This is 

estimated in terms of the absolute lower heating value (LHV) of the products hydrogen and 

methane per kg of biomass or biogas input. Expanding the observation system to compare 

usable driving energy for heavy-duty transport applications, using H2 produced in process 

option 2 still results in a comparable energy loss of approximately 4.2%. 

To determine the theoretical negative emission potential, the maximum amount of storable 

biogenic CO2 was calculated for both process options. In comparison, process option 1 results 

in a maximum amount of 1.65 kg CO2 per kg of CH4 produced, while the HyBECCS approach 

(process option 2) shows a maximum of 4.4 kg CO2 for the same quantity of biomass input. 

This corresponds to about 2.7 times the amount of storable biogenic CO2, assuming an average 

composition of the biogas of 37.5 vol% CO2 and 62.5 vol%. 

In the context of this dissertation, the results of Paper B serve to understand technical aspects 

of the HyBECCS concept better using the example of retrofitting biogas plants with steam 
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reforming technology aiming to provide an application-oriented basis of understanding for the 

assessment fundamentals described in the following chapter. 
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3  

Fundamentals for techno-economic assessment of HyBECCS processes are elaborated in this 

chapter. Mathematically verifiable prerequisites for the qualification as HyBECCS 

technologies, uniform system boundaries, key performance indicators (KPIs) and guidelines 

for GHG emission reduction, GHG removal and bioenergy potential estimations are the main 

outcomes of this part.  

In Paper C, the main contributions regarding techno-economic assessment fundamentals for 

HyBECCS technologies are made. A transferable definition of system boundaries is developed 

with associated material, emission and monetary flows. Economic influences and 

interrelationships between subsystems are specified, and suitable techno-economic KPIs are 

derived. These include, for example, the levelized costs of carbon-negative hydrogen (LCCNH) 

and levelized costs of negative emissions (LCNE). A particular characteristic of these indicators 

is the possibility to include the environmental impact costs due to GHG emissions and 

removals. Climate change related damage and damage prevention effects can thus be 

considered in the techno-economic analysis. 

Additionally, a methodological approach to support the evaluation of bioenergy potentials for 

HyBECCS technologies is described in Paper D. A four-step methodical approach dealing with 

available waste materials, uncertainties of early-stage processes, and calculation aspects 

provides information on the estimation of usable energy. 
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3.1  Summary of Paper C: Techno economic and environmental 
assessment 

Paper C (Full et al. 2022) provides fundamentals for the techno-economic assessment of 

HyBECCS technologies. It first summarizes and concretizes the characteristics of the HyBECCS 

concept outlined in Paper A. For this purpose, the state of the art for CCS, NET, CDR and BECCS, 

to which the HyBECCS concept can be assigned, is presented. Further, an overview of the 

regulatory status quo of these concepts is given to understand the techno-economic 

peculiarities of HyBECCS better.  

The main outcome of the paper is to provide assessment fundamentals for HyBECCS 

technologies. Therefore, uniform system boundaries are elaborated first. An overall system 

boundary, B3, and two subsystem boundaries, B1 and B2, are defined. System elements are 

assigned to each of the two subsystem boundaries. For B1, the production of biohydrogen and 

capturing of CO2 (HyBECC) and for B2, the transport and storage of CO2 (CS) are determined. 

In contrast to the four process steps distinguished on a technical basis in Paper A, the HyBECCS 

process is subdivided with regard to its ecological and economic balancing. As the two system 

elements, HyBECC and CS, are likely to be spatially and economically separated, they are 

considered individually. Both system elements combine to the overall HyBECCS technology. 

Further, mass flows, monetary flows and GHG emission flows are defined for each of the 

system boundaries. Connections and interrelations between the flows are described in detail. 

Mass flows can be linked to monetary flows and also to GHG emission flows in the case of CO2, 

for instance. GHG emission flows can also be linked to monetary flows. This occurs in the case 

of economic systems that provide for internalizing the environmental impacts resulting from 

the GHG emissions.  

With this in mind, interrelationships between ecology and economics are discussed. Through 

internalization mechanisms, the HyBECCS concepts could benefit economically in two 

different ways. On the one hand, low process GHG emissions throughout the entire HyBECCS 

value chain would result in a relative cost reduction compared to other processes with higher 

process emissions. On the other hand, (net) negative emissions would be a source of revenues 

through internalization approaches like carbon removal certificates (CRC). Accordingly, 
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negative emissions can be considered a product of HyBECCS technologies alongside hydrogen. 

A simplified basic model for regulatory systems in net-zero emission economies is proposed 

to translate positive and negative GHG emissions into costs and revenues. This model is based 

on the assumption that the external costs and benefits for the climate are entirely 

internalized. 

As the next step, requirements for HyBECCS technologies are detailed based on the system 

boundaries and associated flows. As a first prerequisite, the overall GHG emission flow of 

system boundary B3 must be negative. To ensure this, all GHG emission flows must be 

calculated following the ISO standards 14040/44. Considering monetary flows, the overall 

profit must be positive (P>0) for the HyBECCS technology to be economically viable. 

To finally assess HyBECCS technologies, eligibility checks are elaborated at first. These could 

lead to the exclusion of technologies that cannot meet the requirements for HyBECCS. To 

check the theoretical ability on a technological level, permanent removal of CO2 must be 

ensured. It is recommended to review experience values from literature as they are the only 

available reference points. Further research is proposed, for example, to create a positive list 

of appropriate CS technologies. By ensuring negative emissions through calculating the total 

GHG emission flow in B3, eligibility can be checked on a project level. Eligibility checks on both 

project and technology levels are recommended in the planning phase of HyBECCS 

technologies (ex-ante). After implementation, they must be validated in reality (ex-post). 

Specific KPIs for the assessment of HyBECCS technologies are elaborated further. They are also 

based on the system boundaries and flows determined. First, the GHG removal efficiency is 

examined by introducing the emission factor (EF). The EF (in tCO2eq/tCO2stored) constitutes 

the ratio between process GHG emissions emitted within the overall system boundary B3 and 

the amount of non-fossil CO2 physically stored. It can be used to quantify the GHG removal 

efficiency of NETs. For HyBECCS, the EF has to be smaller than one, which is always given if 

the total emission flow in B3 is negative according to the prerequisite defined. An EF of less 

than 1 in the case of HyBECCS or BECCS generally means that more biogenic CO2 is stored than 

GHG emissions are caused by its extraction and storage. The closer the EF is to zero, the better 

the GHG removal efficiency of the NET. 
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To determine techno-economic KPIs, capital expenditures (CapEx), operational expenditures 

(OpEx), and revenue flows must be obtained for all subsystems. To calculate the CapEx, a 

decision tree is provided to choose a suitable cost estimation method. The OpEx can be 

estimated based on the planning status or on experience values. For the internalization costs 

and revenues, the amounts of the different GHG emission flows are required. They can be 

adopted using standardized databases for life cycle assessments according to ISO standards 

14040/44 and literature values for leakages. Stoichiometric estimation approaches or 

literature values can be used for estimating biogenic CO2 production. The translation of 

positive and negative GHG emission flows into internalization cost and revenue flows can be 

carried out using the defined basic model for regulatory systems in net-zero emission 

economies. For this purpose, prices can be assumed that reflect the total societal costs due to 

GHG emissions. 

Both internal and internalized costs and revenues are included in the calculation of two central 

techno-economic KPIs: The levelized costs of carbon-negative hydrogen (LCCNH) and the 

levelized costs of negative emissions (LCNE). The costs for the production of the core products 

(hydrogen and negative emissions) are considered under the assumption of an ideal 

neutralization of the GHG emissions. Those KPIs allow the comparison of different HyBECCS 

approaches with other hydrogen production technologies and NETs in terms of their economic 

competitiveness and environmental performance in terms of GHG emissions. The key points 

of the KPIs are summarized as follows:  

 The LCCNH (in EUR/kWhH2) constitute the costs incurred to produce 1 kWh (net 

calorific value) hydrogen with net-negative emissions in a climate-neutralized way. 

 The LCNE (in EUR/tCO2removed) are the costs that occur to achieve one ton of 

negative CO2 emissions, i.e. to remove one ton of CO2 from the atmosphere, in a 

climate-neutralized way.  

Additionally, the levelized costs of stored carbon (LCSC) are defined as follows. 

 The LCSC (in EUR/tCO2stored) are defined as the costs that occur to permanently 

store one ton of CO2 with a climate-neutralized process.  
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Climate-neutralized means, in all cases, that the entire external economic damage or damage 

avoidance through GHG emissions and removals is internalized according to the basic model 

for regulatory systems in net-zero emission economies defined. 

  

38



 

 

3.2  Summary of Paper D: Bioenergy and greenhouse gas mitigation 
potential 

In the supplementary contribution Paper D (Full et al. 2021), guidelines to support the 

determination of bioenergy potential of HyBECCS technologies are presented. It provides 

information on the amount of usable energy from waste and residue materials after 

conversion. For this purpose, a four-step methodical conduct is elaborated dealing with 

available waste materials, uncertainties of early-stage processes, and calculation aspects. Only 

material flows that do not compete with established, high-value utilization routes such as 

animal feed are considered. The work focuses on the utilization of waste streams in order to 

maximize ecology and value creation. As a consequence, particular biomass flows theoretically 

utilizable for biohydrogen production are discarded, as more sustainable or higher-value 

utilizations are possible. 

At first, the state of the art regarding the legal framework for renewable energy as well as 

biomass utilization and disposal in Germany is outlined. Moreover, common treatment 

processes for biomass are presented, briefly touching upon their advantages and 

disadvantages. The state-of-the-art for biohydrogen production and the HyBECCS technology 

concept (cf. Paper A) are concretized with regard to the use of the various residues and waste 

materials. Furthermore, the essential basics of bioenergy potentials are explained. The 

different levels of utilization pathways, corresponding potential terms and system boundaries 

for bioenergy potential derivation are summarized.  

The four-step methodological guideline elaborated in the main part is suitable to support the 

determination of the bioenergy potential and negative emission potential of HyBECCS 

technologies. The first step elaborates a procedure to select relevant biomass categories for 

hydrogen production. This procedure is divided into six sub-steps and applied through an 

exemplary biotechnological process. The selected waste types can be translated into technical 

feedstock potentials using values from further literature. Secondly, suggestions are made for 

making assumptions and defining framework conditions. Regarding biomass pretreatment, 

suitable methods or method combinations for the selected waste types are identified, and 

estimation approaches for their respective energy demands are provided. Further, 
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suggestions for process energy demands are made, and peculiarities for logistics, substrate 

storage, and handling of residues and produced gases are discussed. In the third step, the 

equation for determining the bioenergy potential of HyBECCS processes is derived starting 

from the fuel potential of hydrogen and considering the energy efficiencies of the conversion 

steps. The energy demands for substrate pretreatments, as elaborated in the work, and for 

process operation are included. Both reduce the overall potential bioenergy output. The 

resulting bioenergy potential represents the utilizable amount of energy after conversion, 

reduced by the amount of energy consumed throughout the value chain. Finally, potentials 

for climate change mitigation are discussed in step four. A calculation equation to estimate 

the maximum potential for GHG reduction through substituting fossil energy carriers is 

derived. Subsequently, the calculation of the theoretical amount of storable biogenic carbon 

dioxide representing the theoretically achievable negative emission potential is outlined. 

Therefore, the product gas flow in the respective biohydrogen process and its CO2 content 

must be known or estimated. However, process GHG emissions, leakages and risk deductions 

must be considered from this maximum potential, as described in detail in Paper C. 

Concluding, in Paper D, guidelines for estimating bioenergy potentials specifically tailored for 

biohydrogen production and HyBECCS processes in the German energy and waste system are 

elaborated. It helps to establish a generally accepted method to determine bioenergy 

potentials to make their quantification more accessible and consistent. It can also support 

technology selection based on the suitability of different substrates for HyBECCS approaches, 

taking into account the available biomass potential in the respective area. 
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4  

In this chapter, the assessment fundamentals elaborated in Paper C are summarized and 

applied by means of an exemplary HyBECCS implementation project. The key performance 

indicators EF, LCCNH, LCNE and LCSC are determined to compare the HyBECCS process with 

competing hydrogen production technologies and NETs. The main objective of this chapter is 

to validate the applicability of the techno-economic assessment fundamentals in practice. 
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4.1  Summary of Paper E: Exemplary techno-economic assessment  

In Paper E (Full et al. 2023b), a techno-economic and ecological assessment is carried out at 

the example of a theoretical HyBECCS implementation project. The example process created 

for this purpose combines the microbiological biohydrogen production process "dark 

photosynthesis" (DP) with the capture and long-term storage of CO2 in saline formations. The 

substrate for DP in the example process is fructose-containing waste from fruit processing. 

The assessment is based on the methodological fundamentals described in Paper C and was 

conducted primarily to validate them.  

At first, the example project is described and the assumptions and framework conditions for 

the assessment are outlined. These involve the technical plant designs for the process steps, 

peculiarities for the life cycle assessment (LCA), product yields, economic parameters and 

surcharge factors for cost estimations. Further, the methodology is described. It strictly 

follows the guidelines defined in Paper C.  

As a first assessment step, eligibility on the technology level is checked for the example 

project. Waste or residues from fruit processing is assumed as substrate. As fruits are a 

renewable, fast-growing biomass, the CO2 in the substrate can be considered to be of biogenic 

origin. The theoretical permanence of CO2 storage is given due to the technology choice made 

for CS. CO2 storage in saline formations can be considered to be permanent for over 1000 

years in the case of a careful site selection (IPCC 2005). Thus, the projects´ eligibility on a 

technology level is given.  

The system boundaries described in Paper C are applied to the example project and are used 

for the calculation of the GHG emission flows. The results of their balancing (carbon footprint) 

show that the exemplary HyBECCS project would be capable of generating negative GHG 

emissions under the assumptions made. It would remove 17.72 kgCO2 from the atmosphere 

for every kilogram of H2 produced. Thus, the analyzed exemplary project qualifies to produce 

carbon-negative hydrogen (CNH) and as a HyBECCS and NET approach. Eligibility on a project 

level is given. The main share of 74.7 percent of the process GHG emissions within the HyBECC 

system element is due to the provision of heat for hygienization. Electricity from the German 

grid accounts for another 15.66 percent. Emissions from the CS system element contribute for 
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a 9.38 percent share. The construction and CO2 transport remain at 0.24 percent and 0.01 

percent, respectively.  

In the main section, the KPIs are analyzed and discussed. Compared to other NETs, the GHG 

removal efficiency represented by the EF (cf. Paper C) of the exemplary HyBECCS project (0.12 

tCO2eq/tCO2stored) is at the lower end of the EF range of both other BECCS and of DACCS 

approaches. In relation to the resulting process GHG emissions, this indicates a high CO2 

capture potential of the considered HyBECCS example project.  

CapEx estimations result in a total of 9,871,401 EUR for the example project. They can be split 

into 55 percent on the system element HyBECC and 45 percent on the system element CS. 

Total plant costs (TPC) and direct and indirect costs (DIC) of system element HyBECC account 

for 28 percent and 27 percent of the total CapEx respectively. The substrate management has 

the largest share of the TPC with 43 percent, and third largest share of total CapEx with 12 

percent. Total OpEx sum up to 2,188,964 EUR per year. Heat accounts for the largest share of 

OpEx with 32 percent, followed by personal expenses with 22 percent, process water with 14 

percent and CS (incl. transport and monitoring) with 12 percent. 

The LCCNH were calculated, based on the assumptions made, to be 0.013 EUR/kWhH2. 

Compared to grey hydrogen from natural gas (0.12 EUR/kWhH2) and green hydrogen from 

electrolysis using renewable electricity (0.18 EUR/kWhH2), this indicator points to a clear 

advantage of the HyBECCS project. Even without the assumed internalization of GHG impacts, 

the calculations of internal LCOE indicate an economic advantage of the exemplary project 

(0.12 EUR/kWhH2) over green hydrogen from electrolysis (0.17 EUR/kWhH2).  

The LCSC of the exemplary project was calculated at -260 EUR/tCO2stored and the LCNE at -

297 EUR/tCO2removed. This means that the exemplary project generates an income of 297 

EUR per ton of CO2 removed from the atmosphere due to the sales of the co-product 

biohydrogen. For BECCS, literature shows a LCNE cost range of approx. 39-367 

EUR/tCO2removed and for DACCS of approx. 25-1,127 EUR/tCO2removed. This indicates a high 

level of economic viability and competitiveness of the exemplary HyBECCS project with other 

NETs. 
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A sensitivity analysis is performed to identify the parameters that affect the results most 

significantly. It shows that the GHG internalization costs and revenues, H2 and CO2 yield and 

the total OpEx have the greatest impact on the LCCNH. The H2 and CO2 yields have the greatest 

effect on the LCCNH, when being reduced. A reduction of the yields causes the LCCNH to 

converge to infinity. Increasing the total OpEx and decreasing the GHG internalization costs 

and revenues also have a comparatively high impact driving up the LCCNH. The highest value 

for LCCNH was calculated at 0.1417 EUR/kWh for reducing the H2 and CO2 yield by 50 percent. 

The lowest value for LCCNH was calculated at -0.0384 EUR/kWh for increasing the GHG 

internalization costs and revenues by 50 percent. The influences of the parameters on the 

LCNE show that the H2 sales price has the greatest impact. While a 50 percent reduction would 

lead to a cost increase of 91 percent to -25.89 EUR/tCO2removed, a 50 percent increase would 

reduce the LCNE by 91 percent to -567.48 EUR/tCO2removed. Similar to the influences on 

LCCNH, the H2 and CO2 yield and the OpEx have a considerably high impact on the LCNE. 

In conclusion, the HyBECCS technology could be evaluated and compared with other hydrogen 

production methods and NETs. In addition to classical techno-economic evaluation 

approaches, the economic consequences due to the impact on the global climate were taken 

into account. Therefore, the validation of the assessment fundamentals at the exemplary 

project was successful. 
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5

The publications (Paper A-E) on which this work is based are connected, as illustrated in Figure 

5-1. The core results developed within those publications are presented in the chapters 2-4. 

As described in section 1.3, two publications contribute to the HyBECCS concept (chapter 2) 

and the assessment fundamentals (chapter 3), respectively. In each case, one of the papers 

constitutes the main contribution and the other one provides additional findings, as depicted

in Figure 1-2. The exemplary assessment (chapter 4) is covered by a single publication (Paper 

E). The connections between the chapters and contributions are discussed in the following.

Figure 5-1 Structure and connections of the results of the work

Chapter 2 mainly provides for a better understanding of the technical basis, characteristics 

and prerequisites of the HyBECCS concept. The work starts with the introduction and 

conceptualization of the approach. It comprises a modular-based combinatory system. This 

consists of four sub-processes with respective technology options, as outlined in Paper A. 

Additional information is given in Paper B considering opportunities for biogas plant retrofits 

as a specific, application-oriented implementation area. 

The fundamentals for techno-economic assessment are elaborated in chapter 3. With regard 

to the creation of standardized techno-economic assessment guidelines and KPIs, the 

HyBECCS concept is further abstracted. The most important contributions to this are derived

in paper C. Essential outcomes of this work are uniform system boundaries with respective 

monetary, mass and GHG emission flows. Based on this framework, the key performance 
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indicators EF, LCCNH, LCNE and LCSC are defined. They serve as a benchmark to compare price 

scenarios and cost forecasts. The LCCNH can be used to compare HyBECCS technologies to 

other hydrogen production technologies. The LCNE and LCSC serve to compare NETs in terms 

of their cost efficiencies. Paper D supplements the assessment fundamentals with a special 

look at biomass residues and waste materials to be utilized by HyBECCS technologies. Basic 

instructions for selecting suitable waste materials and estimating the respective bioenergy 

potentials are laid out. It raises awareness of the high importance of biomass substrate 

selection for HyBECCS technologies.  

The exemplary techno-economic assessment conducted in chapter 4 focuses on applying the 

results derived in Paper C. The work carried out in Paper E aims to validate the suitability and 

applicability of the methodological guidelines and KPIs developed. For this purpose, an 

exemplary process combination is defined and described in detail. Based on this process 

combination, an exemplary HyBECCS implementation project is defined. All associated 

assumptions relevant to the techno-economic assessment are derived and described. The 

system boundaries proposed in Paper C are applied and the related monetary, mass and GHG 

flows are determined. The KPIs EF, LCCNH, LCNE and LCSC are calculated and discussed. It is 

shown that the theoretical fundamentals elaborated can be implemented in practice. A 

comparison of the exemplary HyBECCS project with other NETs and hydrogen production 

technologies is carried out successfully in this work.  

Additionally, the publications on which this thesis is based contain partial results that are not 

directly related to each other. Paper B and Paper D, in particular, contain additional findings 

that contribute to a better understanding of the work but are not essential to the overall 

context. However, they have relevance for the entire work as additional contributions to the 

overall thread of the thesis. This mainly runs through Paper A, Paper C, and Paper D. 
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6  

In this chapter, various aspects that limit the applicability of the results are discussed, and 

further issues that significantly influence their practical application are outlined. 

First, it has to be clearly stated that this work focuses on providing fundamentals for techno-

economic assessments but does not make specific recommendations for individual 

technologies, such as dark fermentation (Paper A), biogas steam reforming (Paper B), or dark 

photosynthesis (Paper E). It is important to acknowledge that HyBECCS technologies are at an 

early stage of development, which introduces considerable uncertainties in their evaluation. 

Practical implementations may yield widely varying results, making it challenging to predict 

the precise ecological impacts and economic outcomes of these technologies. Hence, 

although the HyBECCS concept´s peculiarities and fundamentals for techno-economic 

assessment have been elaborated in the best possible view of technical realization, they must 

not be misinterpreted as results for the evaluation of specific technological approaches. All 

assumptions are solely made to demonstrate the applicability of the assessment 

fundamentals provided.  

Second, deep and critical evaluations of the biomass substrate used for HyBECCS processes 

are essential for their assessment. In this work, the focus lays on the value chain parts after 

the biomass supply. However, the choice and production pathways of biomass for use in 

bioenergy processes profoundly impacts their sustainability. In general, when assessing the 

role of biomass supply in climate impacts, it is crucial to consider the overall greenhouse gas 

emissions in agriculture, forestry and other land use (AFOLU) and the food system by 

examining the links between production, consumption and trade (Blandfort & Hassapoyannes 

2018, p. 34). According to the IPCC (2023, p. 44), AFOLU contributed to approximately 22% of 

total anthropogenic GHG emissions in the reference year of 2019. Within this, biomass 

generation impacts climate change directly through emissions of N2O, CO2 and CH4. Further, 

agricultural activities can affect the capacity of soils to absorb and store carbon (soil carbon 

sequestration). Therefore they additionally contribute indirectly through their impact on land 

use and land-use change. Significant influences of the biomass production on bioenergy 
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processes have been shown in many cases. For example, Lask et al. (2018) analyzed the 

environmental impacts of ethanol production from miscanthus grown on marginal land in an 

average yield site in Germany. They show that biomass cultivation and harvest accounts for 

16.5-18.0 kg CO2eq per GJ, which corresponds to about 33-62 % of the GHG emissions of the 

ethanol production pathways considered (Lask et al. 2018, p.276-277). A further aspect is the 

transportation of biomass to the processing sites. It can contribute significantly to the overall 

GHG emissions of the value chains. At the example of the production, storage, (un)loading and 

transportation over 100 km of baled and chopped miscanthus analyzed by Smeets et al. 

(2009), the transport by truck contributes up to 20% of the total GHG emissions (Smeets et al. 

2009, p. 1239). Understanding these impacts is crucial for the overall assessment of all 

bioenergy processes, including HyBECCS. Against this background, it must also be clearly 

stated that it is not enough to rely on the use of organic residual and waste materials, as their 

sustainability is not guaranteed. The varying effects of the biomass substrates used for 

bioenergy production are outlined by Tonini et al. (2016), for example. They compared 

greenhouse gas emission factors (EFs) for bioelectricity, biomethane, and bioethanol 

produced from various biomasses, including manures, wood residues, and food waste. The 

EFs show wide ranges for the various options. For example, in biomethane production through 

anaerobic digestion, the EFs differ widely for specific substrates, such as manures or 

household food wastes (-104 to -44 g CO2eq / MJ), straw/stover, wild grass or seaweed (20

51 g CO2eq / MJ), perennial crops like miscanthus or willow (10 40 g CO2eq / MJ), annual 

energy crops like wheat grain (100 g CO2eq / MJ), and agro-industrial residues like potato pulp 

(200 g CO2eq / MJ) (Tonini et al. 2016, p. 129). Further, the availability of biomass sources is 

also strictly limited and subject to resource conflicts. For example, increased competition for 

waste and residues may occur in countries with developed economies due to a growing 

demand for bioenergy (Muscat et al. 2020, p. 4). As highlighted by the European Environment 

Agency (EEA 2023), many trade-offs must be considered for biomass use in terms of food and 

energy supply, nature conservation, pollution reduction and climate change mitigation. They 

conclude that, due to the different roles envisaged for biomass and a potential shortage of 

biomass supply in the future, decisions are pending on how and for what purposes biomass 

should be prioritized (EEA 2023, p. 9). Many studies deal with the uncertainties that arise e.g. 
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from these open decisions by using assumptions or idealizations in their scenarios. For 

example, Paper A in this work refers to an estimate of the theoretical potential for 

biohydrogen production from Weide et al. (2020, p. 6) which is based on theoretically 

available biogenic residual materials in Germany derived from Brosowski et al. (2016, p. 266-

268). They assume that all available waste streams were used for biohydrogen production 

without considering alternative uses. However, the advantages and disadvantages of HyBECCS 

processes must be compared with other utilization methods for the restricted biomass 

available. Hereby, the manifold mechanisms that drive competition for biomass use and their 

interactions should be considered from the perspective of different disciplines like ecology, 

social science and agro-economy (Lewandowski 2015, p. 39). One prerequisite for the 

production of biomass for energy use, for example, is that priority is given to the demand for 

food, industrial roundwood and traditional wood fuel (Smeets et al. 2007, p. 95).  

Third, considering the ecological effects of HyBECCS technologies as a part of the techno-

economic assessment, a focus is set exclusively on the impact category of global warming 

potential. For instance, the EF aims to serve as a basis to compare NETs regarding their GHG 

removal efficiencies. The LCCNH, LCNE and LCSC also integrate solely GHG footprints. This is 

due to the main objective of the considered technology concept for climate protection. 

However, other ecological impact categories remain unconsidered. These include, for 

example, acidification and eutrophication potential or photochemical oxidant formation, 

ozone layer and abiotic depletion. In a broader view, since HyBECCS represents a BECCS 

technology, this novel approach is subject to all sustainability criteria of BECCS technologies. 

Therefore, all potential issues coming from biomass use should be carefully considered. 

Secure food supply, avoidance of land degradation and land use conflicts, conservation of 

water resources, as well as preservation of biodiversity should be taken into account (Fajardy 

2019). Moreover, additional ecological risks and side effects related to carbon dioxide storage 

have to be considered. For instance, overpressure at CS could lead to the pollution of potable 

water, seismic activity or leaks, which could not only rapidly reverse positive mitigation effects 

but cause environmental and health damage at the leakage sites, are further potential issues 

to be addressed (Fuss et al. 2018, p. 14).  
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Moreover, economic influences from GHG balances are integrated into the key performance 

indicators LCCNH, LCNE and LCSC, following an idealized exemplary basic model for HyBECCS 

regulatory systems in carbon-neutral economies. This leads to all of those KPIs only being valid 

as long as no GHG emission internalizations are part of the internal cost calculations or if they 

are vanishingly small. Internalizations could be included, for example, with the costs for 

electricity, heat or fuels for transport. Additionally, internalizations already contained in the 

values of the LCOE of the comparative technologies must be considered. In this work, the 

internalizations are negligible in contrast to the assumed internalization prices based on the 

societal costs of carbon. Those are included in the KPIs separately, as defined. However, GHG 

emission internalizations would have to be considered and deducted from the internal cost 

calculations, especially in the case of future increases in internalization costs.  

As described by Ulrich and Hill, scientific thinking is characterized by a conscious willingness 

to constantly test the correctness of the assumptions made (Ulrich & Hill 1976, p. 305). 

Considering the HyBECCS concept introduced in chapter 2, many of the related technology 

options for the sub-processes are already known and tested individually. However, a coherent 

HyBECCS process chain has never been implemented in reality. The concept´s technical 

feasibility has, therefore, only been demonstrated for individual approaches of the respective 

sub-process steps. The demonstration of a complete process chain is still pending. Further, 

there is no claim to completeness of the technology options under consideration. The 

possibilities and combinations are numerous and not defined conclusively. Moreover, further 

technology options are likely to be developed in the future, expanding the range of technical 

implementation possibilities. In particular, the exemplary HyBECCS project used as a validation 

example in chapter 4 has also not been implemented. The results strongly depend on the 

assumptions made and their respective uncertainties. Although this is demonstrated and 

discussed in the paper through a sensitivity analysis, further unconsidered characteristics may 

arise during implementation in reality. Moreover, the exemplary process analyzed in this 

paper is only one technological HyBECCS approach, amongst many others. It was used to 

achieve the primary objective of applying and validating the assessment fundamentals 

described in Paper C. It provides a better understanding of the theoretical basics and thus a 

better applicability in practice. However, the exemplary HyBECCS project and analysis results 
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are not representative of HyBECCS technologies in general. They only apply to the technology 

combination considered under the assumptions made.  

In conclusion, this work provides techno-economic assessment fundamentals for HyBECCS 

processes. There is a multitude of external factors that greatly influence the assessment 

results. These have been considered but cannot be fully covered in a single work. Calculating 

greenhouse gas footprints for substrate biomass, considering further environmental impact 

categories, limitations in sustainable biomass availability, and the technical uncertainties 

surrounding emerging technologies all play pivotal roles. Further research is essential to 

address these crucial aspects comprehensively and refine the assessment fundamentals of 

HyBECCS processes provided within this dissertation.  
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7  

Negative emission technologies are very likely to be inevitable to limit global warming to 1.5 

°C above pre-industrial levels (IPCC 2018, p. 17). In this doctoral thesis, a concept for a negative 

emission technology is introduced that combines hydrogen production from renewable 

biomass, preferential biogenic residues or waste, with carbon capture and storage. This 

concept is referred to as HyBECCS (hydrogen bioenergy with carbon capture and storage). 

HyBECCS is not a single technology but can be implemented with many different technological 

options. The objective of the work is to establish a general and comprehensive basis for 

techno-economic assessment of these individual technologies. This basis should enable 

technology comparisons with other hydrogen production technologies and NETs regarding 

their techno-economic performance. A special focus is placed on the integration of climate 

protection aspects and resulting impacts on the economy. Figure 6-1 illustrates the basic 

structure of the work, as outlined in section 1.3. The contributions made to answer the 

research sub-questions derived in section 1.2 are explained below.  
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Figure 7-1 Summary of the work: Main structure, paper contributions and connecting points to the research sub-questions.

In the first chapter, the initial situation is described in section 1.1, starting with the problems 

arising from climate change. The role of carbon dioxide removal (CDR) in limiting global 

warming to 1.5 °C above pre-industrial levels is explained and technical options for NETs are 

discussed. They include bioenergy with carbon capture and storage (BECCS) approaches like 

HyBECCS and direct air carbon capture and storage (DACCS), among others. The important 

factor for NETs is the carbon dioxide source. It must be either of atmospheric or biogenic 

origin. CCS alone or based on CO2 from fossil origin does not remove CO2 from the 

atmosphere. 

Furthermore, the objective of the work is derived in section 1.2. The research gap of a missing 

basis for the techno-economic assessment of HyBECCS technologies is outlined. It leads to the 

derivation of research questions. Hereby, the main question on how HyBECCS technologies 

can be assessed techno-economically is further subdivided into five sub-questions, as depicted 

in Figure 6-1. 

In section 1.3, the research process and the basic structure of the work are explained. The 

interconnections between the single contributions are explained and references to the 
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research questions derived in 1.2 are made. The contributions to the research process 

according to Ulrich as well as the research questions addressed in the respective chapters and 

publications (A-E) are described briefly (Ulrich 2001, p. 195). 

Moreover, the philosophy of science is explained in section 1.4, assigning the work to the 

applied sciences. This is due to the practical relevance of the outcomes. They aim to provide 

appropriate tools for changing reality in a complex social system through methodological 

advice for private and political decision-making. In particular, the work is also linked to 

technical sciences as the actual and possible actions are associated with a novel technology 

concept introduced in this work.  

The first research sub-question  is answered in chapter 2 

introducing the definition of HyBECCS and outlining the peculiarities of the concept. 

Preparatory to answering the second sub-question irements have to be fulfilled 

to qualify as HyBECCS technologies , a definition of basic requirements is paved by the 

technical abstraction and classification of HyBECCS as a NET and CDR option.  

For this purpose, the HyBECCS technology concept and the associated scientific foundations 

are introduced and explained first. Significant contributions to this part are covered in Paper 

A. It summarizes the state of the art in science and technology for hydrogen technologies and 

NETs to derive the basic HyBECCS concept. The HyBECCS concept is introduced as a novel 

option for BECCS. It is based on the physical-technical fact that large shares of highly 

concentrated biogenic CO2 are produced as a by-product during most biohydrogen production 

processes. The combination of biohydrogen production with CCS results to the HyBECCS 

technology concept as a new perspective for CDR.  

The concept is further abstracted into four basic technical process steps: biomass 

pretreatment, biohydrogen production, product gas separation and its processing and use or 

storage. Different technological options can be selected for all steps. As a prerequisite for 

every HyBECCS technology, the GHG balance of the overall process chain must be negative. 

To calculate the GHG balance, the amounts of physically captured and stored biogenic CO2 can 

be subtracted from the GHG emissions resulting from all sub-processes. After the deduction, 

the total process GHG emissions must be negative for the produced hydrogen to qualify as 
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carbon-negative hydrogen (CNH). Moreover, technical advantages of HyBECCS technologies 

in comparison with other NETs are indicated in Paper A. Potentially high capture capabilities 

for biogenic CO2 with comparatively low energy inputs are highlighted as the main technical 

benefits of the approach. Additionally, based on further literature, a theoretical maximum 

amount of GHG emissions to be avoided through the substitution of natural gas with 

biohydrogen produced by dark fermentation, as well as the maximum amount of sequestrable 

biogenic CO2, is estimated for the geological and political area of the FRG and the reference 

year 2030.  

Additional contributions on more specific application possibilities are made in Paper B, 

considering the technology option of retrofitting biogas plants to HyBECCS facilities. The 

technical process of biogas steam reforming is described and discussed considering technical 

and economic aspects. 

In chapter 3, the basis for techno-economic assessment of HyBECCS technologies is 

introduced. Research sub-question 3 

 is answered by 

separating the overall concept into two system elements: Biohydrogen production with 

carbon dioxide capture (HyBECC) and carbon dioxide transport and storage (CS). For both 

system elements, separate subsystem boundaries B1 and B2 are determined. Monetary, mass 

and GHG emission flows are defined for each subsystem boundary. They combine to the 

overall HyBECCS system boundary B3.  

These abstractions allow the basic prerequisites for HyBECCS technologies to be substantiated 

from a mathematically accessible point of view and the definition of specific KPIs. An 

important value for validating the prerequisite of negative emissions is the emission factor 

(EF). It relates the process emissions caused over the entire process chain to the physically 

stored amount of biogenic CO2. This value must be less than 1 for the HyBECCS approach to 

qualify as NET and the hydrogen produced as CNH. If the value exceeds 1, more GHG emissions 

are released over the entire process chain than are removed from the atmosphere. From an 

economic point of view, it is required to make a profit P. The correlations for the value P are 

described in the work. It must be above zero for HyBECCS technologies to be economically 

viable. The mathematical evaluation correlations for both the basic requirements of HyBECCS 
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technologies profitability (P<0) and qualification as a NET (EF<1) are thus completed in this 

paper, answering research question 2 conclusively. 

Sub-question 4 How can the economic impact of the greenhouse gas balance be incorporated 

into the techno-economic evaluation of HyBECCS processes?  is answered by discussing the 

correlations between GHG emissions and economic effects of HyBECCS technologies. 

Internalization of economic damages caused by GHG emissions or benefits that occur through 

avoiding the damages are identified and described as a link between ecology and economy. 

Negative emissions, as one of the main products of HyBECCS processes, and emission 

reductions do not represent an individual, internal benefit but an overall societal, external 

benefit. Conventional market-based mechanisms and tools are, therefore, not sufficient to 

make such processes economically viable. The answer to the question lies in the instrument 

of internalization. Through internalization mechanisms, the HyBECCS concepts could benefit 

economically in two different ways: Relative cost reductions against competing technologies 

with higher process emissions and revenues for generating negative emissions. Internalization 

mechanisms are described specifically for the HyBECCS concept in chapter 3.  

Sub-question 5 -economic 

 is answered by defining and applying appropriate KPIs. 

The LCCNH, LCNE and LCSC are introduced as key KPIs. The LCCNH constitute the costs 

incurred to produce 1 kWh (net calorific value) hydrogen with negative emissions in a climate-

neutralized way, i.e. fully internalize the economic impacts of GHG emissions and removals. 

The LCNE are the costs that occur to remove one ton of CO2 from the atmosphere in a climate-

neutralized way, and the LCSC are defined as the costs that occur to permanently store one 

ton of CO2 in a climate-neutralized way. All of these KPIs assume ideal internalizations of GHG 

emissions and reductions. This means that the entire external economic damage or damage 

avoidance through GHG emissions and removals is assumed to be internalized. For this 

assumption, a basic model for regulatory systems in net-zero emission economies is defined.  

In chapter 4, the assessment fundamentals derived in Paper C are applied using an exemplary 

HyBECCS technology. By successfully performing the techno-economic assessment, research 

sub-questions 2-5 are answered conclusively, evaluating the applicability of the assessment 

tools provided.  The contributions to this part are described in Paper E. At the example of a 
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HyBECCS technology approach 

dioxide storage in saline formations, the EF, LCCNH, LCNE and LCSC are determined and 

discussed. The exemplary assessment leads to a better understanding of the assessment 

principles and serves as a guide for application in practice. The results show that the 

exemplary project would be capable of generating CNH, removing 17.72 kgCO2 from the 

atmosphere for every kilogram of H2 produced. Capital expenditures are estimated at 

9,871,401 EUR, and operational expenditures at 2,188,964 EUR per year. The LCCNH are 

estimated to be 0.013 EUR/kWhH2. Compared to grey hydrogen from natural gas (0.12 

EUR/kWhH2) and green hydrogen from electrolysis using renewable electricity (0.18 

EUR/kWhH2), the results indicate a high level of economic viability. Even without the assumed 

internalization of GHG impacts, the calculations point to an economic advantage of the 

exemplary HyBECCS project (0.12 EUR/kWhH2) over green hydrogen from electrolysis (0.17 

EUR/kWhH2). Converted to EUR/kgH2, the internal LCOE of the HyBECCS project amounts to 

approx. 4 EUR/kgH2. These costs are below the estimated maximum total costs to be 

competitive in Germany of 4.30 EUR/kgH2 in the worst-case scenario of Paper A. Compared to 

other NETs, the GHG removal efficiency represented by the emission factor (EF) of 0.12 

tCO2eq/tCO2stored is at the lower end of the EF range of both other BECCS and DACCS 

approaches. The LCSC of the exemplary project was estimated at -260 EUR/tCO2stored, and 

the LCNE at -297 EUR/tCO2removed. This can be interpreted for the exemplary project to be 

capable of generating a respective income per ton of biogenic CO2 stored (LCSC) or removed 

from the atmosphere (LCNE). The income is mainly due to the sales of the co-product 

biohydrogen. For BECCS, the LCNE cost range is estimated at approx. 39-367 EUR 

EUR/tCO2removed and for DACCS approx. 25-1,127 EUR/tCO2removed. This indicates a high 

level of economic viability and competitiveness of the exemplary project with other NETs. 

It is shown that the theoretical assessment fundamentals elaborated in this doctoral thesis 

can be implemented in practice. A comparability of the exemplary HyBECCS project with other 

NETs and hydrogen production technologies in terms of their techno-economic performance 

was achieved. It was also possible to specifically evaluate the economic influences for society 

coming from GHG emissions for the technologies under consideration. The analysis shows that 

the findings can support technology providers and investors in decision-making. In addition, 
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especially through the integration of climate protection aspects and resulting impacts on the 

economy, the assessment fundamentals can also serve as a guideline for political decision-

making. The objectives of the work, as stated in section 1.2, are thus fulfilled 

However, the results are discussed in chapter 5. Core findings and limitations are derived to 

give further practice advice for the techno-economic assessment of HyBECCS technologies. 

For this purpose, parts from all five papers are included in the discussion. Important limitations 

include the fact that the assumptions made have yet to be validated ex-post based on a real 

example process. Further, the exclusive consideration of GHG emissions when integrating 

environmental effects into the assessment is discussed, and the limits of applicability of the 

defined KPIs are stated. If GHG emission or removal internalization cannot be separated from 

or neglected within cost and revenue calculations, the KPIs are not applicable.  

In conclusion, the central research question on how HyBECCS technologies can be assessed 

techno-economically has been answered delivering the main outcomes of the work, as 

summarized in the following bullet points: 

 A comprehensive technology concept that describes different process 

combinations for HyBECCS has been elaborated.  

 Requirements and prerequisites for their suitability as NET have been defined, and 

fundamental assessment tools for their verification have been provided. They 

make sure that the technologies are economically viable and actually provide 

negative emissions.  

 Standardized rules, system boundaries and key performance indicators for 

HyBECCS technologies have been derived. They serve to compare HyBECCS 

technologies with other hydrogen generation technologies (LCCNH) and NET (EF, 

LCNE, LCSC) 

 The added value for society, including economic effects resulting from climate 

change mitigation, can be depicted analyzing the KPIs. The connection between 

economic sustainability and the impact on the global climate is thus made tangible. 

 A techno-economic assessment of an exemplary HyBECCS implementation project 

has been conducted to validate the applicability of the elaborated fundamentals in 
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practice. It has been shown that decision-making for private investments and 

public subsidies can be supported with the fundamentals provided.  

Both the HyBECCS concept and the assessment fundamentals elaborated in this doctoral 

thesis should be further developed. Considering the HyBECCS concept, in this work, the focus 

is placed on the use of hydrogen and the storage of biogenic CO2. However, possibilities for 

biohydrogen production with CO2 capture and utilization (HyBECCU) could further increase 

the economic perspectives. As outlined in Paper A, a coupled use of biohydrogen for the 

chemical reduction of CO2 aiming to create higher-value products is a promising approach for 

HyBECCU. Yet, higher risk of reversals, insecurity concerning the time horizon of storage, and 

challenges such as monitoring the permanence should be taken into account considering CU 

(Otto et al. 2017). It has to be clearly stated that CO2-based products from HyBECCU with short 

lifetimes before re-emitting the CO2, such as fuels or disposable plastic products, are not 

capable of achieving negative GHG emissions.  

Further investigations should also be conducted to improve and extend the techno-economic 

assessment basis. For example, as CS technologies and NETs are associated with different time 

horizons of storage and risks of reversal, these factors have not been considered yet. They 

should be taken into account within further research activities to raise the comparability of 

different NETs and CS technologies. Respective advancements of the KPIs derived in this work 

are advisable.  

Social and political framework conditions should also be adapted. Establishing a certification 

system for carbon-negative hydrogen, which can ensure that the product has a negative 

carbon footprint, could help to ensure widespread and long-term acceptance. This could be 

based on the assessment fundamentals elaborated within this work.  
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