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Advancing Gas Fermentation Technologies: A multi-disciplinary challenge 

Executive summary 

Gas fermentation technologies have the potential to revolutionise sustainable bioproduction by 
enabling carbon capture and utilisation (CCU), but key research issues and implementation 
challenges need to be addressed. In the field of microbiology, these include: improved understanding 
of systems biology; exploration of a wider range of species (i.e. non-model organisms) and of mixed 
cultures; and development of associated tools for genetic characterisation and manipulation. Better 
insights on how microbial metabolism and spatial and community structures are influenced by the 
engineering envelope will open new opportunities for process development and optimisation.  

Enhanced understanding of gas-liquid transfer processes and the hydrodynamic behaviour of 
complex multi-phase fermentation liquors is fundamental to effective system design. New multi-
scale modelling approaches that integrate biokinetics, thermo- and hydrodynamics will be needed to 
support these advances. Scale-up is a particularly critical area, due to the significance of scale effects 
for mixing and mass transfer, and thus for microbial performance. Easier access to scale-up facilities 
is essential to progress the development of cost-effective bioreactor designs. 

Feedstock, process and product selection are vital links in the chain to widespread technology 
implementation. Open discussions supported by techno-economic and whole-life sustainability 
assessments are needed to determine which bioprocesses and products to focus on. Consideration 
must be given to the impact of gas quality, purification requirements, and intermittent patterns of 
renewable energy production. Product recovery methods and integration with upstream, 
downstream and sidestream processes all have key roles to play. Modelling, including AI and 
machine learning, can aid in both design and operational decisions. 

Two-stage processes, where gases are converted by chemical catalysis into soluble feedstocks (e.g. 
formate, methanol), also merit attention as they eliminate some difficulties associated with gaseous 
substrates.  Tackling the R&D issues identified above will additionally benefit such processes, as well 
as a broader range of industrial biotechnologies.  

Implementing gas fermentation technologies requires multi-disciplinary perspectives. Better 
understanding and communication across specialisms is vital to create a new generation capable of 
rapidly advancing this field. Talent acquisition and retention can be facilitated through 
interdisciplinary work and training opportunities. Cross-remit funding and support for industrial 
engagement are crucial for effective technology progression.  

Addressing these key R&D issues will unlock the full potential of gas fermentation technologies and 
allow them to contribute to meeting national and international net-zero and sustainability targets. 
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Advancing Gas Fermentation Technologies: A multi-disciplinary challenge 

1 Introduction  

This report presents the results of a workshop on microbial systems with gaseous feedstocks run jointly 

by the Environmental Biotechnology Network (EBNet, www.ebnet.ac.uk) and the Carbon Recycling 

Network (https://carbonrecycling.net). The goal was to identify key questions and knowledge gaps, 

R&D needs for technology progression and transfer, and actions that should be undertaken to promote 

progress and alleviate any obstacles. The outcomes are summarised in Section 3 and the main output, 

a position statement supported by 28 participating experts, is presented in Appendix 1. 

Gas fermentations are central to the Carbon Recycling Network's remit. EBNet covers anaerobic 

digestion and its sister technology of CO2 biomethanisation, a specific example of gas fermentation.  

EBNet's proposal for a joint workshop arose from its Engineering/Biology theme. This considers the 

interactions between microbial systems and the envelope of conditions within which they operate; 

conditions which in many cases can be adjusted by simple engineering-scale interventions.  

The workshop covered a wide range of aspects of gas fermentation technology, but did not include 

bioelectrochemically-enhanced systems as these were felt to merit separate discussion. 

2 Workshop Process 

The workshop took place over two half-days on 27-28 April 2024 at Shrigley Hall in Chesshire, UK, 

following immediately on from the Carbon Recycling Network's annual conference.  

Experts were invited to participate based on discussions and recommendations from the two Network 

teams. Some who were unable to attend were invited to submit brief comments in the form of bullet 

points, and to review the final output. A list of participants is given in Appendix 1.  

The event started with a joint lunch with attendees at the Carbon Recycling Network conference, 

followed by a brief welcome from Profs Nigel Minton (Carbon Recycling Network director) and Sonia 

Heaven (EBNet director). 

The organising team was aware that the workshop participants came from a wide range of specialisms, 

and did not all know one another.  The afternoon session therefore began with each participant giving 

a short pre-prepared overview covering two key points: 

- who are you, what areas do you work on, and why do you think we are so keen to have you at this 

workshop? 

- from your own viewpoint, what are some key questions, knowledge gaps and issues in this area? 

These overviews, including details presented on the day for some of those who could not attend, are 

given in Appendix 2. 

This session was followed by invited presentations from Prof Raul Munoz, Prof Sandra Esteves, and Prof 

Will Zimmerman: see Appendix 3. 

Participants were then given time to talk informally in the evening and over dinner. 

Based on preliminary examination by the workshop team of the points originally submitted, it was 

decided to structure the following day's discussions into three broad categories: Microbial, Engineering 

Envelope and Other.  

http://www.ebnet.ac.uk/
https://carbonrecycling.net/
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In the first session next morning, participants were asked to review the original bullet points from the 

initial round, which were not grouped or clustered at this stage. The majority of these were printed on 

slips of paper; a few later submissions were handwritten by the organising team, and a small number 

were unintentionally omitted from this process. Participants were invited to flag up any topics that they 

felt were particularly important by marking the relevant slip with a self-adhesive coloured dot. Red dots 

were also available to indicate that more information was needed. 

The results of this ranking and the grouped and clustered points are shown in Appendix 4.  

In the following session participants were asked to spend a short period considering the original bullet 

points and the information in the previous day's flash and extended presentations; then, working 

individually, to write new bullets focusing on research-related aspects and to post them on flipchart 

boards under the headings 'Microbial', 'Engineering Envelope' and 'Other'. The participants were then 

split into 3 groups, each specified to include a mixture of backgrounds and disciplines, and were invited 

to discuss, cluster / prioritise, and summarise the key issues under the Microbial heading.  Each group 

was supported by one member of the workshop team (Charles Banks, Louise Byfield, Angela Bywater) 

to assist with questions, time keeping and note taking. In this and following sessions the groups were 

also invited to add bullet points from original set if they wished, and some did so. 

The same pattern was repeated for the Engineering Envelope and Other headings in the following 

sessions. For each session, membership of the groups was re-arranged to ensure a different mixture of 

individuals.   

After a coffee break and an invited presentation by Kristi Potter, the participants were then asked to 

write new bullet points on potential obstacles to progress and the actions needed to overcome them 

('Actions'). The same process of discussing, clustering and summarising was carried out. There was no 

plenary feedback from these sessions but photographs were taken of the flipchart boards with 

individual bullet points.  These are presented in Appendix 5 and 6. The summary notes provided by the 

groups are shown in Appendix 7.   

The morning ended with a brief feedback session on the operation of the workshop, followed by more 

informal individual discussion over lunch.  The invited participants were then free to go. 

Initial notes were completed that afternoon by the workshop team. They were then written up as a 

draft overall summary and circulated both to the workshop participants and to the wider group 

involved in the preliminary stage, for amendment and approval.   

3 Workshop Outcomes 

The following main research and implementation issues were identified:  

Microbial: Our understanding of fundamental systems biology in this area lags behind that in other 
fields, with some major knowledge gaps to be addressed.   

There is significant untapped potential for the use of non-model organisms: very few strains have been 
investigated or had cultivation protocols developed, and much of the prokaryotic tree of life is 
unexplored. As an example, the entire domain of Archaea is under-represented in gas fermentations 
and in industrial biotechnology generally.  

The potential of mixed cultures and microbial communities warrants more extensive investigation. Key 
questions include, what opportunities can they offer and when is the added complexity inherent in 
such systems of value? What are the trade-offs (ecological, technological, economic, regulatory) 
between synthetic biology and wild-type organisms, and between open and closed systems. 
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To unlock these opportunities will require the development of new tools for genetic characterisation 
and manipulation of non-model organisms and for mixed culture/community engineering. 

Metabolic: Primary needs include a better overall grasp on the impact of external conditions on 
microbial metabolism, and on community structure where relevant. Key metabolic aspects include the 
role of electron transfer, electron donor selection, and electron bifurcation systems; the effect of 
microbial metabolites; and the prevention or mitigation of inhibition. More work is needed to explore 
spatial structure in microbial cultures, and how to manipulate and exploit it. Development and 
maintenance of biofilms is particularly relevant for many gas fermentations, given potential gains in 
mass transfer and volumetric throughput. 

Mass transfer and hydrodynamics: Limitations in gas-liquid mass transfer are a critical factor in the 
design of most gas fermentation systems, and work is needed both to improve fundamental 
understanding of relevant factors and to develop better hydrodynamic models and design tools. 

Experimental assessment is needed to clarify how fermentation broth properties (viscosity, surface 
tension etc) affect gas-liquid transfer and hydrodynamic behaviour. Better understanding of the 
rheological characteristics of these complex liquids is essential as a basis for engineering solutions with 
improved mixing and distributed biokinetics.  

Improved insights into gas-liquid-biomass interactions in these complex multi-phase systems will 
elucidate how system design and operation can be used to modify the local micro-environment, and 
will also enable better design of scale-down experiments, allowing targeted investigation before 
transition to more expensive pilot-scale studies.  

Process monitoring and control: Monitoring of fermentation parameters is vital for effective operation, 
and further advances in development of sensors and monitoring tools are needed to support this, with 
real-time in situ measurement of dissolved gas concentrations a particular priority.  

Modelling: Multi-scale mechanistic modelling approaches have a critical role in this field. Simulation of 
bioreactors with integrated biokinetics offers a powerful tool for elucidation of microbe-microbe and 
microbe-environment interaction. The task is to bring together all levels from genetic, cellular and 
community through to bulk physical and chemical parameters. This will require liquid culture models 
covering cells and biofilms/flocs/granules and incorporating thermodynamics (metabolism) and 
hydrodynamics (flows and mass transfer) across scales relevant to the microbial environment.  

Scale-up: One major topic requiring attention is scale-up, including the impact of scale effects on 
mixing and mass transfer and their repercussions for microbial metabolism and performance. To 
progress our understanding in this area will require both further development of open access facilities 
for gas fermentation, with investment in additional infrastructure; and more targeted support for scale-
up and demonstration to move technology/integration readiness levels upwards.  

Empirical and theoretical studies are needed to enable the development of high mass-transfer scalable 
gas phase bioreactors, and to allow understanding and exploitation of hydrodynamic and concentration 
gradients at full scale.  

Other topics related to scale-up for technology progression include methods for hygienic operation of 
biofilm reactors; cost-reduction strategies where sterile or pure culture operation is required; and the 
development of cost-effective standard designs for gas fermentation reactors. 

Feedstock, process and product: Several interlinked issues were identified concerning feedstock, 
process and product selection and diversification. There is a need for open and honest discussion of 
which bioprocesses/products to focus on. This could be supported by cost-benefit analysis of 
bioproduction methods for different classes of bioproducts e.g. bulk chemical, high-value and 
pharmaceutical.  
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Other factors to consider are the impact of gas quality and any purification requirements; and in the 
case of H2 production, the need to accommodate intermittent renewable energy production while 
matching CO2 supply conditions.  

Significant work remains to be done on process selection for targeted products, and on recovery 
methods. One key aspect is recovery of non-volatile products from fermentation broths liquors, and 
its effects on system biology, either directly via in situ extraction or in downstream processing and 
recycling. Technology innovations in this area must be closely linked to overall process optimisation, 
with tools for effective integration of up, down and sidestream processes a critical requirement. 

Modelling, including AI and machine learning approaches, again has a key role to help answer ‘what-
if’ questions in process control and operational decisions. 

Mapping the location, scale and composition of gaseous and other feedstocks and linking this to 
logistics and markets is an essential step, both to identify specific process applications, and to assess 
the overall contribution of gas fermentation technologies to national and international net zero and 
sustainability targets.  

Consideration should be given to the relative advantages of two-stage processes in which gaseous 
feedstocks are first converted into soluble form (e.g. formate, methanol) by physico-chemical means, 
before microbially-mediated conversion. This idea is attractive as it can reduce or eliminate some of 
the difficulties associated with gaseous feedstocks, such as mass transfer limitations and safety 
(flammability risks etc); although fermentation of these liquid feeds also has its challenges.  Many of 
the key issues identified in the workshop - from systems biology to mixing and mass transfer, and from 
scale-up to process optimisation and investor confidence - also apply to systems of this type, however; 
and indeed are relevant to the development of a much wider range of industrial biotechnologies.  

Actions for implementation 

The multi-disciplinary nature of the subject has led to a perceived lack of holistic overview and 
knowledge integration in this area.  Better understanding and communication is vital to create a 
generation that can engage effectively across disciplines and specialisms.  

Staff recruitment can also be problematic, with current UK policies limiting access to the global talent 
pool. Talent acquisition and retention will be facilitated by initiatives to promote trans-disciplinary work 
and training. 

Funding is key to progressing this area, via targeted cross-disciplinary, cross-sectoral funding 
opportunities. Open competitive challenges are an effective way to ensure progress, as is support for 
collaborative projects between industry and academia. Industrial engagement is also essential to 
enable informed appraisal and techno-economic assessment. 

Many of the R&D needs identified above are also directly relevant to other microbially-mediated 
systems, and will offer performance benefits in a wide range of industrial biotechnology: progress in 
these areas thus adds value across the whole sector. Funding can be fragmented or subject to cross-
Council remit issues, however, so targeted support is needed focusing on the interactions between 
physico-chemical, biological and engineering factors and on scale effects.  

There is a clear need for dedicated funding streams to support scale-up, and for improved mechanisms 
to access such facilities. R&D and demonstration funding with a longer horizon for planned returns is 
also needed, to ensure the UK's place as an innovation leader rather than a follower. 

Transparent reporting that facilitates comparison and sharing of data, models and practices is essential 
for rapid progress. There is a need to develop and promote agreed formats that allow 'anonymised' 
results to be collated for process data-mining on a wide variety of fermentations. Recent moves 
requiring accessibility of data and other outputs have been effective, and should be continued and 
strengthened. 
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Access to equipment and instrumentation at laboratory level is dispersed across Universities 
nationally. Safe working is essential even at small and pilot scale, and further initiatives to share 
expertise in H&S, HazID and HazOps should be promoted. 

There is a lack of agility in contracts procedure and IP management in Universities. IP arrangements at 
University level could and should be simplified by development and sharing of sample agreements and 
templates. 

Lack of trust by investors is an issue for all new technologies, perhaps especially in this area due to its 
relative novelty. Increased investor confidence could be promoted by identifying or creating new 
business cases with real positive societal, environmental and economic impact; as well as by raising the 
profile of gas fermentation technologies in general and by more focused support for technology 
translation and commercialisation.  

For similar reasons the policy framework and investment climate are not fully supportive in this area. 
Initiatives are needed to inform policymakers and regulators on the potential contributions of these 
technologies, to promote their inclusion in broader policy assessments, and to facilitate the 
development of appropriate regulatory environments.  

4 Summary of key R&D priorities  

The overall goal is to develop our understanding of gas fermentation systems to allow optimisation of 
operational strategies and conversion efficiencies. Key areas for R&D to achieve this are: 
 
Microbial 

− Exploration of more diverse (i.e. non-model) microbial species and communities, including those 
able to produce novel products, deal better with contaminants, or work under more extreme 
environmental conditions 

− Development of new tools for genetic characterisation and manipulation of non-model organisms  

− Systems biology of unique microbes and microbial communities, and metabolic responses to their 
environment 

− Gas-liquid-biomass interactions and microbial inhibition mechanisms during gas fermentation 

− Data collection for development of multi-scale mechanistic and predictive modelling tools 
 

Engineering Envelope  

− Rheological properties of complex multi-phase liquids and their influence on gas and mass transfer 

− Hydrodynamics of bioreactor mixing and mass transfer for process intensification 

− Process monitoring tools (e.g. for measurement of dissolved gases and concentration gradients) 
as a basis for control and optimisation 

− Multi-scale mechanistic models, incorporating metabolic and hydrodynamic aspects, to de-risk 
scale up 

− Effective designs for bioreactor manufacture and operation 
 

Other 

− Scale-up studies, including the influence of scale effects and the development of reliable scale-
down models 

− Feedstock mapping and characterisation of production facilities  

− Product selection and diversification 

− Process integration and optimisation with upstream, downstream and sidestream components, 
including coordinating supply and demand 

− Predictive modelling tools leveraging AI, machine learning and big data 

− Support for economic and business models to improve investor confidence 
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Actions needed include:  

− Cross-sector and cross-remit funding enabling collaboration between disciplines  

− Sharing infrastructure, knowledge, facilities, data. 'Fair' data practices and methods for sharing 
anonymised data. Improved discoverability (e.g. searchable databases). Enable inter-institutional 
access to facilities, lab equipment, etc.  

− Increased support for scale-up (construction of and access to facilities) to allow quicker iteration 
between research and pilot-scale implementation 

− More agile university/industry collaboration arrangements (including resolution of tensions 
between academic publication and IP protection). 

 
Gaseous feedstocks can present safety and operational challenges, and two-stage processes based on 
pre-conversion to liquid substrates (e.g. methanol, formate) also warrant attention. Many of the R&D 
issues identified here also apply to these processes, and addressing them would benefit a much wider 
range of industrial biotechnologies.  
 
Follow-up is needed on the challenges and gaps identified: these should be re-assessed after 2 years 
to determine progress and further actions needed. 

 

 

 

 

(See also Appendix 8 for versions of this and other visualisations of relationships between key points)  
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Appendix 1 Position statement from the EBNet/Carbon Recycling Network Joint Workshop 

Advancing Gas Fermentation Technologies: A multi-disciplinary challenge  

Gas fermentation technologies have the potential to revolutionise sustainable bioproduction, 
providing effective routes to carbon capture and utilisation and a transformative contribution towards 
net zero. Some pioneering examples are already at commercial scale, but to deliver their promise in 
full several key research and implementation issues need to be addressed. These challenges include 
interactions between complex microbial and engineering factors, as well as the importance of scale-
up and technology transfer.  

In the field of microbiology, there is a pressing need to enhance our understanding of fundamental 
systems biology, with significant knowledge gaps to be filled. Non-model organisms in particular offer 
massive untapped potential; but the necessary cultivation protocols and genetic tools are poorly 
developed. The potential of mixed cultures and microbial communities also warrants more extended 
investigation, including understanding the trade-offs between synthetic biology and wild-type 
organisms.  

Metabolic aspects play a crucial role in gas fermentations. More detailed understanding of inhibition 
is needed, and of the effects of mixing and external conditions on microbial metabolism and 
community structure. Key metabolic factors include electron transfer, electron donor selection, and 
electron bifurcation systems. Exploring spatial structure in microbial cultures, including biofilm 
development and maintenance, is also essential to optimise these processes.  

Limitations in gas-liquid mass transfer pose significant design challenges, necessitating better 
understanding of such processes. Improved insights will enable more efficient design of scale-down 
experiments and better prediction of performance at larger scales. Additionally, the impact of 
fermentation broth properties, such as viscosity and surface tension, on gas-liquid-biomass transfer 
and hydrodynamic characteristics needs to be experimentally assessed.  

Multi-scale modelling approaches are needed that can simulate bioreactors with integrated biokinetics 
in order to elucidate microbe-microbe and microbe-environment interactions. These models must 
cover genetic, cellular and community levels, as well as incorporating thermodynamics and 
hydrodynamics across relevant scales. Such approaches, supported by advances in real-time 
monitoring, will aid in design and operational decision-making, allowing 'what-if' scenarios to be 
explored.  

Scale-up is a major challenge limiting development in the field. Scale effects can significantly influence 
mixing and mass transfer, and thus microbial metabolism and system performance. To address this 
knowledge gap, better access to gas fermentation scale-up facilities is required, along with targeted 
funding. Empirical and theoretical studies are needed to support cost-effective designs for high mass-
transfer bioreactors. Improved methods for hygienic operation of biofilm reactors must be developed, 
as well as cost-reduction strategies for sterile or pure culture operation where required.  

Development and diversification of feedstock, process and product choices are interconnected issues. 
Open and honest discussions are needed to determine which bioprocesses and products to focus on. 
Techno-economic assessment and carbon footprinting of bioproduction methods for different classes 
of bioproducts are vital to support informed decision-making. Consideration must be given to the 
impact of gas quality, purification requirements, and intermittent renewable energy patterns. Process 
selection for target products and recovery methods requires further work, particularly in the recovery 
of non-volatile products from fermentation broths. Modelling, including AI and machine learning 
approaches, can aid in process optimisation and control.  



                                                 12 

Two-stage processes using gases converted by chemical catalysis into soluble form (e.g. formate, 
methanol) also merit attention as they eliminate some difficulties associated with gaseous substrates.  
Many of the key issues identified above also apply to these processes, and will benefit a much wider 
range of industrial biotechnologies.  

To implement these advances, multi-disciplinary approaches are essential. Better understanding and 
communication across specialisms and disciplines is vital to support a new generation capable of 
engaging effectively in this field. Talent acquisition and retention can be facilitated through promotion 
of interdisciplinary work and training. Funding plays a crucial role in progressing gas fermentation 
technologies, and targeted cross-disciplinary, cross-sector opportunities are needed. Support for 
industry/ academic collaboration is essential, as is industrial engagement for informed appraisal and 
techno-economic assessment.  

As experts, we believe that addressing these key research and development issues will unlock the full 
potential of gas fermentation to contribute to national and international sustainability and net-zero 
targets. 

Workshop participants  
Reuben Carr, Ingenza Kristi Potter, Centre for Process Innovation 

James Chong, University of York Simon Rittmann, University of Vienna  

Sandra Esteves, University of South Wales Savvas Savvas, University of South Wales 

Christian Fink, Arkeon Ltd Orkun Soyer, University of Warwick 

Klaas Hellingwerf, University of Amsterdam Adrie Straathof, Delft University of Technology 

Raul Muñoz, Universidad de Valladolid Mark Walker, University of Hull 

Sophie Nixon, University of Manchester Joe Weaver, Newcastle University 

Bart Pander, University of Edinburgh Yue Zhang, University of Southampton 

Marilene Pavan, Lanzatech Will Zimmermann, University of Sheffield 

Also contributing  

Claudio Avignone Rossa, University of Surrey Cees Haringa, Delft University of Technology 

Yadira Bajon-Fernandez, Cranfield University Ahsan Islam, Loughborough University 

John Bridgemann, University of Liverpool Michael Vedel Wegener Kofoed, Aarhus University 

Davide Dapelo, University of Liverpool Ioannis Skiadas, Technical University of Denmark 

Antonio Grimalt-Alemany, Technical University 
of Denmark 

William Sloan, University of Glasgow 

Supported by  
Sonia Heaven, EBNet  Charles Banks, CJC Labs Ltd  

Louise Byfield, EBNet Nigel Minton, Carbon Recycling Network  

Angela Bywater, EBNet Alan Burbidge, Carbon Recycling Network 

 

This position statement was produced as part of a workshop on microbial systems with gaseous 

feedstocks run jointly by the Environmental Biotechnology Network (EBNet, www.ebnet.ac.uk) and 

the Carbon Recycling Network (https://carbonrecycling.net) on 27-28 March 2024. The goal was to 

identify key questions and knowledge gaps, R&D needs for technology progression and transfer, and 

actions that should be undertaken to promote progress and alleviate any obstacles. 

For further information contact: 

Prof Sonia Heaven, University of Southampton, S.Heaven@soton.ac.uk 

Environmental Biotechnology Network ebnet@ebnet.ac.uk 

Carbon Recycling Network carbonrecycling@nibb.nottingham.ac.uk  

  

http://www.ebnet.ac.uk/
https://carbonrecycling.net/
mailto:S.Heaven@soton.ac.uk
mailto:ebnet@ebnet.ac.uk
mailto:carbonrecycling@nibb.nottingham.ac.uk
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Appendix 2 Short Presentations 

Contents Appendix 2  

Introduction - Sonia Heaven, EBNet / University of Southampton 
Claudio Avignone Rossa, University of Surrey 
Yadira Bajon-Fernandez, Cranfield University 
John Bridgeman/Davide Dapelo, University of Liverpool 
James Chong, University of York 
Christian Fink, Arkeon Ltd 
Cees Haringa, Delft University of Technology 
Klaas Hellingwerf, University of Amsterdam 
Ahsan Islam, Loughborough University 
Michael Vedel Wegener Kofoed, Aarhus University 
Sophie Nixon, University of Manchester 
Bart Pander, University of Edinburgh 
Marilene Pavan, Lanzatech 
Simon Rittmann, University of Vienna  
Ioannis Skiadas/Antonio Grimalt-Alemany, Technical University of Denmark 
Orkun Soyer, University of Warwick 
Adrie Straathof, Delft University of Technology 
Mark Walker, University of Hull 
Joe Weaver, Newcastle University 
Yue Zhang, University of Southampton 
Will Zimmermann, University of Sheffield 

 

For in-depth presentations see Appendix 3 
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Appendix 4 Original bullet points  

A4.1 Original bullet points grouped and clustered, with summary scores  

Note:  This clustering was not available to workshop participants during scoring session.  Items 

indicated by * were described in the short presentations but not included in the flag-up session. 

Original bullet points by topic Flags 

Microbiology 28 

Microbial 11 

Fundamental systems biology still lagging behind compared to other biology 1 

The role of biology in gas fermentation is currently regarded as a black box with 
significant gaps in understanding the microbial dynamics that e.g. leads to side products 
such as acids and heat generation. 

- 

How can we engineer microbiomes to yield value-added products from waste CO2? - 

What are the opportunities for mixed microbial communities? 1 

When is the complexity of a mixed community worth it? 1 

Synbio should include microbial community engineering - not just genetic engineering 1 

Trade-offs between synthetic biology and wildtype organisms (Technological, economic, 
regulatory? Ecological?) 

2 

Genetic tools for non-model organisms 1 

Development of genetic tools and characterization for non-model organisms 1 

Identifying microbes in open cultures, using the best ones in defined cultures 1 

Too few strains and their cultivation properly developed for actual industry 1 

Archaea are under-represented in biotech / gas fermentation - 

N2O abatement: Microbiological limitations - 

Systems biology of aerobic vs anaerobic gas fermentation 1 

Microbial cultures: why (and how) spatial structure? How to exploit it? How to 
manipulate it? 

- 

Metabolic 17 

Better grasp on effects of mixing on microbial metabolism (and community structure) 2 

Understanding microbial kinetics, understanding electron transfer 1 

Selection of electron donors, e.g. H2 vs electron; one-stage vs two-stage 4 

Systems biology, electron bifurcation, and enzyme specificity - 

Enhance electron bifurcation systems with genetic engineering? 1 

Growth coupling of product formation in aerobic gas fermentation 1 

Significant gaps in understanding microbial dynamics that e.g. leads to side products such 
as acids and heat generation 

4 

What knock-on metabolic processes are triggered by CO2 fixation? 1 

How can microbubble-microbe interactions be tuned for symbiotic engineering? 1 

Can microbubble absorptive processes intensify metabolism?  Facilitate downstream 
processing or in situ separations? 

1 

Qualitative understanding of microbial kinetics: Why 2,3-BDO formation? - 

How do microbial communities metabolise CO2 in the absence of light? - 

CFD simulation of bioreactors with integrated biokinetics to study cell-environment 
interaction 

1 

Engineering envelope 26 

Mass transfer 13 

H2 assisted CO2 bioconversion: Limited gas-liquid transfer 4 
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Original bullet points by topic Flags 

Mass transfer between gases and microbial cultures growing in a liquid phase or film 3 

Physico-chemical barriers - poor solubility and gas-liquid mass transfer of H2 - 

Physico-chemical barriers related to working with H2 have been identified as the main 
rate-limiting factors due to the poor solubility and gas-liquid mass transfer of H2.  

- 

Better tools for prediction and analysis of mass transfer  - 

CH4 abatement: Limited gas-liquid transfer, inhibition by metabolites - 

CO bioconversion: Limited gas-liquid transfer - 

How do fermentation broth properties (viscosity, surface tension etc) affect gas transfer 
characteristics? 

- 

What are the mechanisms for microbubble – microorganism interactions? - 

Can reactor design for gas transfer move beyond empirically-based approaches? 1 

On-line measurement of dissolved gas concentrations 5 

Measuring concentration gradients in biofilms, and how to mitigate or exploit them - 

How much should we care that we only measure bulk/macroscopic characteristics, but 
microorganisms predominantly influenced by highly localised environmental conditions? 

* 

How do we know when mass transfer is limiting? (often difficult to measure 
intermediates) 

* 

How do we predict (or even know definitively) when enough (mass transfer) is enough? 
Are particular equipment/reactor designs suited to particular applications/organisms? 

* 

What are critical design criteria for mass transfer/mixing systems? (given multiple 
process requirements) 

* 

Impact of conditions on rates and product spectrum: how do (local) concentrations of 
dissolved gases affect product spectrum, production rates, e.g. pCO -> acetate/ethanol 
ratio in syngas fermentation 

* 

How to control conditions to direct maximum flux to certain products * 

Hydrodynamics 2 

Can CFD work across scales relevant to microbial environments? 1 

Bioreactor hydrodynamics: Experimental assessment of gas-liquid hydrodynamics in 
fermentation broths 

- 

Impact of broth composition on hydrodynamics: How do components in the broth affect 
bubble size, mass transfer rates? 

* 

Predictive models for kLa (especially a) in microbial broth - 

Modelling flow and diffusion in reactors, through biofilm/electrode/membrane - 

Can we use neural networks to improve gas mixing of microbial systems? - 

Concentration gradients in industrial-scale reactors, and how to mitigate or exploit them 1 

Reduced order models: Coarse models for rapid assessment of heterogeneity & design 
optimization 

- 

Scale effects and scale-up 11 

Scale-up 3 

Scale effects on gas transfer (and on microbial metabolism / performance)  2 

Scale-up investment and infrastructure  2 

Scale-up (inc. mixing and safety) 1 

Scale-up is limiting advancement particularly in 1-10 litre range. 1 

Working at small pilot scale with flammable/ explosive gases 2 

Scale-down: Design of lab-scale setups to study impact of heterogeneous conditions on 
cells  

- 

Different bioprocess conditions must be considered if infrastructure for gas fermentation 
in developed 

- 
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Original bullet points by topic Flags 

Designing scalable/stackable reactors, and their cost-effective production - 

How to operate a thin film reactor hygienically? - 

Other 31 

Feedstocks & Products 5 

Gaseous feedstocks - mapping composition, scale, location  1 

Accommodating intermittent energy patterns while complying with various CO2 supplies. - 

Gas quality variability - 

Process economy (and feedstock supply) in gas fermentation 2 

When is it useful (and how!) to switch between desired products, or between varying 
feedstocks? 

* 

Product diversification - 

Product diversification; metabolic engineering; metabolic models 1 

What should we be making?  From what? 1 

Product generation as main goal vs. ‘augmented waste treatment’ - 

Process design and integration 14 

How do we separate products from liquors? 4 

Recovery of non-volatile products 3 

Microbubble reactive-separations, say for removal of higher value added molecules? - 

Downstream processing: impact of hard-to-remove byproducts, product titre, etc on 
purification  

* 

Recycling microbial broth after downstream product removal 1 

Integration with upstream processes 2 

Gas recycles; impact of gas impurities; gas purification 1 

Gaseous feedstocks versus soluble (e.g. formate, methanol) 2 

Need to utilise side-streams in gas fermentation 1 

Utilizing side streams to enhance overall system efficiency - 

How do we answer ‘what-if’ questions in design & operation decisions? - 

Economics, Policy, Implementation 12 

C1 products need to be competitive against existing industry 3 

Key questions on towards commercialisation not asked 2 

Can enough CO2 be fixed as biomass in relation to ethanol/methane via Wood Ljungdahl 
Pathway to generate biomass-derived platform chemicals in a commercially feasible 
way? 

- 

Opportunities for detailed engineering appraisal and techno-economic assessment - 

Industrial engagement / funding 4 

Holistic overview and integration of knowledge is lacking 1 

Field is diverse with regard to industrially relevant organisms + processes: pressure, shear 
forces, growth media, productivity yields 

- 

Identify key components in gas fermentation knowledge gaps - physiology, synbio 
methods, bioreactors, bioprocesses 

- 

Trans- / inter-disciplinary working - 

Policy framework and investment climate not where it should be 1 

Broader policies that take all these technologies into consideration 1 
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Appendix 5 Flipchart images 

Contents Appendix 5 

Microbiology topic flipcharts 
Engineering envelope topic flipcharts 
Other topic flipcharts 
Actions/obstacles topic flipcharts 
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Microbiology Microbiology 

  
Group 1a Group 1b 
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Microbiology Engineering envelope 

  
Group 1c Group 2a 
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Engineering envelope Engineering envelope 

  
Group 2b Group 2c 
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Other  Other 

  
Group 3a Group 3b 



                                                 56 

  



                                                 57 

Other  Actions/obstacles 

  
Group 3c Group 4a 
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Other  Actions/obstacles 

  
Group 4b Group 4c 
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Appendix 6 Bullet points from workshop sessions 

Key to areas: FPP - Feedstock, process, product; KT - Knowledge transfer; M&M - Mixing and mass 
transfer; Metab - Metabolic; Micro - Microbiological; Mod - Modelling; P&I - Policy and 
implementation; PM&C - Process monitoring and control; S-U - Scale-up  

Bullet points from workshop sessions by topic Area 

Microbiology 
 

Microbial community understanding Micro 

Microbial knowledge gap: Significant potential to use non-model organisms has yet to be 
realised. 

  - Much of the prokaryotic tree of life ignored. 

  - Rich diversity in relevant samples should be directly tapped (e.g. enrichment for new 
strains/communities). 

Micro 

Microbial knowledge gap:  Significant potential for microbial communities/mixed cultures 
to perform gas fermentations (and other biotech processes), but knowledge gaps remain 
as to their stability/engineerability (environmental & genetic) and optimal or pre-
requisite complexity 

Micro 

Symbiotic engineering of mixed culture consortia Micro 

Understanding (i.e. predictive modelling) microbial interactions among themselves and 
with the environment i.e. what determines microbe-environment and microbe-microbe 
interactions? 

Micro 

Microbial knowledge gap:  Tools for mixed culture / community genetic engineering are 
immature/lacking. Warrants targeted development 

Micro 

More genetic tools for non-model microbes Micro 

Liquid/gas interactions with microbes Micro 

Developing and maintaining biofilms Micro 

Make research into microbiology both fundamentally interesting and makes a positive 
impact on the world 

Micro 

Complexity/links genetic - community behaviour/outcome - physical engineering design Mod 

Modelling Mod 

Predictive models Mod 

Understanding (i.e predictive modelling) metabolic network dynamics within cells i.e. 
what determines cellular metabolic fluxes 

Metab 

Microbial metabolites and their impact Metab 

Understanding microbial inhibition during gas fermentation and designing mitigation 
strategies 

Metab 

Using AI/Machine learning to gain understanding of the organisms' metabolome / 
genome (need big datasets!) 

Metab 

Don't ferment gases: pre-process into liquid feed then ferment Metab 

Engineering Envelope Metab 

Gas transfer between gas - liquid - biomass M&M 

Mass transfer M&M 

Fundamental understanding/prediction of kLa values M&M 

Engineering for better mixing and distributed kinetics (CFD-like modelling) M&M 

New reactor designs (for gas - liquid - bio) M&M 

Development of high mass-transfer scalable gas phase bioreactors M&M 

Optimised reactor design to enhance substrate availability M&M 

Complexity/links genetic - community behaviour/outcome - physical engineering design Mod 
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Bullet points from workshop sessions by topic Area 

Predictive models Mod 

Multi-scale models of liquid cultures, covering cells, biofilms/granules and the bulk that 
incorporate thermodynamics (metabolism) and hydrodynamics (flows and mass transfer) 

Mod 

Development of better scale-driven models Mod 

Fermenter monitoring and operating strategies PM&C 

In situ measurement of gas compositions in the aqueous phase PM&C 

How to monitor, control and optimise the integration of the full production process 
towards more efficiency, sustainability and economy 

PM&C 

Exploit best of chemical (methanol) and biology (methylotrophy) as two stage processing PM&C 

Other 
 

Feedstock and product diversification FPP 

Optimisation of feedstocks and recovery methods for selected bioproducts FPP 

Cost-benefit analysis of bioproduction methods for different classes of bioproducts e.g. 
bulk chemicals, high value, pharma 

FPP 

Process selection for targetted products FPP 

Integration up/downstream and supply chains FPP 

Use of neural networks for optimisation of biomethanisation FPP 

Comparison of AD and gas fermentation for various feedstocks FPP 

How to stop making methane and start making more valuable and sustainable products 
from waste or air capture CO2 

FPP 

Change biomass feedstock fermentation to biomass and H2 to make more efficient and 
faster 

FPP 

Economic comparison of various waste feedstocks by AD and the combination of syngas 
fermentation 

FPP 

Look into dissolved forms of H2, CO2 (formate, methanol) FPP 

Funding for R&D and demo which has a longer horizon for planned returns -> UK as an 
innovation leader rather than follower 

S-U 

Funding streams to support scaling-up S-U 

Scale-up / demonstration facilities S-U 

Developing new tools for the design of gas fermenters S-U 

How to reduce costs of sterile systems to allow lower value products to be economically 
viable 

S-U 

Gas transfer mechanisms and repercussions for H2, and CH4 S-U 

Optimisation of biofilms through CFD S-U 

'External' stuff (but not really) e.g. economics, funding, strategic interests, upstream P&I 

Cross engagements / education across disciplines / approaches P&I 

How can we develop tools to model complex systems? P&I 

Knowledge centralisation for competencies, progression-check, capabilities and 
opportunities 

P&I 

Policy and Regulation (HSE) e.g. Clostridia P&I 

The discussions about IP are the most complicated when establishing partnerships.  More 
generalizable agreements would be nice to have 

P&I 

Follow up is needed for the challenges and gaps we identify today.  We should, 2 years 
from now, re-assess them to check for their progress 

P&I 

Actions 
 

Communication and understanding across disciplines (barrier) KT 
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Bullet points from workshop sessions by topic Area 

Hyper-specialisation super-incentivised. Knowledge silos. We need generalists who speak 
engineering, biology, programming and economics. 

KT 

Transparent reporting that facilitates comparison and sharing of data/practice (Action) KT 

Develop a dataset format that can allow 'anonymised' results to be collated for data 
mining on process data from a wide variety of fermentations 

KT 

Too many papers "I've a great model" but no implementation shared to play with KT 

Mapping of feedstock availability, composition, quality FPP 

More coordination between feedstock suppliers FPP 

Honest/open discussion of what bioprocess/product to focus on FPP 

Markets and logistics FPP 

Sustainability and environmental impacts FPP 

Obstacle:  instrumentation/equipment access at laboratory level dispersed across 
Universities nationally 

S-U 

Safe and cheap relevant research and development facilities S-U 

Expert H&S / Hazop / HazID support S-U 

More targeted funding support to move technological/Integration readiness levels 
upwards 

S-U 

Funding support for scale-up S-U 

Further development/investment in open access scale-up facilities dedicated to gas 
fermentation 

S-U 

More accurate and improved scale-down models S-U 

More targeted cross-disciplinary cross-sector funding opportunities P&I 

For progress: open competitive challenges, e.g. in the same spirit of 'Protein structure 
prediction' competition 

P&I 

Promoting collaborative projects between industry and academia P&I 

Lack of agility in contracts / IP management in Universities P&I 

Lack of trust by investors in new technologies P&I 

Obstacle: Niche venture capital with whole sector 'ecology' experience P&I 

Identify or create real business cases with real positive societal, environmental and 
economic impact 

P&I 

Talent - acquisition / retention P&I 

High cost of immigration to UK limiting global talent pool P&I 
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Appendix 7 Summary of priorities from participants' in-session notes 

A7.1 Microbial theme 

Group 1a 

1. Physical interaction and microbial inhibitions mechanisms during gas fermentation 

2. Genetic tools for non-model organisms 

3. Systems biology of unique microbes and microbial communities and contextual responses to 

their environment  

4. Data collection for predictive modelling tools leveraging AI, machine learning and big data 

Group 1b 

 

• Predictive Models – Pool large datasets and predict AI aided optimised mixed cultures and 

optimised pure strains  

• Liquid gas interactions – uncertainty of exact composition of the aqueous phase limits the 

development of processes 

• Metabolic fluxes – targeted products. Optimise the operational strategies and conversion 

efficiencies  

Group 1c 

Goal – Develop our understanding to control and optimise microbial systems 

 

Sketch diagram from session - Group 1c 
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Drawn version of diagram from session - Group 1c 

 

A7.2 Engineering Envelope 

Group 2a 

• Optimising mass transfer in gas-phase bioreactors 

• Control, optimisation and monitoring of gas fermentation 

• Optimising the modelling tools at macro and microscopic scale 

Group 2b (NB Equally important) 

 

1a. Optimising reactor design for mass transfer to support process intensification and integration. 

Considerations include temperature and pressure (safety issues) and energy optimisation.  
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1b. Process measuring and monitoring. Required to inform and integrate modelling.  

1c. Predictive modelling to de-risk scale up. Accurate models required to translate optimised lab 

experiments/results to account for differences encountered at scale.  

Group 2c 

- Predictive models. Measurement includes tools, data collection (e.g. concentration gradients and 

dissolved gas), TEA, LCA.  

- Mass transfer, balanced inputs and product removal (Operational and design parameters). 

Balanced inputs include pressure, light heat, mixing and heat, growth, micro- and macro-nutrients, 

chemical redox.  

- Reactor design including variants for reactor type and purpose.  

A7.3 Other 

Group 3a 

• Assessing the economic availability and suitability of feedstocks for gas fermentation and specific 

target products.  

• Developing innovative products and associated downstream processes 

• Scalability of gas fermentation processes  

• Safety considerations for explosive gas mixtures. 

Group 3b 

Product and feedstock diversification and identification. Feedstock mapping and characterisation of 

the different production facilities. Coordinating supply and demand 

Scaling up. How to reduce costs. More reliable scale-down models in order to prevent high scale-up 

costs. Funding for scaling-up.  

Economics and business models. Tension between academic publications and business IP protection. 

Economic viability (does it make sense to do this from an economic point of views). 

Group 3c 

 

- Integration and optimisation regarding upstream processes, biomass utilisation as feedstock and 

TEA.  

- Cost/benefit analysis and cost reduction.  

- Knowledge transfer and centralisation, cross engagement, and reassessment of all of these bullet 

points.  
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A7.4 Actions 

Group 4a 

• Map and interpret feedstock characteristics -  improve coordination  

• Promote transparent reporting and open data formats 

• Target funding support on scale-up, demo and TRL progression to support investor confidence 

• Training and information exchange, including H&S expertise 

 

Group 4b 

 

1. Facilitate multi-disciplinary working. Cross sector funding calls promoting collaboration between 

disciplines. Disrupt silos and avoid “empire building”. Actively promote examples of cross-

disciplinary working.  

2. Sharing infrastructure, knowledge, facilities, data. “Fair” data practices. Develop methods for 

sharing anonymised data. Enable inter-institutional access to facilities (HPC, lab equipment, etc). 

Improve discoverability (eg searchable database).   

Group 4c 

- Feedstock 

- Funding 

- Markets and logistics 

- Sustainability and environmental impact 

- Talent acquisition and retention 
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Appendix 8 Visualisations 

 

This appendix contains some visual representations of relationships between the bullet points listed 

in Appendices 4 and 6. These were produced after the workshop, and are examples only: each could 

be re-drawn in many different ways, as the relationships themselves are multi-dimensional. 

Larger versions in editable format are available from EBNet ebnet@ebnet.ac.uk  

 

Pre-workshop - Microbiological aspects 

Pre-workshop - Engineering envelope 

Pre-workshop - Other 

Workshop - Microbiological aspects 

Workshop - Engineering envelope 

Workshop - Other 

Workshop - Actions and obstacles 

Summary of key R&D priorities 

 

mailto:ebnet@ebnet.ac.uk
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Pre-workshop - Engineering envelope 
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Pre-workshop - Other 
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Workshop - Actions and obstacles  
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Summary of key R&D priorities 


