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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 Al 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 CO, 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.
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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.




Other factors to consider are the impact of gas quality and any purification requirements; and in the
case of H; production, the need to accommodate intermittent renewable energy production while
matching CO; 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 Al 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.




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 Al, 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.
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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 Al and machine learning
approaches, can aid in process optimisation and control.
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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

James Chong, University of York

Sandra Esteves, University of South Wales
Christian Fink, Arkeon Ltd

Klaas Hellingwerf, University of Amsterdam
Raul Mufioz, Universidad de Valladolid
Sophie Nixon, University of Manchester

Bart Pander, University of Edinburgh
Marilene Pavan, Lanzatech

Also contributing

Claudio Avignone Rossa, University of Surrey
Yadira Bajon-Fernandez, Cranfield University

Kristi Potter, Centre for Process Innovation
Simon Rittmann, University of Vienna

Savvas Savvas, University of South Wales
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

Cees Haringa, Delft University of Technology
Ahsan Islam, Loughborough University

John Bridgemann, University of Liverpool
Davide Dapelo, University of Liverpool
Antonio Grimalt-Alemany, Technical University
of Denmark

Michael Vedel Wegener Kofoed, Aarhus University
loannis Skiadas, Technical University of Denmark
William Sloan, University of Glasgow

Supported by
Sonia Heaven, EBNet

Louise Byfield, EBNet
Angela Bywater, EBNet

Charles Banks, CJC Labs Ltd
Nigel Minton, Carbon Recycling Network
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

7\ carson
{ ¢\ REcrCung

B iotechrology and
- Bivogical Scences
Research Councll

REB

12


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

Appendix 2 Short Presentations

Contents Appendix 2

Introduction - Sonia Heaven, EBNet / University of Southampton
Claudio Avignone Rossa, University of Surrey
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Joint workshop on microbial systems with
gaseous feedstocks — short presentations

Hosted by the Environmental Biotechnology Network and the Carbon Recycling Network
Shrigley Hall, Cheshire 27-28 March 2024

e GpEBNGt s

Workshop aims

» We hope to (encourage you to) identify (some)
- key research questions and knowledge gaps
- R&D needs for technology progression and transfer
- actions to promote progress and alleviate any obstacles
* Outcome(s) will take the form of a position statement
or strategy document for circulation to relevant bodies
and individuals (e.g. funding agencies and government
and regulatory bodies)
* And any clever spin-offs

NPEBNet

Introduction - Sonia Heaven, EBNet / University of Southampton

Introduction - slide 2

Pobtants

EBNet strategic aim

Media

* To bring together natural and social scientists and
engineers to move discovery science towards
practical application in creating and optimising
engineered microbial systems for environmental
protection, bioremediation and resource recovery

Biokogy

Engineering

b

Opportunity

Highly

* Revolution in biosciences and analytical science 4
interactive

- genetic to community level
* Accessed through engineering and technology
*» Collaboration vital to move these through to higher TRL

NPEBNot

Introduction - slide 3

Gl = NpEBNet

Ergirearing and
ﬂvku Sclences
Rwsearch Council

Introduction - slide 4
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Workshop activities

Today Tomorrow morning
* Introductions + Presentation
Coffee * ldeas sessions Coffee
* Presentations - Identify
Group

- Prioritise Metaplan?
Summarise

Follow-up

* Collate, circulate, amend, credit, utilise ..giE,BN e

People

* EBNet: Sonia Heaven, Network Managers Angie Bywater and Louise
Byfield

* Carbon Recycling Network: Nigel Minton, Alan Burbidge, Loretta
Waddon

* Charles Banks — ADNet director, CIC Labs

University of University of
Southampton Nottingham

Introduction - slide 5

Introduction - slide 6

s

L

Claudio Avignone Rossa, University of Surrey

Qiotechralogy and ":E'?:' g 2 & \ CARBON 4 Ergiroaring asd
Bioogical Scences X ’ €1 % RECYCLING & f Pysbcal Sclences
h mosel B - =y DS sesearch Councll

Research Councll

Bioresources research at CWSI

Sustainable treatment of biomass while maximising resoun
recovery

Dr. Yadira Bajon-Fermandez
Senior Lecturer in Bioresources Science and Engineering

Yadira Bajon-Fernandez, Cranfield University
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Hi everyone!

Sorry that | cannot be there today, but thanks for the chance to Introduce myself. |
am Yadira, a senior lecturer at Cranfield University, where | lead the Bioresources
research within the Water Science Institute and the Bioresource Technology Lab.

My passion is on bridging the gap between scientific discovery and full-scale
implementation, for which | work very closely with industry and government. My
research focusses on asset resiience and resource recovery from sludge and
wastes through implementation of biorefinery concepls. In peactice this means
technology development and optimization on anaerobic digestion, dark
fermentation, methanation, GHG & air pollutants abatement, solidfiquid
separation, and others. Easier lo see the next slide for current projects within the
Bioresources Team &

| am currently seconded to the Department of Energy Security and Net Zero
(DESNZ) within the UK government, supporting policy development to mitigate
methane losses from AD sites. The ultimate aim is to ensure sustainability of
biogas and biomethane generation

CWSI Bioresources Team - current

6893

James Manu
Nasreen Nasar  Nonenna Chukwuekez.e ‘;nqn Xu
Sudge borefinenes
AD Pre.treatments Dry wasm dark fa
Muna Hassan Tracy Mupinga Steven Bungay Crimamaka Amala
Migatng methene  Siudge dewatefing N & CH, from digestate _V¥88nds Intensification
emissions ¥ " {inc. decentraiised sludge)

Y Bajon-Fernandez - slide 2

Y Bajon-Fernandez - slide 3

)

Engineering biology — by design or operation

> IR "~ T
T - . -~ 10
18 gl P it WO, ) P
R A e e
g ====- ,E ........... P v I’s
":-- :-_':"_" ........... » T e 0
L e d - = o4
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q « W “-.-;m.. - W oy

Thp 4 g St b el 4 gt e 410

*  We can control metabolic pathway of Methanosarcina by playing with HRT. It links
to controlling the wash-out of SAOBs at high levels of inhibitors, which is strongly
linked to H, supersaturation on the liquid

+ This project has enabled Thalia Waste management to increase their biogas
production in full-scale dry ADs

s 'John Bridgeman & Davide Dapelo
LIVERPOOL |Department of Civil and
|Environmental Engineer

INIVE

What we do

+ Modelling anaerobic digestion processes
* Multiphase computational fluid dynamics and lattice Boltzmann
modelling (LBM) of wastewater siudge flow and gas mixing in anaerobic
digesters o optimise treatment by reducing energy and chemical usage

Key questions and knowledge gaps

« Can we use neural networks to improve gas mixing of microbial systems?
+ Resclve reaction and flow patterns inside a vessel al mixing
Initiation via innovative LBM and pass resolved flow to a
combination of deep, convolutional and recurrent neural natworks
to predict mixing performance ovar much longer, process-relevant
time scales.

Y Bajon-Fernandez - slide 4

morms NPEBNet R

John Bridgeman/Davide Dapelo, University of Liverpool
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UNIVERSITY

MULN-OMICS

SYSTEM GO

UNIVERSITY

& ik

MY QUESTIONS, KNOWLEDGE GAPS AND
ISSUES

What should we be making? From what?
What are the opportunities for mixed microbial communities ?
How do we separate products from liguors?

Scale up (Inc. mixing and safety)
Gas quality variabslity
Genetic tools for non-modal organisms

» @

Industrial engagenment / funding
Trans- / inter-disciplinary working

James Chong, University of York

J Chong - slide 2

Dr. Christian Fink

Head of Synthetic Biology at Arkeon GmbH
*  PhDin Methancgen Genetics at University of Tuebingan

* Masterof Science at Archaea Centar of University of Regensburg

What areas do | workin?

* Genetic englnearing of blocatalysts for Gastarmantation processes

* Optimézation-and deiovelopment of genetic tools for gas fermenting Archaes
*  We turn gas fermenting Archaen Into cell tactories for amino acids (or any other platform chemicals)
Key questions and knowledge gaps

+ Canenough carbon dloxide be fixed a5 biomass in relation to athanol/methane vis Wooo Ljungdahl Pathway to
generste biomass derived platform chemicals in a commeccially feasible way.

+ Enhance electron ifurcation systems with genetic engineering?

CASE Group: Cellular Adventures in [Simulated/Scaled] Environments
Dellt University of Technology, the Netherlands

PL: De. ir, Cans Hunngs (A It Prol blogrocess enginesring)

Group dascription: Transport limitations wil lead 10 hetarogenaous anvironments in
industrial tvoreactors, that masy impact cellular metabolism and theseby process
performance, This is often named as a cause of 'the valley of death’ upon scale-up. We use
computational fluid dynamics simulstions with integmted biokinetics to study the impact
of pracess canditi an cell lism, how lab experiments can be designed to study
these phanomana, and how bioprocess design can be optimized

Researchthemes:

- Bioreactor hydrodynamics: Experimental assessment of gas-liquid hydrodynamicsin feementation broths
« CFD simulation: Simutation of bioreactors with integrated bickinetics to study cell-environment interaction

- Reduced order models: Coarse models for rapid of heterogeneity & design optimization
- Scale-down: Design of lab-scale setups to study impact of heterogensous conditions on cells
Applicats {Syn|gas fer precison for

cullularagriculture, blopharmaceutical processes ‘

Christian Fink, Arkeon Ltd

s ’
mzms GPEBNet

[T ————"

\ CARBON cwz
/ €1 % RECYCLING m Phypsbcal “l
- Revearch Councll

Cees Haringa, Delft University of Technology
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Questions in gas fermentation

« 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 ferm, [1)

* Mechanisms behind the above [1]
How to controi conditions to direct maximum flux to certain products

* Impact of broth composition on hydrodynamics[2,3,4]
How do compaonents in the broth affect bubble size, mass transfer rates.

* Downstream processing
Impact of hard-to-remove byproducts, product titer, etc. on purification [5]

1] Puslman ot i, Bicchom. Eag 1, Lt el (2] P\NN"'INI HUNIAE L] 2032,120504, (31 Volper et al., 100016/ 001 2023199123,
(9] Wing o1 1. 1010025 18251, [5] Jankovic o ., 1 LAO23124320 & 10.10025ctb. 7578

Who | am?

* Klaas J. Hellingwerf, PhD in (bio)Chemistry, 1979

* Prof. emeritus in ‘General microbiology’, University of
Amsterdam & ‘Photophysics’ at Free University Amsterdam

* Scientific Advisor of Photanol BV
* Consultantin Translational Biotechnology

C Haringa - slide 2

Klaas Hellingwerf, University of Amsterdam

Why am | here?

* Since my retirement (2015) | have been lecturing at various public
and academic events about the global carbon cycle and
‘sustainability’, with (artificial) photosynthesis as the starting point.

* Gradually, while preparing such lectures, the numbers from the IPCC
report about the global carbon cycle, have made me convinced that
anaerobic digestion of ‘waste biomass’ a deserves a more prominent
role in these discussions.

* Also, in the board of CCNet, at occasions, | expressed this view.

)

Some key questions, knowledge gaps and issues in this area:

* How to operate a thin film reactor hygienically?

* Systems biology of aerobic vs anaerobic gas fermentation

* Growth coupling of product formation in aerobic gas fermentation
* Systems biology, electron bifurcation, and enzyme specificity

* Process economy (and feedstock supply) in gas fermentation

)

K Hellingwerf - slide 2

e

Ritech L Ergirearing and
Bioogical nmccu Sclences

Research Councll Rwsearch Council

K Hellingwerf - slide 3
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g My Background Iy

oo ) lmperlalCol )
Brief Introduction About Technology (BUET) g

CFD~ nuumwsnmmmm
1 \ - et (AN
Me and My Research %8 -
‘1 {:' ‘:'.. AR T
s ¥ . Master's Resoarch
l - ::m:'m. : T UNIVERSITY OF
Ahsan Islam, PhD I l n:""':“'f"““ 3 ( [ é TORONTO (
Senior Lecturer in Biochemical Engineering - _J— E‘iﬁ f;._- —
Loughborough University, UK ] ] e g "‘..—_ = ﬂ___ € e =L-_;_ e
oo 28,208 RO S e '.:1.;.;.,;.‘}:&
- — —:.— ':;:"_‘*.;:_-d == :'..'(—‘: —‘{ﬁi;ﬂ:-.d
Postdoctoral Research Doctoral Research 2
Ahsan Islam, Loughborough University Alslam - slide 2

Myself and My Research

« A biochemical engineer by training

» Research areas: metabolic engineering, systems
biology, synthetic biology, biocinformatics,

anaerobic microbiology, environmental
biotechnology /v AARHUS

UNIVERSITY

« Apply both computational and experimental
approaches in the mentioned research areas to
solve important societal challenges regrading
sustainability, environment, and human health

Alslam - slide 3 Michael Vedel Wegener Kofoed, Aarhus University

\ Srgiroaring and
/ mrﬂmc & Physical Sclences
Rwvearch Courct!
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Who are we?
Dept, of Biological & Chemical Engineering, Aarhus University (AU BCE)
Research Group: Microbial Conversion Technologies

Attt Hcditer

TR0 m* Primvary

/—1',‘ e > 1X penos

Our work within microbial gas
fermentation aims to
understand the intricate
biological processes and thelr
effects on upscaling in differen 1 !
technology pathways such as! » i .,J 3
In situ biomethanation of: o i
Blogas
Ex situ biomethanation of:
Blogas

h—-“.

Flue gas
Syngas
Acetate production

W BEESs Pt and CCU Research Plant. AU Viborg

‘ What are the key knowledge gaps?

Lxargle of ex sty blomethanason

The key knowledge gops within the development of microbial gas fermentation relate
to both hiclogical, phiysiochemical, and system bottlenecks,

The role of biotogy In gas fermentation is currently regarded as a black box with
sgndicant gaps in understanding the micrabial dynamics that e.g. leads to side
productssuch as acids and heat generation.

The physiochemical barriers related to working with H, have been identified as the
main rate-limiting factors due 1o the poor salulxlity and ges-iguid mass transfer of H,

The gas formentation system should enabie a flexibie operation capable of
accommodating stermittent energy patterns while complying to variows CO, supplies.
Addrtionally, utéizing the side streams to enhance the awerall system efficiency.

By applyng a holstic approach, we at AU amm to acquire an in-depth understanding of
the principies of gas fermentstion 10 develon io-reactor systems that facilitate gas
fermentation, which we scale L0 be directly be apobad in o reafistic ermvironment.

M V W Kofoed - slide 2

M V W Kofoed - slide 3

Manchestet [ratitute

Prof Sophie Nixon

BESCR David Phitips & Kethiaen Olerenshaw Reacarch Fellow m"‘_—w'
Deep biosphare
Life in extrermne Microblology of the
anvironmants engineered subsurface
.
Habitability for Ufe n l go n ' a b Microbiology of
beyond Earth | Environmental Microbiology geologicul CO, sturage
& Biotechnology
Rutes of e in
emirenmental Lightndepencent
microbiomes CO, fixution

Bloavaitability of org ©

applied

fundamental

= A UK SPACE
,IAMEW I(';(E:IREQT‘;AL }, IDR|C @ nuuuuuul

m-m e

e sy [E3 = exonMobil @egs.ggv

Nature-based solutions to problematic carbon
Hamessing environmental microbiomes

nigon lab

B sion of CO, emissions to useful prods

How do mecrobist communties metabolise CO, inthe
absance of light?

Véhat knock-on metabalic pracesses are triggered by CO,
fixation?

How canwe engineer rmucrobiomes 1o yield value-added
products from waste CO,?

Biod datian of poh s 1

b POsY Lo

How do microbial communities degrade polymers?

What knock-on metabolic procasses are triggared by
polymer dogradation?

Canwe hamess enzymatic degradstion pathweys from
mécrobial communities to minimize environmental
Impact?

Sophie Nixon, University of Manchester

Biotechrakogy and \ carson Srnginearing and
Sogical Sclances .’EBN t /cn_' RECYCLING Physical clences

S Nixon - slide 2
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Bart Pander, Fryslan, Netherlands, Edinburgh Scotland, Father,
Educator, Entrepreneur, Researcher

2013-2017 PhD on Clostridium autoethanogenum’s metabolomics and carbonic

anhydrase

2017 Past doc on anaerobic digestion of high sulfote and high solt waste

2018-2021 Co-founded Deep Branch

2021-now Curriculum Development Gujarat Biotechnology University

2022-now Past-doc on Real time metabolomics for CHO cell bioprocess
monitoring and industrial waste utilisation (side project)

2023-now University teacher Commercial aspects of Biotechnology

Broad knowledge of many aspects of biotech, ask critical questions and happy to
share ideas, crary, dumb and sometimes also useful.

Bart Pander, University of Edinburgh

- Holistic overview and integration of knowledge is lacking. key
questions on towards commercialisation not asked

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

- Policy framework and investment climate not where it should be

- Fundamental systems biology still lagging behind compared to
aotherbiology

THE UNIVERSITY
o EDINBURGH

Bart Pander - slide 2

Carbon Recycling
Workshop

Marilene Pavan

LanzaTech Inc.

Marilene Pavan, Lanzatech

A s ' . a "\ carson roaring
meee @EBNet PERnaen [CII s

“ ABOUT ME
Marilene Pavan | from Brazil | living in Chicago
Biologist | 15+ experience | Synthetic Biology | Biomanufacturing | Metabolic Eng.
Monsanto | Braskem | Bosten U, | Innovation Manager at LanzaTech (2019}

Technelagy Monitoring | Partnerships | Team Building | Earty-Stage Evaluation |
Landscape and Market Analysis {Technology, Competitors, New Markets..)

CARBON RECYCLING - KEY CHALLENGES
1) Scale-up iInvestment and infrastructure
2) Developmeant of genetic tools and charactenzation for non-mede! organisms

3) Broader policies that take all these technologies into consideration

LanzaTech

M Pavan - slide 2
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Dr. Simon K.-M. R. Rittmann, Privatdoz.

Co-founder and Chief Scientist of Arkeon GmbH

Pl and Head of Archaea Physiology & Biotechnology Group, Universitat
Wien

Archaes physiciogy, arthess biotachnclogy, gas b €1, syweh

13 et

B P o L | B A
D ¥ L St

Simon Rittmann, University of Vienna

S Rittmann - slide 2

loannis V. Skiadas
Associate Professor

DTU CHEMICAL ENGINEERING
Department of Chemical and
Biochemical Engineering
PILOT/PLANT

Danmarks Tekniske Universitet
Seltafts Plads

Building 228 . Reom 019

2800 Kgs. Lyngby

Phone: +45 45252729

Mobile: +4521171915 . i
v e https://netzerotube.com/videos/syngas

ORCID:  0DO00-0001-6183-4592 -as-a-renewable-energy-source
vCard:  yCard

Research areas

» Syngas and CO, fermentation to methane, organic acids and
alcohols focusing on the use of trickle bed reactors (TBR) and
mixed microbial cultures (biofilm on the packing material)
originating from anaerobic digestion

* During the last couple of years, a significant part of our research
effort was to analyze mass transfer phenomena and we have
recently developed a simulation tool that allows us to predict the
kLa of different gasses as functions of the reactor and packing
material geometry as well as liquid and gas flowrates.

* The tool can be used for the design and upscaling of efficient
(from lab to pilot and to full scale) TBRs.

hrpsadolong 10,1916/ c8l 2023, 146085

loannis Skiadas/Antonio Grimalt-Alemany, Technical University of Denmark [ Skiadas/A Grimalt-Alemany - slide 2

morms GEPEBNet VOSSN [T s

Research Councll Research Councll
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DTU Orbit

Home Profiles  Research units Publications  Activities Projects Praes
Antonio Grimalt-Alemany
Pustdoc, Department of Chemical and Biochemical Engineering
Bio Conversions
© hetps:forcd,0eg/0000-0001-7652- 743X
Phane Emad Website
SEI24 angral@he.dti. e g fwww, bt dta
View Scppus Profile Saltolt Plads, 727, 037
800 Kgn Lynghy
Denmark

Orkun S Soyer

O Soywrwarme s 4c b

OSS kA

A EBNet mini workshop, Macclesfiald, March 2024

Communlty function and stability, spatial
organization, (cyanobacterial) microbial
communities, modelling, thermodynamics,
resource-consumer models.

GORDON AND RETTY

"W #4BBSRC

e I FOUNDATION

| Skiadas/A Grimalt-Alemany - slide 3

Orkun Soyer, University of Warwick

QGI in “mass transfer between gases and microblal cultures growing in a liquid phase or film™:

Why (and how) spatial structure? How to exploit it? How to manipulate it?

1. Spatial swmm(mmmdpnomm)mmm ‘

Fhatfies dreyratemiy

| 2. Photogranules are anoxic inside |

T, g Gransie 20 weaks, 0.58 cn’

Some relevant literature, FYI:

Duxbury S et al,, Interface Focus 13.2,(2023).
Duxbury S et al., BioXnv (2023).

Trebuch, LM etal ISME J 17 (2023)

Abouhend AS, etal. Environ Sci Technol, 54:1 (2020).

And a movie:

=
3. Photogranules actively 3,‘,, ‘Qf'
.nvkomunlmmulpmm - N
"wo
80
g nl.. PUPNPEN SRR B U d PR ST d
LN wln) 2000 A0 oo
Distance travellod ( pm
O Soyer - slide 2 O Soyer - slide 3
\ CARBON Ergiroaring and
m Sirkgieed Seiinas e ’EBNQ ¢ 1y RECTCUING e scances
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Adne Straathofl

& || straathetgeidem nl

CRNaUENNat wockahop on
Gas Fermantation

Chaster, 27 March 2004

3
TUDelft

Adrie Straathof, Delft University of Technology

Ludovic Jean Marc
Jourdin Daran
Microbeal Genaomics in
eloctrosynthesis MES
) .

Coes Haringa Robbert

Computational ~ Kleerebezem

fluid dynamcs | Mixed cultures

John Posada Adrie

Buoprocen Straathof
Bloprocess
infegration

'fU Delft

S : . . ud
Principal investigators @ TU Delft involved in gas fermentation &

Tony Kiss
Bioproduct

A Straathof - slide 2

Syngas fermentation
Key questions, knowledge gaps and issues

« On-line measurement of dissolved gas concentrabons

+ Predictive models for k a (especially a) in microbial broth

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

« Quafitative understanding of microbial kinetics: Why 2 3-BDC formation?

« Product diversification; metabolic engineering: metabolic models

+ Recycling microbial broth after downstream product removal

« Recovery of non-volatile products

« Integration vath upstream processes. gas recycles, impact of gas impurities; gas purfication

|
v Microbial electrosynthesis using biofilms

Key questions, knowledge gaps and issues

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

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

+ Understanding microbial kinetics, understanding electron transfer

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

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

+ Product diversification

+ Anodic reactions besides H,0 > O,

+ Integration vath upstream processes, gas recycles, iImpact of gas impurities, gas purification
« Recovery of products

A Straathof - slide 3

pome NGEBNet

[T ————"

/ C' mmma m nweuscu-m.

A Straathof - slide 4
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About me
General expertise
Process engineering of biochemical systems
Specific expertise
Anaeroble digestion, blogas, waste/wastewater
Main methods
Process modelling and systems assessments (TEA, LCA, CF)
Relevant experience
Mass transfer in gas-liquid reactors {for CO, biomethanation)

Dr Mark Walker
School of Engineering

[

i Questions

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

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

Relatedly: How do we predict (or even know definitively) when enough (mass transfer) Is
enough? How much does this depend on the application, organisms etc.?

Are particular equipment/reactor designs suited to particular applications/organisms?

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

5| UNIVERSITY
@ +«HULL

Mark Walker, University of Hull

M Walker - slide 2

| loseph E. Weaver (he/him)

Jog. WeaverGnewcastie ac uk

NSF Postdoctornl Fellow
_Vusiting Researcher

| @joe e weaver ewcastle
eyt g University

Joe Weaver, Newcastle University

e
Riotechnology and N Al é \ CARBON $ Srgiroaring and
Biogical Scences EB,\ 4 | / €1 % RECYCLING % Phyysical Sclences
Research Councll Crmirerensuisd Bintestroleg =3 Research Councll

Questions and issues

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

The-A way forward

Simulation

Agn of Expeﬁh

Surrogate
S:i;‘l,et Data Sharing/Open Models paodels

Benchmarks and
reference implementations

Experimentation

* Trade-offs between synthetic biology and
wildtype organisms
* Technologically, economically, regulatory
* Ecologically

* When is it useful {and how!) to switch
between desired products
* Or between varying feedstocks

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

How do we answer ‘what-if questions in design 8Toperation decisions? ]

J Weaver - slide 2
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University of

Yue Zhang ®southa

< Water and Environmental Engineering Group, School of Englneering

» Bioprocesses for resource recovery from organic waste and wastewater

* Anncrobic digestion

v To-satu Mot hansation of CO2
*  Bioclectrochemical processes

+  Mixed-culture fermentation and chemical-free downstream processes

» Questions and issues
»  Selection of electron donors, e.g. H, vs electron; one-stage vs two-stage

+  Opportunities for detailed engineering appraisal and techno-e¢conomic assessment

mpton

Will Zimmerman © i
¢ Professor in Chemical, Material, and Biological
Engineering at the University of Sheffield

Who am I?

* Chemical Engineering graduate of Princeton (8Sc, Eng), Stanford (MSc, PhD) with
minors in pure and applied maths, respectively.

* Winner, Royal Society Innovation Award for (Energy Efficient) microbubble
generation via fluidic oscillation.

* CEng, FIChemE, co-founder of one spinout (Perlemax) and two startups (Reepel,
vertical farming + bioreactors; Matsya, aquaculture)

CCm Technologies (lead), Reepel and Perlemax hold current InnovateUK and
DESNZ grants totaling £2.6m on CCU with biological and chemical approaches.

)

Yue Zhang, University of Southampton

Will Zimmermann, University of Sheffield

& R‘;AWARDsg o Bast RED Irewsvation - Spornerwd ty Covpme Outhorsl Lad

Wrewr Perwwas Lo sred Partrey Virdae io wte Assmeses Sewwnel n tw Orss-Lisewrmess
Avcwrots Dnpewner

— e 10t ot —— e

* Desai-Zimmerman AD fermenter now achieves up to 13-fold increase
in blogas production rate due to microbubble intensification in wet
food waste digesters over conventional unsparged AD.  Less than 2
days to get all the biogas out, vs, 20-25 days conventionally (pllot scale
with Viridor at Parkwood/Sheffield).

* Praposed mechanism is due to "Desat artificial lichen” — microbial
consortium coordinated around microbubble aggregate produces
hydrogen with acidogens / acetogens and transfers the hydrogen gas
directly across the microbubble to the methanogens to make methane

* In situ ammonia removal by hot microbubble stripping.

Removes O5K ol arimonia in 2 minutes contact Uere (ndustrial strpping! 1006im/|

Why was | invited? Microbubble intensified/accelerated bioprocessing, e.g.
Anaerobic Digestion, Microalgae, but also downstream and in situ separations

IChamE Moeulton Medal:
Gas-lift loop bioreactor

[

We also make fluidic oscillators: DZFO

Pressure traces on outlet leg show fluid kinetic energy conserved after 200
diameters [Re ~100000) |

+ Microbubbles produced with ~100 millibar pressure drop across diffusers
* Hybrid synthetic jot disrupts tangential boundary layer formation in pipes
« With Rache! Rothman & Ann Call - showed mass transfor limitation
removed with impingent jets in electrochemical reactions.

Useful for cleaning and biofilm removal

Total =4004g

World's largest Nuldic oscillator:
Throughput ~2400 cubic metres / he

Application ta aeration of municipal wastewator ru\

W Zimmermann - slide 2
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me QP EBNet  PRNRHyE e,

W Zimmermann - slide 3
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From your own viewpoint, what are some key
questions, knowledge gaps and issues in this area?

Developing new tools in bioprocessing ...

* What are the mechanisms for microbubble — microorganism
interactions? How can they be tuned for symbiotic engineering?

* Can microbubble absorptive processes intensify metabolism?
Facilitate downstream processing or in situ separations?
(Foaming or frothing with microbubbles attracting bioproducts in the

plateau borders)

* Microbubble reactive-separations, say for removal of higher value
added molecules? Similar notion to conventional reactive extraction
in chemical processing.

W Zimmermann - slide 4
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Appendix 3 In-depth presentations

Contents Appendix 3
Day 1

Sandra Esteves, University of South Wales
Raul Mufioz, Universidad de Valladolid
Will Zimmermann, University of Sheffield

Day 2

Kristi Potter, Centre for Process Innovation
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MEET | TR ‘

R&D Project Examples - Gas Fermentations

'

Environmental Biotechnology Network and

Carbon Recycling Network Warkshop
27-28 March 2024 Prof. Sandra Esteves and Dr. Savvas Savvas

Sandra Esteves, University of South Wales S Esteves - slide 2

BT | IR '

USW Biomethanation Process USPs ' &

*  Ex-situ process

*  Process stability/robustness under varying conditions: mixed
microbial culture

= Low nutrient input requirement: nutrient recycling & culture
self sustenance

*  Lower capetal costs & improved returas: high conversion rates
& reduced footprint

* Lower operating costs & improved retumns: reduced energy
Input

Biomethanation

*  Flexibility to convert to carboxylic aclds or methane: chemical
and fuel vectors for multiple products

[ et ofSauh e
S Esteves - slide 4

. . . \ R e
e i .’EBN'B‘E g o1y nicrci WS E  Ebpeh

-3 L Aesearch Courcil 29



S Esteves - slide 7

N
J q T
] CENTRE OF EXCELLEMLY
oenvar e ]

— PRy v—
Liquid Recirculation Reactor (LRR)

Biomethanation Process - Parasitic Energy

oo
i
I - TR
i1
e -~ \ o AN ) POW
| T O g ‘f’” .+ | ITMPOWER  Innovate UK
S Esteves - slide 5 S Esteves - slide 6
: Cacea E R ‘ . ABEL | TR '
B = [lmese" D Uilech ¢
BiofilmBased | ! : R
Reactor Design : Biological Integration of Electricity and Gas Grids for Low Cost
Energy Storage (BioGrid)
- ,.—- ._..._..;._ Raise the TRL of a grid scale energy storage
Plug flow of gases and Liquid through ;:1 Pywhad tisergy —~ — e
@ tube replaces mtense agitation e " ,\ R Daskic 3 jon and Ope
:-:'\: -:‘:un i..-:. :-w-u.,..; el LI ‘.
Ml Qlnmewety P :.. -... oy (— \—:— e

.’ Increase technology effickency and reduce
aies Wb gt lom L b -3 (7 i
oo l"gs‘""f?‘ g < et ’

g Via carboxylic acids & CH, directly

Start: Apell 2018 End: Apeil 2021

Deparyment for

Project part funded by: | & indaiedl Srategy

| OUrsenbyof 3o V]
S Esteves - slide 8
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L
g
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2
E 3
W in Nowel
Expectise In
Biotechnology & Anciliaries - I pady bz

related 10 Self-Sustaining Robust
Mived Culturs, Nutrient Recycing
for H,/C0/CO Conversions
Scientific Undesstanding,
Commerclalisation & Impact

wnd Manufacturing

Extend Tech Market *@ Extend Services to New Market

D lilech

S Esteves - slide 9

‘

S Esteves - slide 10

Numerous Reactors Evaluated

20% parasitic
energy load;
scalability lssues,
rapid inoculation
not possihle
Negligible
parasitic load, 200

VVD, bicfilms
homoacetogenic

route

180 VWD
Extensive Foam; 215
VVD pump broke down,
~15% parasticenergy parasitic energy foad,

Foam and thear
reduction, ~10%

High shear, ~20%
parasitic energy load

foad fast inoculation

Cunfidantial

S Esteves - slide 11

Rotechraiogy and a@" X g \ CARBON Ergireering ard
oo Councl EBNet { ©1 '\ RECYCUNG Physical Sclences
Rosstrch Councd mirerensatsd Sirtesteeion == Awsearch Counct!

SMARTExpertise:
T Collaboration for an Industrial Resource
ular Economy (CIRCLE) Project Partners

.
NIRE OF X LENCY
Y A

Sept. 2017 - Oct 2022
s
w Dver Cyrrry TATA ‘-'l' Hhm
Y Walsh Wetter || ATA 1Y
H
-— . ANCELSA  Chisa &e
OF GRO®  STIFL UK
(Emm g ®
VI HEATCATCHER

Nutrient / Metahs recovery

@ Eionathanition | €0, Utisation

ot Becovery D

@ ‘dvocrdPocesiMontonng (O R Vel mckecds ey

‘S Esteves - slide 12
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X \
' Economic and Policy requirements for = Stable Product Quality - Mixed Culture Biomethanation -
€ of
Power to Methane (PtM) Sl "id,. T i e
Stable quality at & = o~ —
stable conversion ! - »
rates rE o
g =
i =
3 o»
- e . =] LS B RN BN BN B
Rump-upingas _ . e it ST, it
feeding rates & = ——— '
withoutfossof  § » ry—y " i
product quality i - -1
R, === -— >3
0% £ 1 —
> '_ » ] n 1 o . . v
S Esteves - slide 13 S Esteves - slide 14

nes (oo | nowc o}
| i

Power to Acids & ' Production, Recovery and -
C

oncentrations of Organic Acids

. ' g =~
L R
s
v - 2" »
© o o B
— 8" - . -
S =1
i | 15
- et |
-_— il "1‘
== L TS . Y v vrrerae
§ 1 0 T R
© Production from H, and CO, Concentration te sllow storage
51 : !

| | © Uity of Sovth Veim]
S Esteves - slide 15 S Esteves - slide 16
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' Production of Biocatalysts for Anaerobic Digesters
Optimisation/Recovery or Production of Single Cell Protein

Periodical washout of microbial culture

a3 —CH$% -+ Throaghput (11/D) r 2w
100 '
W &
50 ' =
#:00 g
e E
- 5
T & TSN N IV e | Flseneesl | o ]
| -
20 ' o
o 0
S N\ 5 b ® Q9 & Q@0
Day»

S Esteves - slide 17

Novel PHA Platform Synthesized by Anaerobic Mixed
Bacteria in a Single Step Gas Fermentation

1Al Mee VTG

e

Biopel & lite o

{Cliet 9 BBSRC

oty b

S Esteves - slide 18
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Biologically Derived Polyesters and Polyamides -
Production, Processing and Circular Life
BioPOL4Life

(Sept. 2020 - March 2023)

" Accderate capacity in industrial hoethlogy(lal for the
production of microbial derived poly and p idi
RED Areas: Lite cycle from bedstoai polymer produn-on

processing, end of life impact and circular recovery.

T e -

( buopol 4 life Q

L ve——————

S

Ser Cymru Capacity g Acceleration Award
-
¢ U

<
» M SER Unpwunkesets Cyrms
Welsh Governenent

S Esteves - slide 19

pone NGEBNet PRNEae [N s

Sustainable Bioconversion of CO, to PHA Biopolymer by
Anaerobic Mixed Bacteria in a Single-Stage Gas
Fermentation (CO,BIOPOL)

Developing a bioprocess for the
sustainable bioconversion of CO,
Into PHAS

PHAs pradoced by a variety of
microbes, bioderived and
biodegradable

PHAS could replace fossil fued
based plastics, help reduce
resources, energy and negative
environmental impacts

An asset in the development of
the bioeconomy and biotech
Industries

‘S Esteves - slide 20
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Production of Higher Chain Alkane Gases (C2-C4) From
Anaerobic Biological Processes
B Ay B T Ak

-ne b 1

0 wALETAWEYY

* Higher chain alkanes required to meet gas grid quality gas S

* Increase the gaseous stream sustainability and further decarbonisation of
the gas grid

* Dense and sustainable heat and transport fuels
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S Esteves - slide 21

S Esteves - slide 22
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Mufoz Torre

i What did | do with my life?

WpEBNet  DSP

| Bachelor Degm CHEMICAL ENGINEERING
. lnst_!niﬂon Univemdad de Valladol&d

' Date: 2001
Erasmus Stay: 6 months at Lunds Universitet (Sweden)

—ee e 4

PhD Degree: PhD in Environmental Blotechnology o,
Institution: Lunds Universitet {Sweden) | Lunps
Date: 2005

Thesis: Algal-Bacterial Photobioreactors for the Degradation of Toxic
Organic Pollutants

Supervim Bo Mattiasson & Benoit Guieysse

Raul Muiioz, Universidad de Valladolid

CARBON Ergiroaring and
/ C‘ RECYCLING Phypsbcal Sclences
Ruesearch Councll

Bioogca Saunces

Research Councll

.’EBNet

[T -

R Mufioz - slide 2
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What did | do with my life?

Bsp

P:d;ion: JUAN DE LA CIERVA Resvarcher
Institution: Universidad de Valladolid
Dates: Novembe{ goosfommber 2007

Position: RAMON Y CAJAL Researcher
Institution: Universidad de Valladolid
Dates: January 2008-Decamber 2012

Position: Assoclate Professor
Institution: Universidad de Valladolid
Dates: December 2012- November 2020

Position: 7 ull Professor
Institution: Universidad de Valladolid
Dates: November 2020-To date

@‘f

0
What did | do with my life? 2SP

i < Research activity: Institute of Sustainable Processes (UVa) ‘
< Teaching activity: Dept. of Chemical Engineering and Environmental Technology (UVa)

Topic 1- Microalgae-based wastewater treatment

|0 stidies (2001-2008) |

| Juan de 13 Clerva Researcher (2005-2007) |
{2008-2012)
" Associate profesor {2012-2018)

-h *  Topic 4- Bloplastic
Valorization

Ramadny Cafal Researcher

Topic 5- BioH,
Production

R Muioz - slide 3

R Mufioz - slide 4

Core Research Lines

Topic 2- Biological Treatment of Gaseous Pollutants Syngas

CH,and €O,  rqoar A .
Bioconversicm lmo Tvu!mom |

added-value product

Baolo;lcal Abﬂomont of

Gs —
Mathematical modnlllng 'ov e
VOC treatmant _ ‘
Biological treatmentof o '7"

odours

Two-pase partitioni
bioreactors for VOC q d

Mlcroblolo;you& -
dogndnﬂond‘ o

4 2008 2006 2009 2011 2012 2015 2020 2022

Bloconversion

4

Bsp . Hisp

Core Research Lines bl

‘ Togic 3- Bioggs upgrading Syngas Biomethanation ‘

Novel Chemical
Scrubbing processes

Biologicat Removal of

Photosynthetic Biogas
Upgrading in algal-
bacterial syste

2015 2017 2018 2022

R Mufoz - slide 5

mems NPEBNet

Bioogical
...... i Peceshradogy

/ C‘ RI(Y(UNG m Mcllsdoﬁo-l

R Mufioz - slide 6
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(' t l‘l‘-l' rnit et
Research Niches in Biological Gas Treatment ISP g - K et s B

nvironmental Pr v ore entu nvironmen roblems to v ﬂ‘ ] = *

2 T (U B S Microbubble Intensification of
Wasrrwaren SOUD WasSTr - - .
SANTATION MANAGEMENT . ) Anae rObIC D'gestlon:

*  Odour Treatment

The Role of Desai Artificial Lichen

Professor Will Zimmerman

91850 woatement il g0l ) B5c {Princeton) MSc PhD (Stanford) CEng FIChemE,

* COblocaaversion . y Chemical and Biclogical Engineering, University of Sheffield
Chairman & Founder, Perlemax Ltd

* (CH, abatement

* H,; assisted CO, bioconversion
Dr Pratik Desal, Perlemax. Winners: ADBA R&D Innovation of the Year, 2019,

Acknowledgments to 5. Wilkinson, M. Al-Mashhadani, W. Nugroho, U. Haji-Hassan.
Thanks to InnovateUK and EPSRC,

)

R Muioz - slide 7 Will Zimmermann, University of Sheffield
Outline i» Fluidic oscillator makes microbubbles!
*How do we make the microbubbles? Royal Society Innovation Award 2010

How could microbubbles intensify AD?
New horizon with microbubble distillation
« Extraction of ammonia from aqueous solution.

Evidence for direct microorganism—microbubble gas

exchange,
| —
* 20 micron sized bubbles from 20 micron sized pores
* Rise / injection rates of 10 to 10°* m/s without coalescence:
uniform spacing/size
W Zimmermann - slide 2 W Zimmermann - slide 3
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Le Chatelier’s “principle” adapted to anaerobic
digestion.

In order to muke biomethane, the bioculture mediates o reaction like:

CHNO. —»aCH, , + NH

With the eal reaction conductad by methanogsn

AH,, +CO,  —CH,, +2 H0,,

+b H,0+CO,

Mo\

Suppose these were equiliium reactions,  Le Chateler's Princgde says that we
can expect more proguct [methane) f we
femove methane - Le Chatelier’s “pull” Al-Mashhadani et al, 2016
Push in more carbon dioxide = Le Chatelier's "push”. Elise Cartmell / Cranfiedd
Push in more hydrogen = Le Chatelier's “push®, H2AD / Southampton
. Remove ammonia= Le Chatelier’s “pull” U. Haji-Hassan + Perfemax

bow N e

Does Inhibition removal act like Le Chatelier’s pull?

s

Sheww 2zt Microbubble

Distillation

Competition between sensible heating and vaporisation by microbubbles

Re-Condensation of

Sensible hest
the vagour akeady
- ; wray w— penerated
|- |
F: :
0o e 3 Evaporation of
Sensible heat & latent hquid
heat
Zimmerman ef ol {2013}
ChemEngSci Hot bubble rising
Contact with liquid

L

W Zimmermann - slide 4

W Zimmermann - slide 5

Apparatus: Lab bench

Ngpars 31 Moabuatle
gerarationirsee Helig

PEare ® drvvims tempereties sevieg
hardware

'

as putiet

FPERLEMAX

Innovate UK

Perlemax Microbubble Bioethanol Pilot Plant
- Distillation Column

© Porrnm Linaed 2008
M dspennon phate

Mah depth
plate

LUTH R =

Sarw s oet Bifinery

Mash Neturn

Mah it
e

W Zimmermann - slide 6
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W Zimmermann - slide 7
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Ammonia removal !

|

i‘,

—————

Pt mbervbenddibe sppthon (e Sbe Ropibd Dl beyves B sonminnibe wpeeation TN
I ssessnts 1D mast e

e R e e e ——

concentrations from 500 to 5,000
ppm-NH, NH +H,0 50 NH  +OH

*As  addition of alkali i not

necessary, OPEX can be reduced Hot micrabubble stripping

provides Le Chatelier’s “pull” to
reverse dissociation

o
. Chwarsl Engrimeniig sed Prmesssg - Prosese 2 4 = -
L nletnifi e —_— 1

- Faunbaln | SN
*Hot microbubble  stripping s , i’ ‘ 2 fm
capable of achleving 99% efficiency i v . R s
in 7 minutes ~ up to 25% greater and . Sagmses
in 99% less time than reported by [' = e
literature. . Ciede e s
«Can be applied for a range of 2 = a

Bailey and Ollis popularized the two fluid theory for gas
transfer in fermenters. But what about nearly insoluble
gases such as methane and hydrogen?

A, Canonical two film theory: Dissolved gas transport is liguid mediated

< m:o-»:-w,u_
BRI
Bulk Bubble
e Bulk Liquid "
Phase Moaedt g2 ud phase
buusdary Layer

L

W Zimmermann - slide 8

W Zimmermann - slide 9

Big problem with conventional theory of bubble
mass transfer — CH, and H, do not swim!
NH,.CO,
N\ Microbubble compleses
"lacal ecology” of
MIroorganisms.
Trophism - secreted

metabolites ive on interface
oc diffuse through interior,

H,,CO, »CH,

Diffusion theough gas is 10* tienes faster than Nguld!

Do DALs happen in real life?

Affinity of yeast to a coarse bubble,
from Ouchi and Akiyama (1971).
Yeast are well known to be oxygen

E les with larger bubblk
WYA'MA“NMI..A*NM-I"_W

Seag/ VA LUK S 1AM
i I M, VI T TY, CTE T, S, S |
PUTvee L WETEE MU Ut AL Mubasd o & i o et
wrarardll o bacte
Dot w M chgy | TSITAN, 200143

O, Abrpars s | LIM] 1an Aarig Mty f Sakn Yearms Agmstens
Wl msagn Owrnany 12, B3 281

W Zimmermann - slide 10

s \PEBNet JRNR [T s

[T -

W Zimmermann - slide 11
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Chemotaxis to large bubbles. Why not small?
),

Alr !
bubble : fadially decressing oxygen concentration
1

C. cohnii = all microorganisms, Chemotaxis of C. cohnii
Initially sparse density near up the oxygen gradient
bubble interface after 1 minute

Photographs of an air bubble trapped between a hemocytometer and the cover shp,
the air bubble heing surrounded by a sispension af motile Crygthecodinium cofwii
microalgal cells. 8 is taken 1 minute after A, From Hu et al. (2010).

i» So how would you know if direct microbubble-
microorganism gas exchange were occurring?

One answer: Lower dissolved oxygen levels for microbubbles than for
conventional in municipal wastewater treatment,

Two Tesar-Zimmarman (Tesar ot al.
2006) fluidic ascillators {two inch
diameter connections) feeding one
of two sequencing batch reactors
{S8R) on & municipal wastewater
treatment works. The cantrol SBR
was fed air from a bank of blowers
ducted into the sams header,
hence the same pressure source to
both S8Rs, outfitted with industry
standard membrane slit diffusers.
Both SERs were fod activated
sludge from the same source tank,

Old TZFO: 35-50% klLa improvement in dear water, but lower DD In WW.
Yot S8R batch done 40% faster.
New DZFO: SO% higher kLa in clesr water, “25% increase in DO over steady flow.

W Zimmermann - slide 12

W Zimmermann - slide 13

Faster AD with pure CO2 microbubbles

) oot BA) e S— v (-

SAWARDSE — "

— —— I ——— —

o — — 2 - W o St W

¢ Desai-Zimmerman AD fermenter now achieves up to 13-fold increase in biogas
production rate due to microbubbiles intensification in wet food waste digesters
over conventional unsparged AD.  Less than 4 days to get all the biogas out, vs.
20-25 days conventionally,

« Proposed mechanism is due to “artificial lichen” — microbial consartium
coordinated around microbubble aggregate produces hydrogen and CO, with
acidogens / acetogens and transfers the hydrogen gas directly across the
microbubble 10 the methanogens 1o make mothane

« In sty ammonia removal by hot micrabubble stripping

Please read the seminal paper on DALs — feature article in
IMAT TechRev in special edition on bioprocessing

Desai PD, Zimmerman WB. Microbubble Intensification of Bioprocessing:
The role of direct microorganism and bubble interactions, Johnson Matthey
Technology Review. 2023, DOL10.1595/205651323X16778518231554

rermacy bozsniy Thirteen sample viais, taken each minute, from a DZ

e
Y m flotation column.  Removing microsigae from an odl-
\ O = rich wastewater = in 12 minutes!

W Zimmermann - slide 14
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W Zimmermann - slide 15
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Modelling & simulation for We help companies to

biological processes develop, prove, scale-up
and commercialise new

Kristi Potter
products and processes

Procus Ergimer, Biotactmology
S, 4

- 2

fl CPi

s

Kristi Potter, Centre for Process Innovation K Potter - Slide 2

3 Biotechnology team assets and resources
We help deliver, &y

de-risk and accelerate... =
CPlha
Blopro

* Formentation laboratory |nv 10 100 sca

designed and operates four facilibes to delver our Industrial
$31NQ services (operating to 1SO900) standards)

facilit

- | gas enalded

or microbilal

£™ i fermenten (00, CHO QO T
Qepi e
Sessarth and Crremmy * Comprohensive analytical suite for complete for method development
Invention Innovation Marke and plant analysiy
1 *  USP and DSP capability scale down faciitius for the development of
scalable USP, fermentation and DSP bioprocesses. Sod mounted rigs for pilot

and demonstration processing

+  Pllot facllity TSOL fermenters, assocated downstream peacessing
H Flexible phug & play configuration
.your concepts into
* Demonstration facility 100000 ferrmenter Flexibie upstream and

Successfu' products downstream processing, Fexble plug & play ¢

PN ot
) epi

K Potter - Slide 3 K Potter - Slide 4

B iotechnology and L L 3 \ CARBON B Srgiroaring ard
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CFD

CHD (Comprutationad Frad Dynamics) & a software based
simaudation of thed mechanics

A envgineenng wol, hedping (0 understand you! (rocess and

CORATE AN ETIM AT erndronment =0 whih gonir process can

Intro to some modelling et
techniques... Not necessardy modoeliog the process itself, but the physical

worditions in which the process will 1un

Stmukational the mavemant and interations of matertahy
and energy - gas, liguid and solid, EMects of flow, pressure,
temperature & pther opaanog condaans

Creatirg & visual represestation and a detafed numerical
anadysls of the belatnar of matenialwithin asystem

K Potter - Slide 5 K Potter - Slide 6

How does it work? What do we do with it?

Caining a bener undeestancing of peocessy
desagn, and increased confidonce in design
& operational decson making
+  Troubloshooting

inke * Process charactsation & optimisatson

«  PMocesssealing

+ Design2xploration

Vel
. ) Dedr 7 aassa

fovmys Magnwandy (o a)
| v 1 82y Pl

O cpl O cpl

K Potter - Slide 7 K Potter - Slide 8

? ralogy #‘ g \ CARBON rearing
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Research Counch — - Hrsearch Councll 41
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Process Scalingand CFD

When scaling ug & process, there are some traditional “nades” which tend ta be appiied, buth to the desgn of equipment

andd 1o &s operation

For example From an opetationa point of view

usim CFD to Support * o match mocing perfarmance, you shoukl match the impeller tip spaed
P s I l ' v Tomarchsobds distribution performance, yost shookd mareh ensrgy Inpat

To mate b hest ranstes, you should match Reynobds Number
L 1

Ihese rules provde a sound auide, and 4 sola stanting poing. But how much furthercan we 9o by exploneg around the

edaes af these guideswith CFD?
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Process Scaling - Geometrically Similar Vessels Process Scaling - Geometrically Dissimilar Vessels

Matching Turbulence Level Using CFD Matching Turbulence Level Using CFD
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How have we applied this at CPI?

We have developed 2 suite of CFD modeds 1o assess the
axpected porfonmance of 3 fTermentaban procoess
thiceigh CF1), by assessing koy porformance affecting
critetiaand how these changewith scale

¢ Lgud mixing

¢ Interphase mass rransfordkl a

*  Gas holdup

¢ Hubble breakupand coaloscence

«  Power input

+  Turbulerce, shear, velooty peofiles. otc

Experimental Validation

Adcurately preiict liguadd mibxing porrfoemance acioss
multiple scales

e
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Scale-Down Operation

Uit Mining Tiemes Acrona Scales

Undesstanding theoperational
rangeod each of our vessels allows
1 10 establish the most effective
Toutes 10 sCale uy,

Kertifying owerlapsin
pertormance weel vesseds
whows s T sCake-chon larger

vessels ta mvme performance at
smallerscale
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Understanding How

Processes Change With Scale
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Detailed Analysis of Mixing in a Large Scale Stirred Tank

An exorcise has beencartied out in order 10 assess the mixing performance of our kagest fermenter vesseland how
this changes with Bl seel. This helps us 1o undesstand the optimal T8 keved 10 Use from a mixing point of view,

The fafowirng prlots show the volume uniformity of an added traces against Ume, withinfour diffe et mooog ones
+  Hotwoon mpellers | & 2

¢ Detwesn mmpeilers 2 & 3

o Abowe impelier |

« Dverall

As can be ween, each mixieg 200 betomes unifoemlymiced ar differees raes, depenchog on A level
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307 Secnional Mixing Perfgrmance - 65171 Fll Leve
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K Potter - Slide 21
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Summary

CP who are we and what do we do?
Chalenges of procass scala un
Introto CFD

Understanding the key petfotmance
titferences botwean senall and [ange scale
process equipment, and accounting for that
In lab scaie experimontation

Unclerstanding the spealfic limitaboas of
b scale equipment and sccouming tor
them in the design of process controd nops

Thank you

For more information visit www.uk-cpl.com

Kristi Pottnr
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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 CO,? -
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, 5
regulatory? Ecological?)

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 -
N,O 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? i
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. H, 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 4
as acids and heat generation

What knock-on metabolic processes are triggered by CO; fixation? 1
How can microbubble-microbe interactions be tuned for symbiotic engineering? 1
Can microbubble absorptive processes intensify metabolism? Facilitate downstream 1
processing or in situ separations?

Qualitative understanding of microbial kinetics: Why 2,3-BDO formation? -
How do microbial communities metabolise CO; in the absence of light? -
CFD simulation of bioreactors with integrated biokinetics to study cell-environment 1
interaction

Engineering envelope 26
Mass transfer 13
H, assisted CO; 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 H, -
Physico-chemical barriers related to working with H, have been identified as the main
rate-limiting factors due to the poor solubility and gas-liquid mass transfer of H,. i
Better tools for prediction and analysis of mass transfer -
CH,4 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? i
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 i
Impact of broth composition on hydrodynamics: How do components in the broth affect *
bubble size, mass transfer rates?

Predictive models for k.a (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

Feedstocks & Products

Gaseous feedstocks - mapping composition, scale, location

Accommodating intermittent energy patterns while complying with various CO, supplies.
Gas quality variability

Process economy (and feedstock supply) in gas fermentation

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

Product diversification

Product diversification; metabolic engineering; metabolic models

What should we be making? From what?

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

Process design and integration

How do we separate products from liquors?

Recovery of non-volatile products

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

Integration with upstream processes

Gas recycles; impact of gas impurities; gas purification

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

Need to utilise side-streams in gas fermentation

Utilizing side streams to enhance overall system efficiency

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

BN RN R

Economics, Policy, Implementation

C1 products need to be competitive against existing industry

Key questions on towards commercialisation not asked

Can enough CO; 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

Holistic overview and integration of knowledge is lacking

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

Broader policies that take all these technologies into consideration
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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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Other Actions/obstacles
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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 yetto be  Micro
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).
Microbial knowledge gap: Significant potential for microbial communities/mixed cultures  Micro
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
Symbiotic engineering of mixed culture consortia Micro
Understanding (i.e. predictive modelling) microbial interactions among themselves and Micro
with the environment i.e. what determines microbe-environment and microbe-microbe
interactions?
Microbial knowledge gap: Tools for mixed culture / community genetic engineering are Micro
immature/lacking. Warrants targeted development
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 Micro
impact on the world
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. Metab
what determines cellular metabolic fluxes
Microbial metabolites and their impact Metab
Understanding microbial inhibition during gas fermentation and designing mitigation Metab
strategies
Using Al/Machine learning to gain understanding of the organisms' metabolome / Metab
genome (need big datasets!)
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 Mod
incorporate thermodynamics (metabolism) and hydrodynamics (flows and mass transfer)
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 PMEC
towards more efficiency, sustainability and economy

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. FPP
bulk chemicals, high value, pharma

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 FPP
from waste or air capture CO2

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

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

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 S-U
innovation leader rather than follower

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 S-U
viable

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&l
Cross engagements / education across disciplines / approaches P&l
How can we develop tools to model complex systems? P&l
Knowledge centralisation for competencies, progression-check, capabilities and P&l
opportunities

Policy and Regulation (HSE) e.g. Clostridia P&I
The discussions about IP are the most complicated when establishing partnerships. More P&l
generalizable agreements would be nice to have

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

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 KT
engineering, biology, programming and economics.

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 KT
mining on process data from a wide variety of fermentations

Too many papers "l'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 S-U
Universities nationally

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 S-U
upwards

Funding support for scale-up S-U
Further development/investment in open access scale-up facilities dedicated to gas S-U
fermentation

More accurate and improved scale-down models S-U
More targeted cross-disciplinary cross-sector funding opportunities P&l
For progress: open competitive challenges, e.g. in the same spirit of 'Protein structure P&l
prediction' competition

Promoting collaborative projects between industry and academia P&l
Lack of agility in contracts / IP management in Universities P&l
Lack of trust by investors in new technologies P&l
Obstacle: Niche venture capital with whole sector 'ecology' experience P&l
Identify or create real business cases with real positive societal, environmental and P&l
economic impact

Talent - acquisition / retention P&I
High cost of immigration to UK limiting global talent pool P&l

B siotecheiogy ans ™\ carson . Enginearing asd
EEL wwazn- QP EB ¢ oy wicrcine UK B BEten

62



Appendix 7 Summary of priorities from participants' in-session notes

A7.1  Microbial theme
Group la

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 Al, machine learning and big data

Group 1b

e Predictive Models — Pool large datasets and predict Al aided optimised mixed cultures and
optimised pure strains

¢ Liquid gas interactions — uncertainty of exact composition of the aqueous phase limits the
development of processes

e 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

mome NPEBNet FENEe®
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Advancing Gas Fermentation Technologies: microbial aspects

- Develop our understanding to control and optimise (G)

\

Predictive modelling (T) Ak Physiology / metabolism (F) . genetic tools (T)
el A o I

Biofilms (spatial structure) (F) Mixed community microbiomes (F) Non-model organisms (F)
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F = Fundamental \ = A
science understanding b =
G = Ultimate goal 4 ﬁ

Drawn version of diagram from session - Group 1c

A7.2  Engineering Envelope
Group 2a

e Optimising mass transfer in gas-phase bioreactors
e Control, optimisation and monitoring of gas fermentation
e 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

e Assessing the economic availability and suitability of feedstocks for gas fermentation and specific
target products.

e Developing innovative products and associated downstream processes

e Scalability of gas fermentation processes

e 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

I \SHRIGLEY HALL

- 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

e  Map and interpret feedstock characteristics - improve coordination

e  Promote transparent reporting and open data formats

e Target funding support on scale-up, demo and TRL progression to support investor confidence
e Training and information exchange, including H&S expertise

Group 4b
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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
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microbizal metabolism /
performance)

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

transfer rates?

transfer

How do {local) On-line

concentrations of

Scale-up
investment and
Infrastructure

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

ved gases affect Uss

product spectrum, concentrations How. do
production rates tation broth

prope

surface tension e
What are How to affect gas transfer
mechanisms for
microbubbl
microorganism

interactions?

. |
SOf characteristics?

to direct maximum

Scale-up Is
limiting advancement
particulariyin 1-10

Working at
small pilot scale
with flammable/
explosive gases

flux to certain

products Scale-down:

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

litre range

Erginearing and
Phpsbcal Sclences
| Nwsearch Courct!
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Trans- / Identify key

Pre-workshop - Other - : inter-disciplinary components in gas
Economics, Policy, working fermentation knowledge
Microbubble

Implementation gaps - physiology, synbio
reactive-separations, methods, bioreacto
say for removal of

higher value-added
molecules?

Holistic
overview and

Product generation as
main goal vs ‘augmented
waste treatment” Accommodating
intermittent energy
patterns while complying

Dioprocesses

B der policies - integration of

that take all these knowledge is

technologies into acking Field is diverse
cansideration ' with regard to industrially

How do we
separate products
from liquors?

Recovery of
non-volatile
products

with various CO,

Process econamy
supplies

{and feedstock supply)

; i 5: pre , shear
in gas fermentstion C1 products need pre , shea

5, Rrowth media,
to be competitive

When is it
useful (and howl) to
Gaseous feedstocks - switch between desired
mapping composition, products, or between
scale, location varying feadstocks?

Integration
with upstream
processes

Downstream 3¢ against existing

processing: impact industry

of hard-to-remove it should be

byproducts, product Can enough CO

titre, etc on Key questions be fixed as biomass in relation
purification on ‘towards to ethanol/methane via Wood

commercialisation wedahl Pathway

Need to
utilise side-
streams in gas
fermentation

What should we
be making? From
what?

Utilizing side
streams to enhance
overall system
efficlency

Product Gas

not asked
diversification quality I :

chemicals in a commercially
variability

Recycling feasible way?
microbial broth
after downstream

product removal

Opportunities for
detailed engineering
appraisal and
techno-economic
assessment

Gas recycies;
Impact of gas
impurities; gas
purification

Industrial
engagem

Product diversification:
metabolic engineering;
metabolic models

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

funding

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

Process design

Feedstocks & integration

& Products

Pre-workshop - Other

e NPEBNet [RNECE e -



Workshop — Microbiological
aspects

Microbial
metabolites
and their
impact

Metabolic

Understanding

microbial inhibition
during gas fermentation
& designing mitigation
strategies

Tools for mixed
culture / community
genetic engineering

Maore are immature/lacking.
genetic tools Warrants targeted
for non-model development

microbes

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

Understanding Using Al/

(i.e. predictive modelling) Machine Learning to

microbial interactions gain understanding of the

among themselves and with organisms' metabolome /

the environment Le. what genome (need big

determines microbe- datasets!)
environment & microbe-

Significant
potential to use non-
model organisms has yet
to be realised: much of
prokaryotic tree of life

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

Microbial Ignored :
: microbe interactions?
community Liauid/gas
understanding — Complexity/links: SN B
ignificant genetic - community interactions
potential for microbial behaviotr/aiteome . with microbes
e communities / mixed cultures Developing physical P'nFmPPrmp
} t : . ySiCe ALLL- 2
Symbietic: but knowledge gaps as to their and maintaining At
engineering of stability/engineerability biofiims ) ,"C""""'{,r'h' ~
" ’ r
mixed culture (environmental & genetic) & - oss‘ovcr v -
ronsoras optimal or pre-requisite : engineering ‘
U
complexity N _eg_vgl_op_e:._ —

into microbiology

both fundamentally
interesting & makes a3
positive impact on
the world

Workshop - Microbiological aspects

\ CARBON wil Ergiroaring asd
¢ ey recrcune SRS B Rt

Biotechroiogy and N~ ® ;
e GgEBNet



Workshop — Engineering In situ
envelope

IR e Process control

Multi-scale models of gas compositions & optimisation
liquid cultures, covering cells, in the aqueous
biofilms/granules and the bulk phase

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

that incorporate thermodynamics
(metabolism) and hydrodynamics
(flows & mass transfer)

Complexity/links:
genetic - community
behaviour/outcome —
physical engineering
design

Predictive

models Engineering

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

Optimised
reactor design to
enhance substrate

availability

Exploit best of chemical

(methanol) and biology

(methylotrophy) as two-
stage processing

[ Modelling ]

Development of
better scale-driven

Gas transfer
models .

between gas -

New reactor e . :
liquid - biomass

designs (for gas
liquid — bio)

Development of Mixing &

high mass-transfer mass transfer
scalable gas phase
bioreactors

Fundamental
understanding/
prediction of
k,a values

Workshop - Engineering envelope

\

Riatechralogy and ‘;‘E} X g CARBON » Ergiroaring asd
Biogical SCences EB“; ey ’ €1 % RECYCLING % 7 Pysbcal Sclences
Research Ceuscll e Bt ee (B Aesearch Councll 72



Workshop — Other

How to reduce
costs of sterlle sys
to allow lower value Optimisation
of blofiims

products to be

economically through CFD

Use of
neural networks
for optimisation of
blomethanisation

Change blomass
feedstock fermentation
to blomass and H, to
make more efficient
and faster

Look into
dissolved forms
of H, €O, (formate,
methanol)

viable

Gas <f
Funding Scale-up / Gas transfer
streams to support demonstration Developing mechanism

new tools for Fepercussions

H,and CH,

scaling-up factlitios
the design of gas

Funding for
R&D and demo which

has a longer horizan for

fermenters : : -
> benefit analysis of

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

How can we
develop tools to
model complex
systems?

Policy &
Regulation (HSE)
than follower e.g. Clostridia

Fallow-up Is ‘External’ stuff
needed for the challenges (but not really) e.g.

and gaps we identify today. We economics, funding,
should, 2 years from now, re- strategic interests,
assess them to check for upstream
their progress

planned returns-> UK as an

innovation leader rather

Cross-
engagements/
education across
disciplines/
appreaches

Process
selection

for targeted
products

Knowledge
centralisation for

Discussions about IP

th t i d .
are the rrtos. complicate competencies: PO‘ICV &
when establishing partnerships. oA ST :
More generalizable agreements e bt b Implementation

capabllities and
opportunities

would be nice to have

Workshop - Other
M Sonschnckogy und ’ EBN t \ CARBON Snginaecing and
Biogical Scence .’..............g.... { c!-' RECYCLING Thilcal sclences 7

How to stop
making CH, and start
making more valuable

and sustainable products
from waste or air-
capture CO,

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

syngas fermentation

Feedstock
and product
diversification

Comparison

of AD and gas

fermentation
for various
feedstocks

Integration with

up/downstream and

Optimisation
of feedstocks &
recovery methods
for selected
bloproducts

supply chains

Feedstock,
process,
product




Lack of agility
incontracts / IP
management in
Universities

Niche venture
capital with whole
sector 'ecology’

experience

Policy &
implementation

Lack of trust by
investars In new
technologies

Identify or create
business cases with
reai positive socletal,
environmental and
economic Impact

High cost of
Immigration to UK

limiting global
talent pool

More targeted
cross-disciplinary
cross-sector funding
opportunities

More accurate

Talent -
acquisition/
retention

and imp
scale-d

Promoting
collaborative projects
between industry and
academia

mooeis

Feedstock/Process/
Product

For progress. Honest/open

open competitive discussion of what

challenges, e.g. In the bioprocess/ product 1 Sustainability

same spirit as "Protein to focus on and environmental

structure prediction’ impacts
competition

1N OPEn acc ale-up \

faciliti edicated to gas

Srmentation

Funding
support for

Mo

Mapping of
feedstock availabllity, g More
composition, cootdination

funding s
laboratory level move:techin
Cafm . Ve maratioom re
dispersed across Sale and cheap integration re " o

quality between feedstock

suppliers

Universitie relevant research levels upwards
nationally and development

facilities

Workshop — actions and obstacles

Workshop - Actions and obstacles

e \ -
= Gpese == ;



Summary of key R&D priorities

Follow-up to

assess progress
on chalienges

Increased
support for scale-
up (construction
of and access to
facilities)

Effective designs for

Initiatives
for better data
accessibility and
sharing of expertise/
facilities

bioreactor manufacture
and operation
Data for

More agile
arrangements for

university/industry
Cross-sector & collaboration
cross-remit funding and 1P
for interdisciplinary Predictive
collaboration modelling tools

leveraging Al,
Brockes machine learning

Muiti-scale
development of multi mechanistic models,
scale mechanistic and

: » including metabolic and Scale-up studies,
PECHICHNE (O hydrodynamic aspects, including influence of scale
to de-risk scale up effects and development
New tools of reliable scale-down
for genetic Systems biology
characterisation and

models
que microbes and
manipulation of

Hydrodynamics

' Support for
- & big data
integration anhd economic and
_ optimisation with up,
of bioreactor mixing PRV business models to
non-model and mass transfer Process ’ improve investor
organisms their environmen for process monitoring tools (e.g. CHABPONCS Product confidence
O : g selection and
intensification for dissolved gases and
diversification
; : concentration gradients)
Exploration of
FAVS as a basis for control &
re diverse (i.e. non el I : Feedstock mapping
Bl O Gas-liquid-bio optimisation :
el) microblals 5 S i Rheology & characterisation
& e interactions and : : Miok Frrs Ly
& communities ) ) 3 | ase
o microbial Inhibition of compiex mu l);] ase 0 p O uction
TR liquids and its influence facilities
mechanisms
on gas & mass Engineering
transfer envelope
Summary of key R&D priorities
Riotechralogy and \ CARBON [Pl §reiresring ara
Blological Scences ’ €1 % RECYCLING & Pysbcal Sclences
Research Councll —t? A

Research Councll
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