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SESSION 4 WASTE PROCESSING

MELISSA State of art: Waste recovery as prerequisite for long term space missions
Dr Peter Clauwaert?, Prof. Ruddy Wattiez" peter.clauwaert@ugent.be

Amanda Luther”, Frederik Ronsse’, Diego Lépez Barreiro’, Dongdong Zhang®, Litse Huyghe®, Heleen De
Wever", IIse Smets‘, Ralph Lindeboom®, Benedikt Sas®, Korneel Rabaey®, Dries Demey", Vimac Nolla
Ardevol’, Dirk Springaeld,

a - Gent University, Belgium; b - Mons University, Belgium; c - VITO, Belgium; d - KU Leuven, Belgium; e -
Qinetiq Space, Belgium

Long term manned space missions such as the establishment of a base on Mars present the daunting
challenge of supplying basic resources necessary to support human life: water and food. For 25 years, the
European Space Agency has been developing a Micro-Ecological Life Support System Alternative
(MELIiSSA) to address this challenge. The MELiSSA-loop is conceptually a closed loop compartmentalized
artificial aquatic ecosystem designed to recover water, carbon, and nutrients from solid wastes (food
waste, urine and feces) for the regeneration of food and oxygen. This review will highlight some of the
extensive research activities that have contributed to the development of the waste treatment
compartment, including lab and pilot scale studies. We will focus in depth on current challenges, including
the microbial characterization of a thermophilic fermentation reactor and on the development of a fibre
degradation unit (FDU) to achieve a fast and complete oxidation of recalcitrant organic compounds to
CO2. Applying a thermochemical step allows obtaining a clear aqueous product while simultaneously
recovering nutrients in dissolved form and COZ2.
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BiographyProf.Mike Jetten

Prof. Jetten is a world leader in the field of
environmental microbiology and he received the
prestigious ERC Advanced Grant in 2008 for his
research on anammox bacteria, the Spinozapremie in
2012, and a second ERC Advanced grant in 2013 to
study the ecology of methane oxidizers. In 2013 he
won two Gravitation awards. He is a member of the
Royal Netherlands Academy of Sciences, the European
Academy of Science and EMBO. In 2013 he was
bestowed with a knighthood for his exceptional services
to science. He has published more than 400 papers that
have been cited more than 34000 times. His H index is 91. He has supervised 35 PhD theses and 32 post
docs, and 19 PhD students and 8 post docs are currently working in his laboratory. He has been invited
more than 250 times for keynote lectures and organized many international meetings and conferences.
He holds several patents. A list of video interviews is provided below.

Chronology

PhD study 1987-1991 Wageningen University

Post doc 1991-1994 MIT Cambridge USA

KNAW fellow 1994-1998 TU Delft

Assistant professor 1998-2000 TU Delft

Full professor Ecological Microbiology 2000-now at Radboud University
IWWR Director of Research 2004-2010

Deputy Dean Faculty of Science 2010-2014

Scientific director Soehngen Institute of Anaerobic Microbiology

Websites

Google Scholar Citations http://scholar.google.com/citations?user=iXjCKTgAAAAJ

LinkedIn http://www.linkedin.com/in/mikejetten
Radboud University www.ru.nl/microbiology
Anaerobic Micrabiology www.anaerobic-microbiology.eu

Video Interviews

http://vimeo.com/86984216
http://horizon-magazine.eu/media/methane-munching-bacteria-can-help-save-environment_en.html
http://vimeo.com/84208443

http://vimeo.com/84402044
http://www.oogomoog.nl/promotiefilms/topwetenschapper-mike-jetten-een-portret/
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How to discover and ap p loganipnisitomgryeie caithdinl e RR

and nitrogen in a sustainable way
Prof. Mike Jetten; Radboud University, Netherlands m.jetten@science.ru.nl

The world is a microbial planet, where microbes fulfil many beneficial roles, and only very few are
pathogens. The strategy of the Radboud Microbiology group to discover and apply new anaerobic
microbes will be explained and several examples of new discoveries in the nitrogen and methane cycles
will be highlighted. Anaerobic oxidation of ammonium by anammox bacteria is such a recent discovery in
the nitrogen cycle catalyzed by novel so-called impossible microbes. The anammox processes was once
deemed to be biochemically impossible and non-existent in nature, but has now been identified as
important player in global nitrogen cycling. Molecular studies showed that anammox bacteria can make
the rocket fuel hydrazine by novel protein complexes that are located in a unique bacterial organelle
surrounded by ladderane lipids. Anammox is applied both in side stream and main stream waste
treatment, circumventing the use of oxygen and organic carbon and preventing the emission of
greenhouse gasses. Another example is the anaerobic oxidation of methane (AOM) by so called
Methylomirabilis. oxyfera bacteria that turned out to have a new intra-aerobic metabolism. They are able
to produce their own oxygen by conversion of 2 NO into 02 and N2 by a putative NO dismutase. Also AOM
can be applied in waste treatment in combination with anammox or oxygen limited nitrification. The
carbon that is not used in the processes can be converted into biogas or into bacterial storage material
that can be used in the production of biodegradable plastics. Molecular surveys have indicated that both
these organisms are wide spread in anaerobic ecosystems around the globe where they most probably
interact in an intricate anaerobic food chain.

Furthermore these new microorganisms are investigated within the center of excellence in anaerobic
microbiology (www.anaerobic-microbiology.eu) funded by the Netherlands Gravitation program
024.002.002 SIAM and ERC AG EcoMOM 339880.

14
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Integrated omics provides unprecedented inssghto microbial community structure

and function
Shaman Narayanasamy; University of Luxembourg, Luxembourg shaman.narayanasamy@uni.lu

Microbial communities are ubiquitous and underlie various biotechnological, biogeochemical and
biomedical processes. In situ characterization of such communities is challenging due to their inherent
complex structures and dynamics, rendering classical microbiology methods ineffective. We recently
developed a suite of methods to study such consortia, and applied them to numerous microbial
ecosystems of varying complexities, including wastewater sludge microbial communities, human gut
microbiome and acidophilic bio-mining cultures. Developed methods encompass wet-lab and bioinformatic
procedures, allowing high-throughout, high-fidelity and high-resolution molecular analyses. The
foundation for such surveys is the extraction of high-quality biomolecules; DNA, RNA, proteins, and
metabolites, isolated from a single unique sample enabling downstream integrative analyses. The protocol
is further enhanced by automation using a robotic platform, which also minimizes technical variability.
These biomolecular fractions undergo systematic high-throughput measurements, such that DNA and
RNA sequencing yields metagenomic and metatranscriptomic data, respectively. Chromatography followed
by mass-spectrometry methods are applied to proteins and metabolites yielding metaproteomic and
(meta)metabolomic data. The integration of the resulting data provides a detailed view of microbial
community composition whereby metagenomic data provides an overview of community structure and
functional potential, whereas metatranscriptomics, metaproteomics and metabolomics enable functional
characterization of the community or single populations. Integrative large-scale bioinformatic analyses
produces a molecular-level overview that enables discovery of microbial community- and population-level
characteristics and dynamics, ranging from the resolution of lifestyle strategies of various bacterial
populations to the identification of keystone-genes and -species. The complementary application of high-
resolution microscopy (nanoSIMS) provides a means of hypothesis testing, for example providing a high-
resolution view of population resource usage on a cellular-level. In addition, time-resolved studies allow
the extension towards inferences on community dynamics, including the influence of physico-chemical
parameters on the community and the interaction of biotic factors within the community. The knowledge
from the aforementioned interactions enables the formulation of mathematical/probabilistic models that
elucidate and potentially predict the behavior of a given system. In summary, the systematic study of
microbial communities using integrated-omics enables unprecedented insights within the scope of
microbial ecology, which potentially allows targeted perturbation of microbial systems to optimize
biotechnological, biogeochemical and biomedical processes in the future.
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Engineering microbial communities for undersiagand applications
Orkun Soyer; University of Warwick, United Kingdom o.soyer@warwick.ac.uk

The key mantra of synthetic biology to engineer biology is applicable across biological scales. Thus,
engineering of multi-species, synthetic microbial communities is increasingly being recognised as a new
frontier in synthetic biology. The resulting systems can allow fully exploiting the biochemical potential of
the microbial world, and that can allow novel applications such as artificial gut, synthetic soil, waste-to-
value conversion, and ecosystem functions in space missions. Despite this potential, the progress in
engineering synthetic communities is slow paced. In particular, it is unlikely that the current focus on
engineering genetic circuits in model organisms on its own can achieve these high level applications of
synthetic microbial communities composed of multiple microbial species that are biochemically and
industrially relevant. To successfully carry out this kind of complex engineering, synthetic biology will
need to establish the design principles governing microbial interactions and develop the experimental
tools for their characterisation and manipulation. Here, I will describe our ongoing efforts in discovering
the reasons for metabolic interactions among microbes. I will argue that these metabolic interactions can
be understood as an emergent property of the biochemical environment and associated thermodynamics
within a multi-species system. Particularly, results from our recent research has shown that the
thermodynamic basis of microbial growth can lead to co-existence, even under conditions that are
kinetically predicted to lead to competition-driven exclusion. This thermodynamic inhibition can have
significant consequences for the engineering of multi-species system. I will illustrate these with
experimental systems that we are developing in our group, where we aim to establish key metabolic
interaction motifs among biochemically and biotechnologically relevant microbes and extending to inter-
kingdom interactions with fungi and plants.
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Combination of a bioanode and a biocathode in a bioelectrochemical system allows
biowaste oxidation and microbial electrosynthesis of carboxylic acids with a more

than two-fold increase in energetic efficiency
Dr Theodore Bouchez; IRSTEA-HBAN, France theodore.bouchez@irstea.fr

Theodore Bouchez, Elie-Desmond-Le Quéméner, Arnaud Bridier, Lenaick Rouillac, Céline Madigou, Laurent
Mazeas

Microbial electrosynthesis (MES) is a promising technology to produce organic chemicals or fuels from
carbon dioxide and electricity. Moreover, cathodic carbon dioxide reduction reactions might be coupled to
biological oxidation of organic substrates thus allowing to leverage the chemical energy contained in
residual waste streams. Here we show how the coupling of a bioanode with a biocathode allows a dramatic
increase in energy efficiency of MES. We monitored 3 dual-chamber reactors with both biotic anode
(carbon cloth) and cathode (stainless steel) separated by a cation-exchange membrane. A specific
strategy was developed with successions of potentiostatic and amperometric controls to let the biofilm
develop on the anodes at the beginning of the experiment, and then let deliver a stable 5 A/m? current
density at the cathodes until anodic substrate exhaustion patent (FR 3 026 413). After a first substrate
injection, acetate was efficiently used at the anodes with a mean coulombic efficiency (CE) of 78%.
However 53% of the produced electrons were used at the cathodes for methane production and only
traces of VFAs were detected. After a second substrate injection, the CE reached 89% at the anodes.
Methanogenesis was inhibited in cathodes using 2-bromo-ethane sulfonate (BES) and VFAs therefore
accumulated in the catholytes with a production rate of acetate reaching 11 g.m2.d-1 and a CE of 29%.
165 ribotags pyrosequencing showed a dramatic switch of microbial populations on cathodes after BES
injection with an inhibition of Methanomicrobiaceae (from 43% of total diversity to less than 1%) and a
development of Clostridiaceae (from 2% to 57%). The electrons used for VFAs production were extracted
with a potential of -0.24 V (vs. standard hydrogen electrode) thus lowering the required anodic voltage
from around 1 V in comparison with water electrolyzing anodes. The combination of a biocathode with a
bioanode allowed thus a more than two-fold increase in energetic efficiency compared to systems
electrolyzing water at the anode and promise higher energy savings with optimized cathodic potentials.
Such bioelectrochemical reactors oxidizing biowaste at the anodic compartment and producing carboxylic
acids at the cathodic compartments were successfully operated during several months.
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Pyrolytic conversion of human waste: an element ofasedloop system?
Andreas Schoenborn; Zurich University of Applied Science, Switzerland andreas.schoenborn@zhaw.ch

Andreas Schoenborn, Mira Bleuler, Nicola Bulant

A critical step for the "total conversion of organic wastes and CO2 to oxygen, water and food", as
envisioned by MELISSA is the 100% hygienically safe conversion of human excreta. At ZHAW we are
developing a sanitation concept built around the pyrolytic conversion of human fecal matter to fecal
biochar. We were able to demonstrate that most micronutrients and nutrients (with the exception of
nitrogen) can be found in the resulting fecal biochar. In combination with a suitable procedure for N-
recovery from urine, this concept can point a way to a sustainable closed-loop system. In current
research we are testing the effects of this fecal char on germination (with cress and salad seeds ) and on
plant growth (in pot experiments). If the feedstock is not too wet, pyrolysis can be net-energy positive. In
the presentation I will report about these experiments.
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From living cells to stable isotopes: an interdisciplinary approach for unravelling

microbial interactions in ammoniverloaded anaerobic digesters
Francesc Prenafeta; GIRO Joint Research Unit IRTA-UPC, Spain francesc.prenafeta@irta.cat

J. Ruiz-Sanchez, B. Fernandez, M. Vifias, M. Guivernau, L. Tey, V. Riau, F. X. Prenafeta-Boldu

Anaerobic digestion (AD) is a widely used technology for the treatment and bioenergy valorisation of
organic wastes and wastewaters. However, the AD of substrates rich in nitrogen-containing compounds
(i.e. food waste, slaughterhouse by-products, and animal dejections) results in the accumulation of free
ammonia inside the bioreactor. Such relatively high ammonia concentration levels impair the activity of
acetoclastic methanogenic archaea (AMA) and, thus, compromises the feasibility of the AD process.
Alternatively, the rather ammonia-tolerant syntrophic acetate oxidizing bacteria (SAOB) and
hydrogenotrophic methanogenic archaea (HMA) might form a consortium that allows the full
mineralization of organic matter under high nitrogen-content conditions. SAOB are characterized by low
growth rates and its enrichment and retention in bioreactors is a challenging process. On-line monitoring
of SAOB and HMA is therefore fundamental for an effective bioprocess control that leads to an increased
AD efficiency and robustness. The present ongoing study is aimed at the better understanding of the
microbial interactions in AD reactors when subjected to high concentrations of acetate and ammonia. An
interdisciplinary approach has been implemented which combined batch methanogenic activity tests
(both under mesophilic and termophilic conditions), microbiome characterization by next-generation
sequencing (NGS), and the quantification of the expression level of relevant genes by reverse
transcription quantitative PCR (RT-qPCR). Furthermore, the obtained physiological and molecular data
were validated by determining the predominant methanogenic pathway (AMA versus HMA) via the
fractionation of stable carbon isotopes in biogas samples (13C/12C of CO2 and CH4). The obtained results
will support the development biosensors for advanced process monitoring and control.
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Short and long term road map for the development of a robusthasistic and
dynamic model of the MELISSA C1 compartment based on microbial community

characterization.
Dr Vimac Nolla-Ardévol; KU Leuven, Belgium vimac.nollaardevol@kuleuven.be

V. Nolla-Ardévol®, A. Luther®, K. Bernaerts’, J. Ryckeboer®, K. Rabaey’, R. Wattiez’, 0. Gebri‘, L. Poughon®,
P. Wilmes', P. Simonet?, T. Bouchez", K. Faust’, I Smets , D. Springael®

a - KU Leuven, Belgium; b - Gent University, Belgium; c - Mons University, Belgium; d - Sherpa
Engineering, France; e - Université Blaise Pascal, France; f - University of Luxembourg, Luxembourg; g -
Lyon University, France; h - IRSTEA-HBAN, France;

As is the case for all of the MELISSA compartments, the control of the C1 compartment relies on the
design of a comprehensive mechanistic mathematical model. Such a model can only be developed on the
basis of a thorough understanding of the C1 microbial community composition, the metabolic reactions
involved and their kinetics, and the impact of operational and environmental conditions on them. Today,
achieving such a deep understanding of the C1 compartment is still a daunting task and crucial questions
remain such as which biological information is needed and at which resolution. Moreover, up to date
technologies and approaches, mainly meta-omics combined with other culture independent techniques,
are available to acquire an in depth knowledge on the composition of a microbial community and its
functionality but still suffer from several issues such as (i) lack of standardization, both technical and
experimental (ii) lack of knowledge about reproducibility and (iii) in some cases the techniques are not
fully developed or have a low resolution. To bring light into this challenging task, ESA and KU Leuven
organized a one day workshop in which renowned experts in the field of microbial systems biology,
environmental meta-omics, microbial populations dynamics and process modeling discussed the
challenges involved in the C1 microbial (community) characterization for modelling purposes and how to
overcome them. In this presentation we will give an insight into the proposed short and long term
roadmap and experimental design for the thorough characterization of the microbial community in the
MELISSA C1 reactor in view of mechanistic model development.
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Water cycling for maned Space missions: Stabéthe-art within the MELISSA

concept

Prof. Siegfried Vlaeminck; University of Antwerpen/Gent University, siegfried.vlaeminck@uantwerpen.be
Belgium

S.E. Vlaeminck, P. Clauwaert, B. Alonso Farinas, M. Vanoppen, A. Alloul, W. Coessens, J. De Paepe, H.
Beckers, C. Dotremont, A.R.D. Verliefde, K. Rabaey, B. Sas, D. Geelen, D. Demey, R. Lindeboom

Water supply becomes a technical challenge for manned missions in and beyond Low Earth Orbit (LEO),
burdened by high transportation costs or even the impossibility of re-supply for long-distance Space
missions. Therefore in-situ water recovery is vital, however, quantity and quality of available streams is
quite divergent, with a spectrum stretching from condensate to urine. Vapor Compression Distillation
(VCD) is currently used in the International Space Station (ISS), but is facing some technical challenges.
Within MELiSSA, the bio-physicochemical Water Treatment Unit Breadboard (WTUB) is, among others,
derived from the greywater treatment at Concordia Station (Antarctica), complemented with a controlled
crystallization unit, a bioreactor and an electrodialysis unit. Starting from condensate, grey water and
urine, the WTUB installation could achieve beyond 90% water recovery. The plant production
compartment, based on hydroponics, presents another considerable flow of water, where recycling is
crucial, yet not without challenges. This talk aims to provide a comprehensive overview of the state-of-
the-art (re)use of water for MELiSSA.
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Biography Dr Kai Udert

Dr Udert has a background in environmental
engineering. He received his PhD from the
Swiss Federal Institute of Technology (ETH)
in Zurich in 2003. After a postdoctoral
appointment at the Massachusetts Institute
of Technology (MIT), he joined the Swiss
Federal Institute of Aquatic Science and
Technology (Eawag) in 2006. He leads a
research group on decentralized wastewater
treatment and source separation. His main
research focus lies on processes for on-site
treatment of wastewater. Dr, Udert led the
transdisciplinary research project VUNA

(www.vuna.ch). In this project, an international team of researchers and practitioners developed
processes and management tools for nutrient recovery from urine. Currently, he is leading the project
Autarky (www.autarky.ch), which is part of the Reinvent the Toilet (RTT) initiative of the Bill and Melinda
Gates Foundation. Besides working as a researcher, Dr Udert is also a lecturer at ETH Zurich for process

engineering in water and wastewater treatment.
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How to cope with so much food: challenges for nitrifying bacteria in urine
Dr Kai M. Udert; EAWAG, Switzerland udert@eawag.ch

Separate collection and treatment of urine simplifies the recovery of nutrients from human excreta and
the removal of micropollutants. After diverting the urine in NoMix toilets or waterless urinals, urea and
other organic substances are spontaneously degraded by microorganisms. As a result, stored urine is
malodorous and the concentrations of ammonia as well as the pH value are high. To prevent the loss of
ammonia and to reduce the malodor, stored urine has to be treated before nutrients and water can be
recovered. This treatment, also called stabilization, can be achieved by nitrification: with the help of
ammonia-oxidizing bacteria and nitrite-oxidizing bacteria half of the ammonia can be converted to nitrate
and the pH is lowered to values around 6. Concomitantly, heterotrophic bacteria oxidize the malodourous
organic substances. This stabilized solution can then be treated with distillation to gain two products: a
highly concentrated fertilizer and distilled water. This process combination has been successfully used at
Eawag to produce the fertilizer "Aurin”, However, the nitrification must be well controlled as the nitrifying
bacteria are challenged by the high concentrations of salt and their actual substrate, free ammonia
(NH3). We identified three major causes for failures. First, ammonia-oxidizing bacteria are inhibited by
high substrate concentrations, when the inflow is too high. The second failure occurs, when the inflow
rate is sufficiently low to support a strong growth of ammonia-oxidizing bacteria, but they produce too
much nitrite for the nitrite-oxidizing bacteria. The unwanted intermediate nitrite accumulates and the
nitrite-oxidizing bacteria are washed out of the reactor. Finally, a strong decrease in the influent fosters
the growth of acid-tolerant ammonia-oxidizing bacteria. The pH will decrease below the typical limit of
5.4. In the laboratory, pH values as low as 2.2 were reached. At very low pH values, no nitrite-oxidizing
bacteria are active, but the nitrite is oxidized chemically to nitrate and volatile nitrogen oxide compounds
such as nitrous acid (HNO2), nitric oxide (NO) and nitrous oxide (N20) are released. All three failures can
be prevented with careful process control. If the urine inflow is regulated so that the pH stays in a narrow
range, for example between 6.3 and 6.35, the activities of ammonia-oxidizing and nitrite-oxidizing
bacteria are well tuned. The growth of acid-tolerant ammonia-oxidizing bacteria can be prevented, if both
the inflow and the aeration are switched off during short periods of low urine supply.
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Electrochemical systems as core engines of the MELISSA loop
Prof. Korneel Rabaey; Gent University, Belgium korneel.rabaey@ugent.be

Korneel Rabaey, Amanda Luther, Peter Clauwaert

Electrochemistry has in the past years known an upsurge. For terrestrial applications, the use of
electrochemical processes is emerging for disinfection, removal of emerging contaminants, acid/base
regulation, production of energy vectors and many more. This versatility is even enhanced when a single
electrochemical system is used for multiple processes simultaneously such as production and extraction
of chemicals. The technology is sufficiently mature to be deployed in space settings, with system lifetimes
well over 5 years even in waste flows. In my presentation I want to highlight several key processes that
can contribute to an effective life support system. Firstly, I will discuss a potential approach for urine
treatment whereby nutrient recovery is coupled to neutralization and organics removal. Second, T will
discuss the benefits of electrochemistry for acid/base production within the loop, using actual streams, as
well as for disinfection and trace contaminant removal. Lastly, I will make a sidestep to possibilities for
bioelectrochemical systems, enabling organics conversion without need for oxygen and with low cell yield,
potentially coupled to e.g. base production.

25



MELISSA WORKSH MEL[SsA

SESSION @ WATER RECYCLING

Closed loop hydroponics for a novel crop cultivation system on the EMCS rotor

Dr Sander van Delden; Wageningen University, Netherlands sander.vandelden@wur.nl
Silje A. Wolff; CIRiS, Norway

Sander van Delden’, Silje A. Wolffb, Ann-Iren Kittang Jostb, Leo Marcelis®
a - Wageningen University, Netherlands, b - NTNU, Norway

The TIME SCALE project will bring fundamental research on plant, crop and algae growth in space to the
next level by further development of the European Modular Cultivation System (EMCS). The EMCS
contains rotors allowing scientific research under a range of gravitational conditions. A state of the art
crop cultivation system (CCS) for the EMCS will be developed and tested. Current water and nutrient
supply systems in space are not free from complications. Both in terms of operation and system
scalability for extra-terrestrial cultivation systems. One of the focal points of the project is to develop a
water and nutrient recirculation supply system for the new CCS. The new system intends to grow plants in
water with dissolved nutrients (without solid substrate) and includes early warning systems that involve
mathematical model predictions and usage of optimized sensor technologies to monitor plant nutrient
availability. Our design aims to ensure a safe and reliable food supply in future space exploration. Gained
knowledge and concepts will also be explored for terrestrial research and commercial plant cultivation
practices.
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A certainty of bacteriadrowth on pipe materials in contact with potable water
Dr Frederik Hammes; EAWAG, Switzerland frederik.hammes@eawag.ch

Frederik Hammes, Caitlin Proctor, Romina Sigrist, Franziska Rolli, Stefan Kétzsch

Water supply systems aim to deliver hygienically safe and aesthetically acceptable water. Despite best
efforts to control growth, potable water distribution systems are far from sterile, and building plumbing
(including closed-loop or contained systems) offer conditions particularly favorable to microbial growth,
including warm temperatures, large surface-to-volume ratios that increase the importance of biofilms
and bio-friendly materials that essentially offer food to bacteria. Excessive microbial growth leads to
biofouling, system malfunctioning, taste & odor problems and even enrichment of opportunistic
pathogens. Our group’s research investigates the growth potential of materials in contact with water
(pipes, sealing rings, water reservoirs, coating materials, etc.). Particular emphasis is placed on synthetic
polymeric materials that leach biodegradable organic carbon into the water. In a series of pilot
experiments we demonstrated microbial growth ranged from 2 x 1076 to 2 x 10”8 cells/cm2 depending
on the hard and flexible pipe materials used. We showed that rapid 2-week microbial growth potential
tests are highly predicative (R2 = 0.77) of microbial growth on materials over 8 months. Moreover, 16S
amplicon sequencing of biofilms showed that only five dominant phyla (Proteobacteria, Bacteroidetes,
Planctomycetes, Actinobacteria, and Acidobacteria) accounted for 94% of all sequences. Communities
clustered with both material (R2 = 0.31) and time (R2 = 0.25), indicating a possibility to control the
biofilms via material choice. Interestingly, we found that genera containing opportunistic pathogens were
more common in low-biomass pipes. In conclusion, this research shows the critical importance of material
choice with respect to microbial community development on pipe material in contact with potable water,
and the possibility to control  biofouling through  smarter  material selection.
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Photobioreactor in space habitat: status and challenges

Chistel Paillé, ESA-ESTEC, Netherlands christel.paille@esa.int
Steven Hens ; QINETIQ Space, Belgium
Samuel Gass, RUAG Space, Switzerland

Since the early 90's, ESA has initiated R&D activities in life support to prepare long duration manned
missions. For obvious logistics and cost issues associated to those missions, ESA has focused on the
development of closed regenerative systems fulfilling wastes management, air revitalisation, water
recycling and food production. Due to safety and robustness requirements, the accurate control of the
closed regenerative system is a condition sine qua non. However, such systems are based on the
interconnection of sub-systems, which have distinct characteristics such as kinetics and dynamics. Hence
the control of the system results from a deep knowledge and prediction capability of each sub-system.

Therefore, for such developments, ESA has followed a very progressive approach to i) understand, predict
and control processes involved in the system, ii} validate individual processes in space environment and
finally iii) test and demonstrate integrated processes with a consumer both on ground and in space
environment.

Within this context, the particular case of air regeneration using photosynthetic process, here photo-
bioreactor technology, will be addressed. The presentation will introduce the status of the research phase
dedicated to the development of robust dynamic model describing the photo-autotrophic growth. Today,
such model links the biomass growth to the radiant light energy transfer, and the effort being made to
include selected physiological parameters will be mentioned. If such model constitutes a good basis for
photo-bioreactor design and performances prediction as well as process control, the validity of the model
remains to be verified in environmental conditions which are relevant for space applications, namely
micro-gravity environment. As far as performances prediction is concerned, the space experiment
ArtEMISS was conceived to collect in-flight data necessary to the model verification. As far as process
control is concerned, the space experiment BIORAT was conceived to provide in-flight demonstration of
the predictively controlled air recycling between a photo-bioreactor and a consumer. The presentation
will also introduce the status and engineering challenges of the ArtEMISS and BIORAT development.
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Prof. Jack LEGRAND is Professor in Chemical
Engineering at the University of Nantes since
1988. He is specialist in transport
phenomena and mixing in processes and
(photo) bioreactors. He has ca 230
publications in international journals and is
co-author of 16 patents. He is Director of the
Joined Research Unit (UMR), constituted by
about 220 people, GEPEA (Process
Engineering for Energy, Environment and
Food) between CNRS, University of Nantes,
ONIRIS and School of Mines of Nantes. Since
2009, he is co-coordinator of the thematic
group “Biomass for Energy” of the French
Alliance for the Research Coordination for Energy (ANCRE). Member since 2010 of the European Science
Foundation in the EUROCORES (EUROpean COllaborative RESearch) programme EuroSolarFuels; Molecular
Science for a Conceptual Transition from Fossil to Solar Fuels. Since 2014, he is the CNRS representative
in the Joint Programme Bioenergy of the European Energy Research Alliance for Bioenergy. Member of
the board of the French Society of Chemical Engineering (SFGP) since 2010 and President of Scientific
and Technological Council of the SFGP since 2015.
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Some insights on photobioreaction engineering
Prof. Jack Legrand; GEPEA, Nantes University/St. Nazaire, France jack.legrand@univ-nantes.fr

Jack Legrand, Jérémy Pruvost

Microalgae have much to offer to industry, not only for their proteins, lipids, sugars and pigments useful in diverse
areas ranging from human nutrition, animal feed, cosmetics and health to biofuels or green chemistry, they can be
also used as bioremediators for CO2 capture or for removing pollutants from wastewater. In spite of the interest of
photosynthetic microorganisms in various domains, industrial applications remain limited, mainly owing to the
difficulty of proposing intensive cultivation systems with high biomass concentration and productivity. Light is
known to be the principal limiting factor of closed photobioreactor efficiency, making biomass productivity only
dependent on the light intercepted by the process and of its photosynthetic conversion in the culture volume. Due
to cells absorption and scattering, the radiation field is heterogeneous inside the culture. From the engineering
point of view, in order to reach high culture densities, light input has to be increased, by working under high
photons flux density, or by maximizing the illuminated surface for a given culture volume. The biomass production
or of a given metabolite of interest requires controlled photobioreactors for the microalgae cultures. Theoretical
approaches as madeling allow to link irradiation intercepted by the process, radiant light energy transport inside
the culture volume, and its local coupling to photosynthetic growth. Based on a long-term effort devoted to the
development of the theoretical framework for artificially lightened systems, the models have been recently
extended to simulate the dynamic functioning of solar photobioreactors as a function of meteorological conditions.
Those models were also used to define engineering rules which were used to intensify solar culture performances.
In our lab, we have developed an innovative photobioreactar, AlgoFilm, with breakthrough productivities in terms
of volume productivity by reducing the culture medium thickness down to ultra-thin culture. Models were used to
determine key-aspects of its design. Biomass productivities were then simulated for the systematic optimization of
its performances in solar conditions, emphasizing the direct influence of irradiation conditions, but also effects of
day-night cycles, culture harvesting strategies. Moreover, the dynamic model for the photoautotrophic growth of
microalgae in photobioreactor, describing principal variables of the system, allows obtaining the precise prediction
of the pH in the medium. This example of bioprocess development emphasize the interest of developing knowledge
robust models. Such models, which derived from the research developed in the framework of ESA’s MELISSA -
Micro-Ecological Life Support System Alternative, have direct benefits for the setting of industrial production of
microalgae. This allows applying refined physiological and radiative models either for the design of new
photobioreactors technologies, the optimization of the production and for process advanced-control.

This effort will be pursued at preindustrial scale. This will be conducted especially in the AlgoSolis R&D facility
(www.algosolis.com), which is devoted to investigations in representative conditions of industrial applications of
microalgae (outdoor production, large-scale) and to the integration of technological bricks defining an industrial
exploitation of microalgae. This core-facility proposes external surfaces of production, a technological hall for
biomass harvesting and refining (production of extracts and ingredients), and an appropriate piping to
interconnect platform devices in order to ensure the transfers of biomass or medium between the different
operating stages (production-harvesting-hiorefining-culture medium recycling). A pilot simulating a building
biofacade for microalgae culture is also set-up in AlgoSolis. Such technology is adapted for an integration into
urban environment, by combining algal culture to facade of public or private-sector buildings. An optimal
integration also improves the building's green credentials and offers an alternative and cost-effective solution to
algae culture.
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Life Support Systems (LSS) are essential for human spaceflight. Ambitious goals of human space
exploration in the next 40 years like a permanently crewed surface habitat on the Moon or a manned
mission to Mars require technologies which allow for a reduction of system and resupply mass.
Enhancements of existing technologies, new technological developments and synergetic components
integration help to close the 02, water and carbon loops. Based on photosynthesis and able to be
combined with physico-chemical systems, microalgae are able to generate edible biomass and release 02.
Algae cultivation in aquatic reservoirs reaches up to ten time higher growth rates and significant lower
energy and volume investments than higher plants. Up to 30% of human food can be covered by algae
biomass, limited by the high protein content of edible algae species. Research on the biology is important,
but it is also challenging from a technical point of view to provide an efficient photobioreactor (PBR)
system. Mass und energy benefits strongly depend on cultivation techniques, illumination and gravity
level (Pg in space or partial g on planetary surfaces), but also on the mission scenario (transfer, orbit,
surface). Since 2010, microalgae are cultivated and investigated at the Institute of Space Systems (IRS),
University of Stuttgart. Especially the species Chlorella vulgaris is selected as a promising candidate for
future use in LSS, but other species like Spirulina or Scenedesmus are considered as well. The
presentation will give an overview about of the different technological steps from on-ground test-beds
and parabolic flight experiments to a spaceflight experiment, in order to demonstrate the technological
readiness of photosynthetic conversion of concentrated carbon dioxide into biomass and oxygen in a
long-term operating PBR system. A continuous cultivation of over 5 years is running at IRS. Additionally,
the connection to physico-chemical systems for CO2 concentration is essential to get access to CO2 in the
cabin.
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Based on requests from the scientific community, the German Space Agency, DLR Space Management,
has initiated a programmatic approach to gather a team of scientists, ensuring the research-
characteristics of ModuLES (Modular Life Support and Energy Systems), the scientific and technical
development as well as understanding of Life Support & Energy Systems being based on ecological,
sustainable processes. ModuLES is the basis for future applications in space (exploration) as well as on
ground in the lab and/or in extreme habitats. The first module on the ModulLES concept is a
Photobioreactor (ModuLES-PBR) designed and tested on ground and in parabolic flights. A
Photobioreactor was chosen as first module, because microalgae serve with their photosynthetic activity
for up to 50% of the oxygen supply on our planet and thus each of our breaths. The overall goal of this
ModuLES-PBR is the development of an energy-efficient and highly effective Photobioreactor-system
with clearly defined in- and outputs. The PBR is designed for a maximum efficiency with respect to oxygen
production and carbon dioxide uptake as well as the optimization of closure-level of the nutrient loop
during operation for various environmental conditions. The core unit consists of a bioreactor that allows
the cultivation of the microalga Chlamydomonas reinhardtii with highly efficient photosynthetic gas
exchange rates. The efficiency of the system depends upon the quality and quantity of light, liquid mixing,
gas supply and mixing, gas exchange for optimization of dissolved oxygen concentration in the algae
solution to prevent bubble formation, medium composition and the growth phase of the microalgae. A
second unit, which was added to the system after PBR-verification, is used for media recycling and algae
filtration and is a first step for optimizing the nutrient-loop closure, which is essential for long duration
operations. A consumer module is under evaluation. The technical complexity of the system has kept
growing with the project duration and new units will be added step-by-step to close the loop
appropriately. Presently, media recycling and enhancement of gas exchange capabilities are under
testing, as well as adaptations for a design based on the lessons learned. A summary will be given in the
presentation. Acknowledgement: Specials thanks are given to Dr. Katrin Stang and Dr. Markus Braun from
the DLR Space Management for continuous discussions and support. The German Ministry of Economics
via the DLR Space Management funds ModuLES (FKZ: 50 WP 1211 & 1511).
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The development of plant cultivation technologies for safe food production in space is a research filed
which intends to increase the possibilities of human future long-term space missions. EDEN ISS project
(Evolution and Design Environmentally-closed Nutrition-Sources), which is funded by the European
Union's Horizon 2020 research and innovation program, is embedded in this context to provide a ground
demonstration of a bio-regenerative life support system in an highly-isolated environment. In fact, during
this project, a greenhouse will be built, tested and then placed in Antarctica, close to the German base
“Neumayer Station III", to collect experimental data on plant growth. In detail this work shows the
preliminary design phase of the air distribution system of this greenhouse. The optimization process of
the air distribution system has followed this is main aim: ensure the proper climate conditions for plant
growth. Thus this means homogeneous temperature, relative humidity and velocity in the growth
chamber. To achieve this goal CFD analyses are performed, checking global and local aspects. This part of
the project is developed in close collaboration with the German Aerospace Center (DLR), as EDEN ISS
project coordinator, and AeroSekur, as responsible for the air management system.
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The project MELiSSA aims to conceive a closed-loop artificial ecosystem, based on recovering food, water
and oxygen through the complete recycling of waste (carbon dioxide, urine and faeces).

The MELISSA loop was originally conceived without higher plants and utilized a photosynthetic
microorganism, the cyanobacterium Arthrospira platensis (also known as Spirulina), as source of food.
However, this strategy entailed low rate of air regeneration and limitations in the diet nutritional value
and composition.

Higher plants were introduced as bioregenerative component in 1997, and research on a plant chamber
to be integrated in the loop started. The MELiSSA Pilot Plant (MPP), a sealed chamber with gas, liquid, and
solid connections from/to the other compartments, was built and the study of its interface with the
system, in terms of quantity and quality of fluxes, was introduced as a research topic. Three crops, wheat,
beet and lettuce, were selected for initial hydroponic cultivation tests, in a staggered plantation system,
with the target of an edible biomass production of 20% of the crew needs. Results on crop yield and
carbon exchange modeling, even in response to variable CO2 concentration and light intensity,
demonstrated the potential of plants in closed environment systems.

Based on these results, more challenging goals were introduced in Food Characterization Phase 1 (years
2009 - 2010), which aimed to the characterization of 4 crops, potato, soybean, bread wheat and durum
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