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1 Introduction

BELISSIMA aims to study the behaviour of microcorapds in the MELISSA loop. In
TN80.11, 80.12 and 80.14 an overview was giverlgfatential study items, which were then
ranked according to priority. In TN80.15, an ovkrasearch plan was developed taking into
account some limiting factors and critical issuglated to microcompound study. In TN80.16,
the corresponding requirements for the BELISSIMé&gdavere listed to ensure that the final
loop design will have the necessary features toraowdate for relevant microcompound
studies over a long period of time. In this techhiwte, the design of each compartment is
studied and proposed.

2 First design options

2.1 Material selection

As the BELISSIMA study will focus on the behaviafrmicro-compounds in the MELISSA
loop, the material selection for the reactors nestvell-considered. For all four compartments
the material requirements were given in TN80.16n®arized, the requirements are:

resistant to corrosion;

resistant to biofilm formation;

resistant to chemical cleaning and desinfection;

resistant to steam sterilisation, preferable ieslin

heat and pressure proof.

AN N NN

Inert material will be needed for the BELISSIMA dyu The release of organic (endocrine
disrupting compounds,...) and inorganic compoundsr{inanetals) should be minimal.
Pharmaceutical grade of material can be takerséanaard for BELISSIMA. This implies the
following:

v/ Stainless steel with an Ra <= 0,8 um

v Fittings and tubings with negligible leaching (¢ef] C-Flex, Platinum cured, ...)

For the bioreactor material and the tubing an aervs given of the different available
materials.

2.1.1Selection of tubing material (see also TN71.2)

Generally the following statements can be made:

1. Metalsare non permeable, but mostly sensitive to carrosspecial steel types and
alloys show an increased resistance to corrosib@.nost commonly used material is
stainless steel (AISI-316). The composition as aslthe polishing of stainless steel
can vary.
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2. Polyvinyl chloride (PVC)s lightweight, chemical and water resistantsleasy to use
and install and it is an economic solution. Thedisintage of PVC is its lower
temperature resistance on the long term. HoweoeRN16 tubing, a life time of 25
year is guaranteed at 4 bar and 60°C.

3. The most inert material is gladdowever, the limited compatibility of glass with
pressure is a limiting factor in the use of glass.

2.1.2Selection of bioreactor material (see also TN71.2)

2.1.2.1Introduction

Three different materials can be taken into comaiilen for the construction of reactors:
polymers, stainless steel and glass.

2.1.2.2Glass

DURAN is a borosilicate glass. DURAN glass usethboratories and industrial plants has
excellent chemical and physical properties. Theglas the following composition:

81% SiQ
13% B0Os3
4% N&O/Kzo
2% ALOs

AN NN

Borosilicate glass is highly resistant to waterdscsalt solutions, organic substances and
halogens such as chlorine and bromine. It hasralatively good resistance to alkaline
solutions. Only hydrofluoric acid, concentrated gpiooric acid and strong alkaline solutions
cause appreciable surface removal of the glasgla¢htemperatures. The glass can be
sterilised with hot air or steam.

It is however fragile, it cannot be subjected tougb changes in temperature and its resistance
to pressure is limited. Furthermore, it is diffictd handle and to adapt in terms of addition of
connectors and fittings.

2.1.2.3Polymers
Two types of polymers can be distinguished: amougland crystalline polymers.
Amorphous polymers: e.g. PVC, Acrylic have:

v'a wide melting range,
v"low shrinkage after molding,
v lower chemical resistance than crystalline polymers

Polyvinyl chloride (PVC), is made up of 40% petroieand 60% salt. The characteristics of
polyvinyl chloride make it suitable for a great noen of products. PVC is water resistant,
resists decay quite well and is lightweight. PViiaracteristics provide many benefits:

v" High strength and durability

v' Easy fabrication and use
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Thermoforming
Dimensional stability
Easy cleaning
Economical

AN

Disadvantages are however the moderate tempeiatdrehemical resistance, especially
towards solvents.

v" moderate heat resistance.
Crystalline polymers: e.g. Polyethylene (PE), Polypropylene (PP) have:

a sharply-defined melting point,
high shrinkage after molding,
high heat resistance,

good fatigue endurance,

good chemical resistance.

AN NN

Polymers are generally easy to glue and/or solder.

Polypropylene (PP) is a long chain polymer madenfpopylene monomers. Several different
polymerisation methods are used to produce polypeop. Polypropylene has excellent heat
resistance and can be used in continuous procastasperatures as high as 104 °C (Figure
1).

In general, polypropylene is not susceptible toremmental stress cracking, and it can be
exposed under load in the toughest environments.tBits high crystallinity, polypropylene
has excellent moisture barrier properties and gigital properties. High crystallinity
improves stiffness, but reduces impact strength.

Good

Optical
Proparties
Continued Excallent
use as high as Chamical
220°F (104°C) Resistance
Lowear Excallent
Dansity ESCH
Palypropylens
Characteristics
Exoallent Limited
Fatigua Viaathering
Rasistanca Hesiatance
Excellent Excelbent
Impact/Slilineas Moisturs
Balance Barrier
Aaquiras
Mo Drying to

Process

Figure 1: Characteristics of PP
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Polyethylene (PE) is commercially available in &dgs, where the higher density PEs are
more crystalline in nature:

High density (HDPE)

Low density (LDPE)

Linear low density (LLDPE)

Very low density (VLDPE)

Ultra high molecular weight (UHMWPE)

AN NN NN

It should be noted that even the high-density RIS,dnly a low to moderate temperature
resistance.

Chemical resistance of polymers
In Table 1, the chemical resistance is compare®Y6Z, PP and PE.

Table 1: Chemical resistance of 4 different polymes

PVC PP PE
Resistant to Acids, bases Acids, bases and
weak solvents
Not resistant to Solvents, aromaticg Oxidative acids,
halogens

Chemical disinfectants for polymers

The chemical disinfectants are generally liquidusohs or alcohols containing special anti-
microbial substances and tensio-active agentslaltex, due to their capillary effect, increase
the bactericidal effect. Despite the fact that @res slightly during the disinfection, this does
not have any influence on the resistance capatttyeoplastic material. However, in case a
polymer is used for the reactor construction, clu@uld be taken with the selection of the
disinfectant, since certain polymers can be semsith them.

Temperature resistance of polymers
Table 2 shows the temperature resistance for PYGrid PE.

Table 2: Temperature resistance for 4 different pgtmers

Material Maximal admissible temperature (°C)
Continuous Batch

PVC-C (extra-chlorinated) |90 110

PVC-U (Unplastified) 60 60

PP-HT (High Temperature) |90 100

PE-HD (High Density) 60 80
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2.1.2.4Metals/Alloys

The most commonly used metals/alloys for react@stainless steel, carbon steel, monel,
hastalloy C and Titanium. A short description cf thetals/alloys is given below:

Stainless steel

Stainless steel is an alloy of iron, chromium, eickarbon, and other materials. The various
types possess different mechanical and physicg@lepties. These properties are, in most
instances, vastly different from low carbon (milajedium carbon and low alloys steels, with
a corresponding effect on the cutting methods aoadgalures.

Categories of stainless steels:

* Austenitic - A family of alloys containing chromium and nickalnd manganese and
nitrogen when nickel levels are reduced). Thesg/alare not hardenable by heat
treatment. This group offers the highest resistao@®rrosion.

» Ferritic - This group of alloys generally contains only chnem with the balance mostly
Fe. These alloys are somewhat less ductile thaausienitic types and again are not
hardenable by heat treatment.

* Martensitic - The members of this family of stainless steels t@hardened and
tempered just like alloy steels. Their basic buidpblock consists of 12% Cr, 0.12% C,
and balance mostly Fe.

* Precipitation-Hardening - These alloys generally contain Cr and less tharNg%with
other elements in small amounts. As the name impliieey are hardenable by heat
treatment.

* Duplex - This is a stainless steel alloy group, or famalith two distinct microstructure
phases, ferrite and austenite. The Duplex alloye lgaeater resistance to chloride stress
corrosion cracking and higher strength than theraglnstenitic or ferritic grades.

» Cast -The cast stainless steels, in general, are sitoildre equivalent wrought alloys.
Most of the cast alloys are direct derivatives ¢ of the wrought grades. The alloy is
primarily used for resistance to liquid corrosion.

The advantages and disadvantages of the diffeypestof stainless steel are summarised in
Table 3.
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Table 3: Advantages and disadvantages of the diffent applicable types of stainless steel

Type Examples Advantages Disadvantages
Ferritic 410, 430 Low cost, moderate corrosion resistance & Limited corrosion resistance, formabilty & elevated
good formability temperature strength compared to austenitics
Austenitic 304, 316, 317 |Widely available, good general corrosion Work hardening can limit formability &
resistance, good cryogenic toughness. machinability. Limited resistance to stress corrosion
Excellent formability & weldability cracking
Austentic 254 SMO High resistance to pitting an crevice Work hardening can limit formability &
corrosion, very high resistance to chloride machinability.
stress corrossion

If the selected metal material will be of stainlet=el, the choice will be between stainless
steel 316 (which is widely available), 317 or 234 dependent on the need to resist
corrosion (mainly by C). It should be noted that stainless steel AlSI-Bl&n industry
standard for easy interfacing, a proven technofoggensor fittings (which are mostly in
316L/PVDF).

Polishing of stainless steel is also importantrevent corrosion and contaminations. The
stainless steel surface properties depending opdlighing are presented in Table 4.

Table 4: Different polishing options for stainlessteel

Ra measurement

MNominal Typical applications and
Grit : Micro- techniques
Micro-meter ey
80 25 100 Dull polish - applicable for
tube, bends and tees in
100 12 48 general food processing
subject to daily cleaning
120 10 40 in place (CIP). Normal
abrasives required.
150 0g 37 Satin polish - used by high

end food and beverage plants,
cosmetics, toiletries and with
180 06 24 standard pharmaceutical and
biotechnology applications.
Easier to CIP. Sequential use

240 0:5 20 of abrasives Is required.
Bright polish - Top end

320 0.4 18 pharmaceutical (water
for injection), high value
biotechnology materials,

sgmi-conductors, solvents
and pure gases, Abrasives
500 0.05-02 4-8 | pius electropolishing
normally required.
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High-carbon steels

High-carbon steels are extremely strong but moitdeband therefore harder to form and
weld. This composition however allows better regesto heat treatment and longer service
life than medium-carbon steels. High-carbon sthalse superior surface hardness resulting in
high wear resistance. The AISI designations forhHigrbon steel are: AlSI 1055-1095, 1137-
1151, and 1561-1572.

Monel 400

Monel 400: A combination of approximately 68% nickad 28% copper. This alloy has
superior resistance to oxidation and corrosion@ogdides excellent service in sea or brackish
water.

Hastalloy C

Hastalloy C: A combination of nickel, chromium, mbdlenum, iron, and tungsten. This alloy
performs well at elevated temperatures in the rarfid®00° to 1800° Fahrenheit (871°C to
982°C).

Titanium

Titanium: A silvery metallic chemical element; venalleable and ductile. Its principal
function has been as an addition to steel to citatd alloys, but now is being used in its pure
form (100% titanium) because of its high strengght weight, and good corrosion resistance.

2.1.2.5Conclusion

Due to their low heat resistance and limited rasis¢ to solvents, PVC-U and PE cannot be
used for the construction of the CI bioreactor mak a heating element of over 60°C is
present. Even though PP is the most suitable palyon¢he CI bioreactor construction at
slightly elevated temperature, care should be takeselecting the potential chemical
disinfectant. Therefore, stainless steel is théepred choice.

For the photobioreactors, polymers are also noalsie. Transparant PVC exists but becomes
mat in time. It looses its transparency. Furthelemtre photobioreactors will be illuminated
with halogen lamps, that convert 90% of the en@ngy heat. Polymers should be heat
resistant in such a case. This is especially nssipte for transparent PVC. Finally, as
micropollutants will be investigated within BELIS8A, polymers become less interesting as
some of them contain significant amounts of addgivlherefore, glass and stainless steel are
the only relevant options.

2.1.30verview of sterilisable commercial bioreactors

The way in which cleaning and sterilisation will performed strongly depends on:
v" Reactor volume;

v" Reactor illumination;

v" Material choice.
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Commercially available bioreactor systems are eithe
v' Autoclavable or
v in-situ-sterilisable.

Commercially available options:

1. Autoclavable bioreactorghese are “benchtop” bioreactor for which the t@acessel is
cilindrical and made of glass. All glass bioreastare autoclavable but not in situ steam
sterilisable for safety reasons. Therefore, themeraially available working volumes (of
double jacketed glass bioreactors) are limitednéorange of 1 to maximally 10 |, which
still allows manipulation for autoclaving. The réacvessel is either single or double
jacketed depending on the temperature controlafFglstems, the reactor vessel is closed
at the top with a stainless steel flange systemluinh several ports are foreseen for
mounting the required sensors, for sampling, fppguor removal of medium, gas supply,
etc. The bioreactor contains a stirrer with a mptaced on the top or at the bottom,
depending on the reactor type. All bioreactor peats be easily dismounted for cleaning
and sterilisation.

Bioreactors illuminated with halogen lamps are carnmercially available. Illumination

will have to be provided separately and will hawdé integrated in the bioreactor system.
Commercial photobioreactors either have a cenghl source and use a reflecting
material on the inner vessel wall. For small reagtdumes up to 3 |, they use external
illumination. Commercial systems use LED’s, flua@st lamps or hollow fibres as light
source.

Feed, acid and base dosing is achieved througstakiac pumps. However, other types of
systems are available.

For all bioreactors the devices and instrumentai@connected to a central control which
steers the bioreactor. Additional external devaes instrumentation can be coupled to the
central control and can as such be integrateceigkbbal process.

2. In-situ-sterilisable bioreactorsa distinction can be made based on the combination
materials used (combination glass/stainless s&®) &nd SS/SS). Laboratory-scale
bioreactors are available from a working volume éfip to ca. 20 — 30 .

Combination glass/SS:

In this combination, the working volumes are lirditeom 2 | to ca. 15 | for safety
reasons. The bioreactor consists of a lower padensd SS, which contains different ports
for sensors, sampling ports, connections for stet@milisation, etc... At the top a SS
flange system is present which contains additipoals. A glass cilindrical column is
clamped in between the SS bottom and top parth€lght of the column depends on the
desired working volume. The reactors can be cleamsdu.

These reactors are used when visual inspectioollonfup is desired, but could also be
applied as photobioreactor with external illumipatiprovided that the illumunated zone
is sufficiently large compared to the dark zon¢hefSS bottom and top parts.
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Combination SS/SS:

This combination differs from the previous onehattthe glass column is replaced by a
SS one. This allows for larger working volumes 020 — 30 |. These systems cannot be
used as photobioreactors. However, a commercigsysn which the reactor medium is
circulated outside the reactor vessel, is illumedagxternally and then recycled to the dark
bioreactor. This is a so-called circulation readhowhich the medium is continuously
cycled between an illuminated and dark zone. Tdt# kources are fluorescent lamps.

These reactor systems have the same possibilitietoking, coupling of external devices
and instrumentation as mentioned for the previmeso

Suppliers:
v' Autoclavable bioreactors: Bioengineering, Sar®riNew Brunswick, Applikon;

v" Autoclavable photobioreactors: Bioengineering, &ars, New Brunswick;
v In-situ sterilisable bioreactors:

1. Combination glass/SS: Bioengineering, Sartorius;

2. Combination SS/SS: Bioengineering, Sartorius, NeunBwick,
Applikon.

3. Photobioreactors: Bioengineering, Sartorius;

All commercial available bioreactors are autonomeasking devices, with their dedicated
steering and control functions. They are indepenhdéexternal control loops for their proper
process. Signals from external devices or measuresnceuld be integrated in the specific
process of a bioreactor.

Signals from internal measurements or alarms cah@other hand be exported in an analog
or digital way for further visualisation or certantions.

Digital inputs finally could integrate certain extal actions and generate actions like a switch
off or stand-by mode of the bioreactor.

How a selection of photoreactors was made, is dected in 2.2.

2.2 Sizing of loop

The sizing of the loop was an iterative processuimmary it proceeded through the following
steps:

- calculation of mass balances using the overall kiojulator and estimation of relative

reactor volumes

- first round of contacts with suppliers of commertiardware

- iteration of mass balance calculations

- first sizing of the complete loop for the BELISSIM&enario

- reevaluation of the requirements (criteria docunte®A)

- additional critical issues

- iteration of sizing for complete loop

- second round of contacts with suppliers of comna¢t@ardware (see also TN80.24)

- final sizing of the complete loop (described in TONB4)
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2.2.1Calculation of mass balances using the overall loop simulator and
estimation of relative reactor volumes

A simulation on the BELISSIMA loop was performed BBP (Annex 1), based on the
following mission scenario:

production of 40% of food of 6 crew members daistd

treatment of non-edible parts of plants;

production of 6 equivalent men of oxygen per day;

production of 6 equivalent men of drinking water gay;

recycle of 6 equivalent men of faecal materialnerand CQ,

if N from urine is too high the overall load shoulid undersized or the percentage of urine
in the overall load lowered.

AN NN

The equivalent composition of the waste and thd tfeCl are given in Table 5. The
information concerning the faecal material is takem TN45.3. The feeding of non-edible
parts of plants is calculated based on data frorBZI8land TN51.2. The amount of non-edible
parts of plants is equaly divided over the thregetables that will be used for feeding of the
BELISSIMA loop. The amounts of waste produced a®el on calculations for men.

Table 5: Composition of the waste in the BELISSIMAstudy

Material Production / Production /
consumption of one man consumption of the DM Fresh load
per day 6 men crew
Wastes Production of 6
equivalent man
- Fecal material 30 g DW/d 180 g DW/d 33% 545 g/d
- Urine 51gDW/din1,5L/d 306 g DW/d in 9 liger 3,4% 9l/d
- Toilet paper 18 g Dw/d 108 g DW/d 100% 108 g/d
Vegetables 40 % of food of 6 crew
members daily diet
- Lettuce 270 g DW/d 648 g DW/d 13 kg/d
5%
(=52 crops)
- Red beet 270 g Dw/d 648 g DW/d 89 8,1 kg/d
0
(~34 crops)
- Wheat straw 270 g DwW/d 648 g DW/d 100% 648 g/d

The total Dry Matter (DM) for this scenario is 258&l. A dry matter concentration of 21 g/l
in the influent (as for MELISSA) should be maintadh This means that the flow of influent is
around 120 liters per day.

A simplified simulation done by UBP resulted in hadlic retention times (HRT) and
compartment volumes as given in Table 6.
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Table 6: Hydraulic retention times and relative reator volumes for BELISSIMA (UBP simulation)

HRT (days) Volume (liters)

Cl 10 1086
Cll 3,0225 299

Clll 0,48227 47,9
Clva 0,8288 82,0

The size of ClVa is rather small compared to thetpbioreactor Cll. In the MELISSA Pilot
Plant the sizes of both photobioreactors are coafyarHaving two photoreactors of similar
size would also be advantageous for BELISSIMA ewbf hardware harmonization and cost
reduction. Therefore, it was agreed to aim for Einsizes for compartments Il and 1Va. For
further calculations a dilution rate of 0,01 (HRT of 4,1667 d) was therefore used for CIVa.

The sizing exercise should further take into actthm required sample volumes for general
follow-up of the reactors and for study of the spe®ELISSIMA microcompounds:

v' standard follow-up of reactors: ~100 ml effluent pempartment per day

v' BELISSIMA study: maximal 2 liters effluent per coempment per week

As a consequence, a samplindd I/d per compartment should be sufficient during inkeans
sampling campaigns. This can be reduced dovinltd/d during the intermediate periods. This
means that in closed loop operation larger actolames can be maintained within the
reactors when sampling volumes are low. Alternftjvihe compartments will always be
operated at the same active volume and at a cansitéwdrawal of liquid volume. As
suggested in TN80.15 the sampling volume shouleroted 15% of the flow rate of the
specific compartment, in case of closed loop opmTat

All these numbers result in the reactor volumeggiwn Table 7 and Table 8.

Table 7: Reactor volumes in case of intensive sanmpy campaigns

Compartment Effluent Calculated HRT (UBP) Reactor

samples feeding volume
l/d I’/d days liter
Clva 0,5 3,3 4,1667 13,8
Clll 0,5 3,8 0,48227 1,8
Cll 0,5 4,3 3,0225 13,0
Cl 0,5 4,8 10 48,0

Table 8: Reactor volumes during intermediate period

Compartment Effluent Calculated HRT (UBP) Reactor

samples feeding volume
l/d I’/d days liter
Clva 0,1 4,5 4,1667 18,8
Cll 0,1 4,6 0,48227 2,2
Cll 0,1 4,7 3,0225 14,2
Cl 0,1 4,8 10 48,0
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The simulation further indicated a shortage of,G&@ compartment IVa. With the available
amount, only 17% of nitrate can be assimilated.athieve 100% removal, GGupply is
necessary and the associated reactor volume wiil dirso be about 5 times higher.

2.2.2First round of contacts with suppliers of commercial hardware

With the volumes presented in Table 7 and Tabler@ind, various suppliers of commercial
bioreactors were contacted. These were Bio-Engimge$artorius, New Brunswick and
Applikon. The discussions mainly focussed on commpant Il at this stage. They gave a first
impression of the available options as well ahefdpen questions from the side of the
suppliers.

2.2.3lteration of mass balance calculations

It appeared that the simulation program could deysed to obtain an order of magnitude for
the liquid volumes of the different compartmentd smidentify major inconsistencies or
shortages, such as the £ghortage for complete nitrate elimination in corypent 1Va. It
cannot be used for detailed sizing and cannotitakeaccount liquid losses due to sampling
requirements.

For the first mass balance calculations severalraggons were made. The most critical one
turned out to be the degradation efficiency of atbB0% for the organic matter entering CI.
Because of the new mission scenario developed B 8SIMA, the composition of the feed
to Cl is different from MELISSA and there is un@enty on the degradation efficiency. If the
efficiency was as high as 60%, the amount of Vielditty acids produced would double and
this would have serious implications on the dowesstn part of the loop. Such condition was
recalculated and the outcome was used as a wasstscanario for the iterative sizing of the
complete loop as described in paragraph 2.2.6.

2.2.4First sizing of the complete loop for the BELISSIMA scenario

The first attempt to perform a detailed sizing d¢stesl of Photosim simulations for
compartment Il and IVa. The approach was the fallgwBased on known productivities, the
optimal volume of the photoreactor is first caltathfor a specific commercial system with
given height and diameter and at a given light.fllixen, taking into account predetermined
residence times, the associated liquid flow andtsate and biomass concentrations are
calculated. For CII the residence time should loeiad 1 d, for ClVa around 3 d to obtain
correct and controllable functioning. The smallex tdark zone in the photoreactor, the wider
the operational range and the more operationaibiiéy.

The requirement to operate in axenic conditionmisicularly stringent for the BELISSIMA
study because one of the aims is to evaluate gestability and axenicity. In this respect,
preference should be given to steam sterilizablepegent. However, the information
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provided by the suppliers, indicated that all stesaenilizable reactors in the envisaged size
range consist of a combination of glass and stssnbe stainless steel (see 2.1.3) and had a
dark volume of around 40%. This corresponds tagelaead zone for the productivity of the
Cll and ClVa photoreactors but more importantlyilddbe responsible for instabilities and
physiological deviations in specific conditionsGil. In other words, photoreactors with a
very small dark zone are preferred to ensure seffiaccontrol in the operating engineering
domain. Taking into account that the main risk adnzbial contamination is related to feeding
of the reactors and to transfer of liquids betweempartments rather than to the bioreactors
themselves, it was then decided to focus on autabla reactors with 100% illuminated
volume and evaluate their operational flexibility.

Characteristics of commercial 5 and 10 | autoclée/aimreactors were collected and
simulations performed. Because the commercialré@dtors had larger diameters than the 5 |
ones which reduced their operational flexibilityaypothetical photoreactor with a 10 |
volume and a smaller diameter of 16 cm was includebe analysis as well. Keeping in mind
the uncertainty on the degradation efficiency efféed to Cl, fibers degradation efficiency
was chosen to be 20 and 50%. The simulation refulesl these conditions are provided in
Table 9 and Table 10.

The 5 | commercial systems can remove 13-14 g VEA/@™ maximum light intensity of 300
W/mz2. At 20% fiber degradation efficiency this acesponds to a mass flow of around 45 g
feed/d to compartment I. At a nominal light flux@ W/m?, this reduces to between 26 and
30 g feed/d. With nominal residence times betwean®34 h, the VFA input concentration to
Cll will vary between 0.55 and 2.2 g/l. Commerd@ll systems perform relatively worse
because they have larger diameters. The most lgesyistem is the one from Sartorius, with
the smallest diameter. Still, at a maximal lighemsity of 300 W/m?2, it can only remove 22 g
VFA/d as compared to 14 g VFA/d for the best Sakter (Applikon). The input mass flow
rate to compartment | is 46 g/d at 20% fiber degtiad efficiency and at 75 W/m?. The feed
concentration to compartment | can be varied batviee and 6.6 g/l to achieve a VFA
concentration range between 0.5 and 2 g/l.

At 50% fiber degradation efficiency, the input méless rate to compartment | can evidently
be reduced to obtain the same VFA concentrationthi$ case, the commercial 5 | systems
can work with a feed concentration to Cl betweéhahd 4.5 g/l and a resulting VFA input
concentration to CllI of between 0.55 and 2.2 git. the Sartorius 10 | system, the feed
concentration to Cl can range between 1.1 and/d.3 g

The highest productivities could be achieved witustom-made photoreactor, combining a
10 | volume with a diameter of 16 cm. In this c#seinput mass flow rate into the loop would
amount to 85 g/d and 55 g/d at 20% and 50% fibgratkation efficiency respectively. The
resulting feed concentrations into Cl would be @.3-g/l and 1.35-4.2 g/d respectively. VFA
input concentrations to Cll would be 2.1 g/l at maxm.
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Table 9: Calculations for commercial photoreactorsaand a hypothetical one assuming 20% of fibers degdation efficiency in CI.

APPLIKON SARTORIUS BBI NEW BRUNSWICK HYPOTH

V=54L V=10L V=5L V=10L V=55L V=105L V=10L

D=16cm D=24cm |D=16cm D=19cm |D=176cm D=211cm |D=16cm
Maximum performance of the PBR at go= 300 W/m?
(gveal/d) 14 18 13 22 13 21 26
Corresponding input mass flow rate (feed) in the loop | 46 59 43 72 43 69 85
(9ro7/d) (1/9 man) (1/7 man) (/20 man) (1/6 man) (1/20 man) (1/6 man) (1/5 man)
I All following data are for nominal light flux at 75 W/m? |
Nominal performance of the PBR at qo= 75 W/m? (guvena/d) |9 11 8 14 8 13 16
Corresponding input mass flow rate (feed) in the loop | 30 36 26 46 26 43 52
(gror/d) (/24 man) (/12 man) | (1/16 man) (1/9 man) (1/16 man) (1/20 man) (1/8 man)
Nominal residence time in the PBR (h) 20 21 20 21 21 21 20
Nominal biomass concentration in the ouput of ClII (g/L) 1,3 0,9 1,3 1,1 1,2 1 1,3
Nominal VFA concentration in the input of CIlI (g/L) 1,4 1 1,4 1,25 1,35 1,1 1,4
Nominal liquid flow rate (L/d) 6,5 115 6 11,4 6 12 12
Nominal resulting concentration of the feed (g/L) 4,6 3,1 4,3 4 4,3 3,6 4,3
Minimum residence time in the PBR (h) 9,5 9,5 9,5 9 9 9 9,5
Minimum biomass concentration in the ouput of Cll (g/L) 0,55 0,44 0,55 0,45 0,5 0,4 0,55
Minimum VFA concentration in the input of Cll (g/L) 0,65 0,44 0,65 0,5 0,55 0,45 0,65
Maximum liquid flow rate (L/d) 13,6 25 12,6 27 14,6 28 25
Minimum resulting concentration of the feed (g/L) 2,2 1,44 2,1 1,7 1,8 15 2,1
Maximum residence time in the PBR (h) 30 33 30 34 34 34 30
Maximum biomass concentration in the ouput of Cll (g/L) 2 14 2 1,8 2 1,6 2
Maximum VFA concentration in the input of ClI (g/L) 2,1 15 2,1 2 2,2 1,8 2,1
Minimum liquid flow rate (L/d) 4,3 7,3 4 7 3,8 7,4 8
Maximum resulting concentration of the feed (g/L) 7 4,9 6,5 6,6 6,8 5,8 6,5
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Table 10: Calculations for commercial photoreactorsaand a hypothetical one assuming 50% of fibers degdation efficiency in CI.

APPLIKON SARTORIUS BBI NEW BRUNSWICK HYPOTH

V=54L V=10L V=5L V=10L V=55L V=105L |V=10L

D=16cm D=24cm D=16cm D=19cm |D=176cm D=211cm|D=16cm
Maximum performance of the PBR at go= 300 W/m? (gvral/d) 14 18 13 22 13 21 26
Corresponding input mass flow rate (feed) in the loop | 30 38 28 47 28 44 55
(9ro7/d) (/24 man) (/11 man) | (1/15man) (1/9 man) (/25 man) (1/10 man) | (1/8 man)
! All the following data are for nominal light flux at 75 W/m? |
Nominal performance of the PBR at qo= 75 W/m? (gvra/d) 9 11 8 14 8 13 16
Corresponding input mass flow rate (feed) in the loop | 19 23 17 30 17 28 34
(gror/d) (/22 man) (/18 man) | (/24 man) (1/14 man) | (/24 man) (1/15 man) | (1/12 man)
Nominal residence time in the PBR (h) 20 21 20 21 21 21 20
Nominal biomass concentration in the output of Cll (g/L) 1,3 0,9 1,3 11 1,2 1 1,3
Nominal VFA concentration in the input of CIlI (g/L) 1,4 1 1,4 1,25 1,35 1,1 1,4
Nominal liquid flow rate (L/d) 6,5 115 6 11,4 6 12 12
Nominal resulting concentration of the feed (g/L) 2,9 2 2,8 2,6 2,8 2,3 2,8
Minimum residence time in the PBR (h) 9,5 9,5 9,5 9 9 9 9,5
Minimum biomass concentration in the ouput of Cll (g/L) 0,55 0,44 0,55 0,45 0,5 0,4 0,55
Minimum VFA concentration in the input of Cll (g/L) 0,65 0,44 0,65 0,5 0,55 0,45 0,65
Maximum liquid flow rate (L/d) 13,6 25 12,6 27 14,6 28 25
Minimum resulting concentration of the feed (g/L) 1,4 0,9 1,35 1,1 1,2 1 1,35
Maximum residence time in the PBR (h) 30 33 30 34 34 34 30
Maximum biomass concentration in the ouput of Cll (g/L) 2 14 2 1,8 2 1,6 2
Maximum VFA concentration in the input of ClI (g/L) 2,1 15 2,1 2 2,2 1,8 2,1
Minimum liquid flow rate (L/d) 4,3 7,3 4 7 3,8 7,4 8
Maximum resulting concentration of the feed (g/L) 4.4 3,1 4,2 4,3 4,5 3,8 4,2
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Currently, compartment | of the MELISSA loop is ofted at a feed concentration of 20 g/l
and generates around 5 g/l of VFA. Even thougiMB&iSSA feed is different from the
BELISSIMA one in the sense that other relative gbations from vegetables and fecal
material are used and that urine is an input in BESLMA and not in MELISSA, it is not
expected that the VFA production would be loweth@lgh there is an uncertainty about the
exact value. This means that there is a discrepbeitwyeen the VFA output of Cl as it is
operated now and the required input to Cll. Theest@o ways to solve this. Either the feed to
Cl is diluted, or the output of Cl is diluted intiwe proper VFA input range for CIl. Dilution of
the feed to CI has never been tested. So far, €alieays been operated at feed concentrations
around 20 g/l. What the effect of diluted feed Ww#l on the VFA output is hard to predict.

The other option would be to operate CI at the LB0ay/l feed concentration and to dilute the
effluent. Based on the above calculations, a figgenfold dilution would probably be needed.
This would bring the VFA concentration in the appiate range, but would also dilute the
microcompounds or their metabolites and these fgpeime importance for the BELISSIMA
study.

Both scenarios have the drawback that they lowectmcentration of microcompounds in the
loop. Let us perform the calculations for the exngd hormones. As estimated in TN80.12,
the excreted amount of oestrogens amounts to 12+@§#rson/d, of synthetic hormone 9-32
png/person/d and for androgens 5000-16000 pg:leSime female hormones occur in the
lowest concentration in urine, this can be congidex worst-case scenario. Assuming an urine
production of 1.5 I/person/d, the estimated conegioins of the natural and synthetic
hormones are 8-121 and 6-21 ug/l respectively.

Scenario 1: dilution of effluent CI

- estimated feed concentration when feed to Ciapgred at 20 g/l (9 | urine in 120 | of feed
slurry): 0.6-9 and 0.5-2 pg/l of natural and syhthBormones respectively

- estimated concentration in effluent Cl assumi@go3degradation efficiency: 0.06-0.9 and
0.05-0.2 pg/l respectively

- estimated concentration in feed ClIlI after fivefdilution of effluent CI: 0.01-0.18 and 0.01-
0.04 pg/l respectively.

Scenario 2: dilution of feed CI

- estimated feed concentration when feed to Ctepgred at 4 g/I: 0.1-1.5 and 0.1-0.4 pg/l
respectively

- estimated concentration in effluent Cl assumi@go3egradation efficiency: 0.01-0.15 and
0.01-0.04 ug/l respectively

- estimated concentration in feed Cll: 0.01-0.18 @r91-0.04 ug/l respectively.

The detection limit for determination of female mmmes through YES- or MLVN-tests is 3
and 0.1 ng/l of E2 (JFestradiol) when 1 | samples are available. Heanalysis of the
hormones is still possible at the required dilutiate.

Dilution of the feed or dilution of the effluent obmpartment | does not make any difference
in terms of hormone concentrations at the entrém€a|. However, we cannot be certain that
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the transformation processes in Cl are similar ubdéh conditions. Taking into account that
Cl operation is now well described for the MELiSS&enario at 2% solids content of the feed,
we propose Cl feeding with a 2% slurry in BELISSIMA well. To eliminate the discrepancy
between the VFA concentration produced by Cl aed#guired input concentration for Cll, a
dilution of the effluent of CI will be performed.

2.2.5Additional critical issues
2.2.5.1Compartment IVb

The BELISSIMA loop will not contain a Higher Pla@bmpartment (HPC) in the first phases,
but must be designed in such a way that a HPC eamchuded in the future. For statistical
purposes the HPC should be large enough to praiifieient vegetables for replicate
analyses. In this case, the HPC should be abodt Zhm first calculations on N content of the
liquid flow in the BELISSIMA loop result in a 60 md/I concentration for a flow of 6 l/d. If
the full flow was directed to a HPC, then this wsbplrobably support 1 to 3 m2, which is in the
range mentioned above. The outlet of Clll shou&tefore not be split between ClVa or CIVb
but should be sent to either of them.

This topic will be further discussed in TN80.24eaffinalisation of the sizing exercise.

2.2.5.2Sampling in Compartment Ill

Ideally, there should be a possibility to perforimrbass sampling at various heights in
compartment Ill. This would allow to investigate ttelative microbial composition of the
biofilm over the reactor height. However, due te bigh risk of contamination and the danger
of disturbing flow patterns through the packed bgstem after removal of some carrier
material, it was decided not to perform such samggliduring test runs, but only at the end of a
test run. This implies that no provisions for sanght different heights have to be taken in
the design of the compartment.

2.2.5.3Material selection

The conclusions of 2.1.2.5 already indicated thatgreferred material for the bioreactors
would be glass or stainless steel. For the reteoloop, material selection is equally
important. Various reasons argue against the uptsfic. It may leach microcompounds
which may interfere with the target microcompoundlgsis. After several sterilization cycles,
gas leaks can occur in closed tanks. Hence, plsistiald preferably not be used. The use of
glass containers as influent and effluent tanketsdesirable. At volumes above 10-15 |, as
required for the influent and effluent buffers,ttsge not steam sterilizable. Frequent
autoclaving would also present a risk of breaklmgtinks and is also limited in terms of tank
size. The use of stainless steel will inevitablgutein the release of metals. To prevent biofilm
formation on the surface of reactors and tankssipiolg of INOX to reduce the surface
roughness is preferable. Polishing down to Radten used in the food industry, and to 0.4
in the pharmaceutical industry. Going to even loRarvalues has very high cost implications.
Furthermore, it does not make sense when it iever used in pharmaceutical industry.
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In case of steam sterilization, polished INOX tanki$ be selected. Otherwise, glass tanks are
suited as well.

2.2.5.4Sterility and axenicity

From the first contacts with suppliers, the usstefile coupling systems was suggested. ESA
however has bad experience with them and prefdisarsteam sterilizable connections and
buffer tanks.

2.2.5.5lllumination

Compartment Il and IVa are photobioreactors. Besadshe high heat dissipation, the use of
halogen lamps is disadvantageous. However, sicsuppliers cannot provide LEDs with the
same spectrum as the halogen lamps used sovias itlecided to stick to halogen
illumination.

2.2.5.6Remaining macronutrients in the loop

To avoid nitrate limitations in compartment Vatrate will not be completely exhausted and
some remaining nitrate will be present in the kijun open loop, this is not a problem, but
upon loop closure, nitrates might progressivelyuaaglate. To avoid this, a selective nitrate
removing technigue could be incorporated, suchrasia or a biological treatment step;
however, this would certainly also affect the maympound composition of the liquid loop
which is not desirable. Since it is currently nosgible to calculate the exact value of the
nitrate concentration in the output of CIVa, thisidem will be addressed in detail once the
complete loop is in operation and correct valuegh®een measured. Similar problems might
have to be covered for sulphate and phosphate.

2.2.6lteration of sizing for complete loop

With the above decisions, the design of the coredtaip was refined. The boundary
conditions were:

- The feed to CI has a dry matter content of 21 gl he hydraulic retention time is 10
d.

- The CI effluent is diluted before being sent to.CllI

- The degradation efficiency in Cl is set at 50%.sWill be the worst case scenario in
terms of VFA production. If the efficiency is lowdess VFA will be produced and
dilution of the CI effluent will be lower.

- Cll has a 10 | volume. This gives some flexibiliyterms of sampling volumes. Two
cases are considered: a commercially availabléoeadth 24 cm diameter as a worst
case and a reactor with 16 cm diameter which isaotmercially available as a best
case.

The approach used was the following.:
- first fixing the operating conditions for Cll footh scenarios
- then backcalculating the CI volume based on theired dilution of its permeate
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- calculation of the CIll and ClVa volumes.

This results in the designs presented in Figured2Fagure 3.
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L qp = 7% W/m*" - 1
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= s
f= I |
1“ 10 I__(v\nrlfng} 1 y=1114
= ~ Vi =1L (working) |
minimum fow rate to maintain LE St .
mmaerobic conditions or reguired ]
by the zas analyzer (ee EFAS)
Cy=04dglL
Cags =02 gL Cgy=3mgl
Cypa =077 {data estimated from UAE)
Argon i -
o flow rate for gas analyser - fram LIAE scaling down 0.5 Limin L,
far tpically 1-5 L) - fram K a cal ion 0.2 Lanin Q= 78 Wim®
fhypo T 60 mim diawmetar, CIVa
Uz =107 ma, Ea,, =20k
V=18 L {(working)
Assumption Iv = 24 ¢
Eeferences: Fxcel sheet (JF) CIT sizing xls (hypothetical reactor D =16 cm)
ALL VATLUES ARE NOMINAL VALUES AriC0,
+ Beliszima loop mass flow simulation (Laurent) wpical gas flow rare berwean 0.02 and 0.7 vvm
Hvpatheses on CT: input Vg™ = [2.2460Am+0.23] fora
Fibers efficiency 5004 wvpieal Ko = 20 b (Inpotheriz: ail the carbon comes from gas phase - pH = 0.3)

Urea efficiency 100%0

Figure 2: Design of BELISSIMA loop starting from a hypothetical photoreactor with a 16 cm diameter forCll (best case scenario).
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V=18 L (worldng)
assumption T = 24 cm
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+ Belizzima loop mass flow simulation {Laurent) nipical gaz flow rate beswoean 0.02 and 0.2 vem
Hvpotheses on C1- MPUT Y A% = [124060Avm=0.23] for a
Fiber: efficiency 501 npical Eya=20 ' (lnpothesiz: all the carbon comes from gaz phaze - pH = 0.3)

Urea efficiency 100%p

Figure 3: Design of BELISSIMA loop starting from acommercial photoreactor with a 24 cm diameter for @ (worst case scenario).
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The presented schemes indicate a working volumgerah between 11 and 16 | for CI, 10 |
for Cll, 1 | for Clll and 18 | for ClVa. Only the arking volume of CI is affected by the

selected hardware for Cll. The calculations did yedt take into account that the liquid flow
rate through the loop will gradually decrease adusampling after each compartment.

If 0.5 | sample is removed after Cl, this shouldcbenpensated by increasing the liquid flow to
2.1 I/d and, accordingly, increasing the volume&1ol. Assuming a daily sampling of 0.5 I/d,

the relative working volumes would therefore beragpmately 21/10/1/16.

If the calculation was redone starting from a comuia¢ 5 | photoreactor for Cll instead of a

10 | one, the resulting working volumes would bé5126/6-10 | respectively. This would be

advantageous because an autoclavable commercgs gdactor could be used for ClVa as
well. As mentioned before, autoclavable glass mractio not exist at volumes of 18 |.

Furthermore, the corresponding liquid flow of ardu&.5 I/d would lead to smaller buffer

tanks. This would facilitate maintenance and opanadf the loop to a large extent.

2.2.7Second round of contacts with suppliers of commercial hardware

With the relative volumes calculated above andtisgafrom a 10 | working volume for the
second compartment, various suppliers were comtaagein: Bio-Engineering, Sartorius and
Applikon. New Brunswick indicated that they couldlpprovide standard hardware and could
not supply the tailor-made equipment needed for IBSILMA. EPAS works with a different
supplier for the construction of compartment 1.

The quotations from Bio-Engineering, Sartorius @&mplikon focussed on CIl and CIII and
were used as a basis to select a supplier for BigIESIMA hardware (excluding ClI).

2.2.8Final sizing of the complete loop

Taking into account sampling volumes of 0.5 l/de tlactual working volumes for
compartments I, II, [l and IVa are approximately 1210 |, 1 | and 16 | respectively.
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3  Waste preparation unit

3.1 General

The substrate of Cl contains particulate matefliake size of the particles must be minimised
to ensure an efficient hydrolysis of the substratee membranes that will be used are tubular
membranes and have an internal diameter of 8 mis. Mkans that the size of the particles
must be lower than 8 mm to prevent blockage oftleenbranes. A particle size smaller than 2
mm is the objective to avoid clogging of the intdtthe membranes. Particles are present
under different shapes that result from the ini@mposition of the different wastes and the
grinding method used. Grinded wheat for instancenagle of fibrous particles of different
sizes. Therefore the size criteria must be appiigle maximum length of one particle.

The substrate must be collected, treated, storddeghin a homogeneous mixture in order to
guarantee the influent quality used during thesteBecause of their difference of properties,
the different materials used in the influent canbet grinded by the same technology.
Especially wheat straw, which is dry, needs a dgeniill grinder and needs to be grinded
separately from the other fresh materials. Thesghfimaterials can possibly be grinded with
water. Usually, finer particles can be obtainedngissmaller lab-scale techniques. These
techniques have the disadvantage to be time-congun®@n the other hand, bigger-scale
techniques allow some automation and treat biggeouats of material, they consume
therefore less time, but the particles size isroligger. Therefore, a compromise needs to be
made, depending on the amount of substrate thaiedld to be prepared, which is directly
related to the bioreactor size.

It is proposed to build an intermediate waste pegjen unit, semi-automated, for the grinding
and mixing of fresh material (faecal material, Uett, red beet) and toilet paper. The wheat
straw will be grinded separately in a dedicated daibder and will then be added into the
waste preparation unit. These solutions have bsed successfully with the Compartment |
from MELISSA.

3.2 Principle of waste preparation unit

The substrate (faecal material, toilet paper, badtlettuce) is introduced in a closed and semi-
automated loop where an industrial kitchen dispaserell as a grinding pump are integrated.
The grinding pump allows to maintain the recirciglatflow through the mixing loop and also
a rough grinding of fresh material. The fine grimgland homogenization of the total substrate
is performed by the industrial kitchen disposer.ddytinuous recirculation of the substrate in
this mixing loop, the particles size is aimed torbduced smaller than 2 mm. The wheat
cannot be processed efficiently directly through thop, since its dry state and its fiborous and
hard structure require different grinding techngjge be reduced. Therefore it is individually
grinded by means of a cutting mill and afterwardsoduced in the mixing loop. The material
is diluted until the desired concentration (reachgdautomated addition of the appropriate
amount of water) and then drained in a collectiessel to be fed to the influent tank. The
faecal material is added frozen in the unit, inesrtb reduce the biological risks and the
inconvenience related to faecal material manipaoitati
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Catering kitchens are equipped with similar appaes to process food waste present in rinsing
waters. Material is entered together with watethattop of the machine and is cut by turning
knives. The material is removed by the centrifugate of the rotor on which the knives are
mounted. By recirculation of the waste stream &gtasize smaller than 2 mm can be obtained.

To ensure the circulation of wastes in the feegaration loop, a progressive cavity pump
equipped with a grinder is used. The pump is eqdppith a macerator directly combined in
its housing, which can reduce frozen faecal mdt€eFiais type of macerators is mainly used
for municipal and industrial wastes. They macetate solid and fibrous components in the
wastewater or sludge, increasing the operatingysafed the service life of pumps and other
machinery.

A system based on a similar concept has been ngbe iframe of MELISSA. Several critical
points have been pointed out:

- foam formation in the buffer tank: can lead toidiffties to measure liquid volume and

to ensure homogeneity of influent

- cleaning step: time-consuming

- unease of waste introduction in the system.
The present concept and design were adapted in wrdake into account these critical points
and optimize the waste preparation step.

Prevention of foam formation and reduction of t®i®equences:

The inlet of influent coming from the industriakéhnen grinder is placed on the buffer tank R-
W-01 under the liquid level (see Figure 4), in arbereduce turbulences and foam formation.
However, the use of such a grinder (G-W-01) impkas suction and therefore it is not

possible to prevent entirely foam formation, exdepusing chemical anti-foam agents, which
is excluded in the frame of BELISSIMA.

To guarantee a proper volume detection, it is psedoto work with 2 resistance sensors
instead of a classical level switch, which may gawerong signal because of the foam.

The top of the buffer tank (R-W-01) will includesaaling to prevent foam overflowing.

Optimisation of cleaning:

A cleaning tank coupled with a pressure pump witlva to flush water and cleaning agent at
an appropriate flow and pressure. Nozzles willitegrated in R-W-02, and in R-W-01 at the
top and also at the level of the pump PMP-W-01. Uibe of automated valves will allow a
semi-automated cleaning. These propositions slalldd to optimize the cleaning and reduce
the time needed for the operator.

Ease of the introduction of waste in the unit:

The operator must introduce the waste materiahé unit: frozen lettuce, frozen red beet,
frozen faecal material, grinded wheat straw, aiidttpaper. This step needs to be as easy and
short as possible for the user, and to reducedontximum the contact between user and
waste material, and particularly faecal material.

The waste material will be introduced in the tankMRD2 through a large funnel on the side.
The top of the tank will be transparent and remtjailm order to allow the user to check
visually that the waste is well grinded through GOV without risks of waste splashing. A
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fixed stick will be used to push the waste throdlgé inlet of G-W-01, when necessary. A
rubber support will allow the user to push or gh# stick without taking it out of the tank,
preventing contact with waste material and optingghe ease of unit operation.

This option is presented in Figure 4.

Another possibility is to use a screw feeder (Fég®) to introduce the waste in the unit
(automated, or possibly manual). In that casewaste material will be first introduced, and
the recirculation of material and water will be foemed afterwards.

Waste Waste
material material

Transparent PVC
for visual control

A/

Figure 4: Principle of waste introduction in the urit (option 1)

Blockage detector using Bearing
inductive proximity temperature
switch on overflow Sensor

Rotation Level detector /
sensor lugswitch / chute
locked indicator

Figure 5: Principle of a screw feeder
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3.3 Critical item: grinding frozen material

As mentioned above, a recirculation loop will bedito ensure sufficient reduction of
particles size. The frozen material (lettuce, reétpfaecal material) and the toilet paper are
first roughly grinded through an industrial kitchgnnder. Then a submersible grinding pump
can be used for the continuous recirculation ofiwhste stream.

Industrial kitchen grinder

An In-Sink-Erator food waste disposer such as tkheldion Essential could be used. It
includes two grind stages, which allow to grindfidiflt food waste. The 40-Ounce stainless
steel grind chamber and grind component handle mokeme than standard disposers. The
specifications of this grinder are presented inl@dl.

Table 11: Specifications of the In-Sink-Erator FoodWaste Disposer

Type of Feed Continuous

On/Off Control Wall Switch

Maotor Single Phase

HP 3/4

Volts 120

HZ &0

RPM 1725

Amp. (Avg. Load) | B4

Time Rating Intermittent

Lubrication Permanently
Lubricated Upper &
Lower Bearings

Shipping

Weight (& pprosx.) 20.8 Ibs.

Unit Finish Black Enamel
Gray TEN-1706

Overall Height 12-5/8"

SoundSeal Anti-Vibration Mount™

Technology Anti-Vibration
Tailpipe Mount™
Quiet Collar™ Sink Baffle
SoundLimiter™ Insulation

MultiGrind GrindShear Ring™

Technology

Grind Chamber

Capacity 40 oz.

Motor Manual Reset

Protection Overload

Average 1/4 Gallon Per Person

Water Usage Per Day

Average

Electrical Usage 1/2 KWH Per Month

Drain 1-1/2" Anti-Vibration

Connection {Hose Clamp)

Dishwasher

Drain Connection | Yes
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The grinding mechanism is shown in Figure 6.

Figure 6: Grinding mechanism of In-Sink-Erator food waste disposer.

Submersible grinding pump

The DAB submersible pump grinder 2025T has bededesuccessfully in the past in the
frame of EWC and it is proposed to work with a $&#mgrinding pump.

It consists of a submersible cast iron pump withtarator suitable for lifting or drainage
installations for civil and industrial sewage. Tinaterial present in the sewage is reduced into
small particles, thanks to the grinding system.

Figure 7: Submersible grinding pump
3.4 Critical item: grinding wheat straw
The wheat straw can be grinded in two differenpste
This document is confidential property of the ME&iSpartners and shall not be used, duplicated, fiedddr 37

transmitted without their authorization
Memorandum of Understanding 19071/05/NL/CP



MELISSA MEL|SSA
()

TECHNICAL NOTE

This document is confidential property of the MES#Spartners and shall not be used, duplicated, fiedddr

First the straw pieces are roughly grinded intollemaieces of 0.5 to 2.5 cm by means
of a robot centrifugal grinder.

The Cutting mill SM 100 from Retsch (Figure 8) @bk used for this first size
reduction step. It has already been tested withatvsteaw. The processing of straw is
very fast and it produces straw pieces from thietrigge to be fed to the a centrifugal
grinder.

Figure 8: Picture and principle of the cutting mill for first grinding of wheat straw

These pieces are then transferred to the centligrgaler Ultra Centrifugal Mill
ZM100 from Retsch (see Figure 9) to produce finegered wheat. Centrifugal mills
are used for fine grinding of soft to medium-hagldstic, brittle and fibrous dry
materials. Grinding takes place in the mill by iimpact and shearing action between
the rotor and the fixed ring sieve. The feed matgrasses through the funnel with
splashback protection onto the rotor. With the fgfal acceleration it is hurled
outwards with great energy and is precrushed omwduge-shaped rotor teeth before
being finely ground between the rotor and the stréa inversed sieve with holes of
2 mm was used to obtain fine powder with partislesller than 1 mm.

The feed material can be introduced manually oavieed unit controlled as a function
of load. The ground material is collected in a toayn a paper filter bag via a passage
receptacle.

33
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Figure 9: Picture and principle of the centrifugallab grinder for wheat straw

Table 12 compares various grinders for the inflygraparation system.
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Table 12: Overview of grinders for the Influent Preparation System

Straw: Frozen material:
Inudstrial kitchen Submersible
grinder grinding pump

Criteria / Requirement Lab grinder straw 1st step Lab grinder straw 2nd step

Ability to grind frozen material

Lettuce X X

Red beet X X

Toilet paper X X

Faecal material X X
Ability to grind dry material

Wheat straw X X
Homogenous mixture yes yes yes yes
Material feed size max 60 x 80 mm Up to 10 mm 40 -50 cm
Final fineness (expected << 4mm) 0,25 -20 mm <40 pm < 3,15 mm <2mm
Minimize any influent contamination prevent heavy-metal contamination
Minimize contact between user and influent (safety issues) possibility to add dust filters
Minimize operation time yes no! About 1 h/ 100g yes yes
Maximize automation level manual operation manual operation automated automated
Minimize price 9.319€ 5000€ ?? 1409 € 1.268 €
Brand/Model Retsch Cutting Mill SM100 Retsch Ultra Centrifugal Mill ZM B2085 Motor Kitehen o, p1 2015.2M

200 grinder ISE
Tests One test done by Retsch => Tested at EPAS for EWC => Tested at EPAS for  Tested at EPAS for
satisfying result OK but time consuming  EWC => satisfying EWC => satisfying
Delivery time 3-4 weeks 3-4 weeks
Guarantee 2 years 2 years
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Memorandum of Understanding 19071/05/NL/CP



MELiSSA meL Ssn
7
TECHNICAL NOTE

3.5 Concept scheme

A concept scheme is given in Figure 10.

Waste
material

Cleaning

Ka_g/i”‘\
G

water

D

Cleaning tank

Feeding tank

Industrial \ /
Kitchen Grinder

Level sensor —

Buffer tank

Proportiopal
valve

Grinding pump

B

Drain/
sample

Figure 10: Concept of waste preparation unit
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4 Compartment |

4.1 Summary of design requirements

The design requirements for this waste reactor weseribed in detail in TN80.16. Table 13
summarizes the technical requirements, relateldetodactor itself.

Table 13: Summary of reactor and filtration unit (FU) requirements

Detall Requirements Comment
Reactor FU
Operation Feeding (semi-) continuous
continuous
Sterility no yes
Gas closure yes
Pressure 100+£20 mbar slight overpressure, taavoi

contamination
pH-correction  yes

Gas flow N for anaerobic conditions and
overpressure
Reactor Size ~50 liters
Stirring good
homogeneity
Heating yes

Some general considerations for the design arendie®w:

Influent tank:

v inlet of N;: with a backpressure regulator to compensatergsspre drop due to feeding
by N;

mechanical pressure safety (pressure relief valve);

cooler (water bath) with double jacket;

feeding is done in semi-continuous way, by mearssretcirculation loop on the influent
tank, and an automated valve equipped with a tithat,opens in the direction of the
bioreactor at regular intervals of time;

v'on-line measurements: pressure, temperature, volume

v' completely stirred (blender);

v liquid/gas sampling ports.

AN NN

Bioreactor:

v/ automated pH correction with addition of acid/ hase
v" mechanical pressure safety (pressure relief valve);
v'warm water bath with double jacket;
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v'on-line measurements: pressure, temperature, volire
v' completely stirred (blender);
v liquid/gas sampling ports.

Gas Loop:
v' passive loop:
o0 Automated addition of Nwhen pressure drops (manual backpressure regulator
0 Automated evacuation of gas produced to columnshessure increases
(manual backpressure regulator)
v'on-line analysis of the gas phase is highly recontted;
v'gas production measured on columns.

Filtration Unit:

v ceramic ultra-filtration membrane, followed by desatl filtration will be used to separate
the soluble components and sterilize the filtrate;

v' 2 parallel membrane modules to switch in caseaggihg;

v' cleaning and sterilization in place, automatedhwtbpping of filtration process

The materials are selected to not release contatsimathe compartment, to be easily cleaned
and to be steam-sterilizable for parts of the &ilbm Unit. Stainless steel 314 is selected for
the bioreactor, tanks and main liquid tubes. Tefboselected for gas tubes.

4.2 Process characteristics
4.2.1Sizing

Several important aspects must be taken into atdouthe sizing of the compartment.
Mainly, the mission scenario and the sampling vasmust be well investigated in order to
estimate the necessary reactor volume.

In the MELISSA CI, a total DM concentration of 24 gn the influent is used. The same
concentration will be used in BELISSIMA, becauseréhis no experience in the consortium
on the use of a more diluted feed. With higher enb@tions, the mixing and circulation by
pumps of the influent is difficult because of thregence of plants particles. The scenario of
BELISSIMA implies the feeding of about 2.5 kg/dtotal dry matter. To use the same
concentration, this means that the flow of influksat should be about 120 L/d (including the 9
L of urine daily produced). The MELISSA compartmérg operated with an hydraulic
residence time (HRT) of 10 days. To keep this pgegmrameter, this means that a bioreactor
adapted for this mission scenario would need armelof 1,2 M It is proposed to work in
proportional conditions with this scenario, at a#ler scale as defined by the sample needs.

According to TN80.16, about 500 mL of liquid sampl# be needed per day. This should
constitute no more than 10% of the liquid flow tingh the loop. At a HRT of 10 days this
would mean a liquid volume of about 65 L for Contpant I. However, as detailed in 2.2.6
and 2.2.8, there is a need for dilution of theitiglow after Cl to make sure that the VFA
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concentration is lowered to be compatible with @Vhen the required liquid flow to Cll is 12
I/d (see Figure 3), the outlet of Cl should be ab@.6 I/d. taking into account additional
sampling of about 0.5 | per day, the total liquaf into ClI must be 2.1 I/d. Hence, the
required CI volume is around 21 |.

The CI will be equipped with an Influent tank an&itirate (effluent) tank. In nominal
operation, the flow of influent and filtrate wilel®2.1 L/d. It is proposed to work with an
influent tank of 15 L liquid volume, to allow thalihg of the influent tank only once a week.
The filtrate tank volume should be as small as iptessbecause of the contamination and
possible bacterial growth issues. A liquid volunié & is proposed.

4.2.2Functioning mode
It will be possible to operate the reactor in baiclecontinuous mode.

CI will operate under anaerobic conditions. Anyialet will be completely avoided. Nnlet
will be provided. All the equipment of the gas lowejl be gastight.

In addition, the following modes will be taken irdocount in the control codes:
v’ Start up

v' Shut down

v' Changes in operation set points and control

v" Alarms monitoring

4.2.3Interfaces

Table 14 presents an overview of the interfaceded|to the stand-alone operation of CI.

Table 14: General overview of the interfaces of ClI

Interface Description Needed equipment

(tag P&ID)

Influent tank

I-V-01 Gas evacuation to the outside in caBenergency valve left unconnected to
of overpressure in the influent tank release gas as fast as possible

I-V-02 Inlet of fresh influent in influent tankMultifix tube (EPTM)

I-V-03 Outlet of influent (drain) from Multifix tube (EPTM) + mobile drain
influent tank vessel

Bioreactor

I-R-01 Outlet of reactor content (drain)  Multifix tube (EPTM) + mobile drain
from bioreactor vessel

I-R-02 Gas evacuation to the outside in caSmergency valve left unconnected to

of overpressure in the bioreactor release gas as fast as possible
Filtration Unit
I-F-01 Outlet of retentate (drain) from the  Mukitube (EPTM) + mobile drain
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filtration unit vessel
I-F-02 Gas evacuation to the outside in caSmergency valve left unconnected to
of overpressure in the filtrate tank release gas as fast as possible
I-F-03 Outlet of filtrate (drain) from filtrate Multifix tube (EPTM) + mobile drain
tank (Interface CI/CII) vessel
Gas Loop
I-G-01 Evacuation of gas produced in Flexible tubing 6 mm and outlet to the
bioreactor and measured in columnsutside
to the outside
I-G-02 Ne supply N bottle, tap, pressure regulator and
flexible tubing 6 mm internal
diameter
Cleaning
[-C-01 Outlet (drain) of cleaning buffer \I\//(Iauslggr tube (EPTM) + mobile drain
c-02 of overpressure n the cleaning  Eergency valve left unconnected to
buffer release gas as fast as possible
TriClamp bouch Clamp DN 20 (1)
Butt weld to %2” female BSP (1)
1-C-03 Water inlet in cleaning agent tank Rsardena material to connect with
C-01 water tap
Hose multifix = 100 m 13 x 4 (12)
Hose clip ABA-R SS304 19 x 28 (2)
Sterilization
I-S-01 Outlet of steam condensate from thHdexible tubes and vessel

filtration unit

4.2.4System closure

Gas tightness is necessary since the bioreactdrwauk anaerobically and the filtrate must be
sterile. The bioreactor and the different assodigaeks will be kept under a slight
overpressure of 100 mbar. This is a double safepyrévent any entrance of oxygen or
contaminants in case of underpressure. Mecharabetlysoverpressure valves will be foreseen.

4.2.5Sterilisation, maintenance, cleaning and safety issues

A CIP (Cleaning In Place) and SIP (SterilizatiorPllace) installation will be provided, that
will allow the automated cleansing of the wholeteys including tanks and tubes, and the
steam-sterilization of the membranes and the tidtfiae in the Filtration Unit. Both will be
realized by a system of automated 3 way-valvesteden the installation.

A buffer tank will be used for the cleansing, where cleaning agent will be mixed with water
and circulated through the different units. Sont#gas such as filling the buffer tank with a
cleaning agent will be performed manually. The éutank will also be used to bring the
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membranes at the appropriate temperature in th@ppgte period of time in order to perform
a steam-sterilization without risk for the membrsne

4.2.6 Culture strategy

The process characteristics for the optimal peréoe of the anaerobic sludge have been
described in TN80.16.

A back-up culture for CI will not be foreseen. Heded, inocula from the MELISSA Pilot
Plant could be used.

The biomass concentration will be maintained arodatd/| in the bioreactor to optimize the
efficiency of the process.

4.2.7 Calibration strategy

Only pH probes will be calibrated on a regular aBrequency and calibration procedures
will be presented in the User manual.

The other sensors are calibrated initially follogvihe supplier’s instructions. Pressure and
temperature sensors are usually initially calildated re-calibrated after long periods of time
such as once every year or every 2 years.

4.3 System design
4.3.1Reactor concept

The concept and design of the compartment | wefieatk The pilot compartment can be

divided in several sub-systems:

- Bioreactor itself; where the degradation is perfedm

- Solid Loop, which handles the influent preparatowl feeding, and the drain handling,

- Liquid Loop, which includes a filtration unit witbn-line instrumentation that allows
retention of the biomass,

- Gas Loop, which allows to sample the biogas anmédalate the pressure in the bioreactor.

The liquefying reactor will be operated at 55°CGe(thophilic conditions) and at a pH lower

than 6 to avoid methane production. It will be @ped in anaerobic conditions. It will be fed
on a semi-continuous basis with influent that \wél mixed and stored at 6 °C in an influent
tank.

The bioreactor will be coupled to an ultrafiltratianit. The task of the membrane is to
separate the non-biodegradable organic mattertinerproduced VFA and ammonium. The
membrane is a ceramic tubular membrane that is insededundant system of tangential
filtration. The redundant system allows to autooally switch between 2 parallel membrane
and continue the filtration in case of fouling é¥gging. It is very important, for safety
reasons and to avoid contamination in the next estment, to retain the bacteria present in
the bioreactor by the filtration unit. Therefore tiangential membrane is coupled to an
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additional organic dead-end filter. Also, the &tiion unit will be equipped with cleaning and
steam-sterilization in place devices, to allow gm@we cleaning and sterilization of the unit.
The filtration process will occur continuously.

A Gas Loop will also be coupled to the bioreacRyessure decrease will be compensated by
automated addition of N\gas. In case of pressure increase (biogas prodjicthe gas

produced will be measured and evacuated usingatine soncept as in the MELISSA CI.

When the pressure increases in the bioreactovgtlie before the Gas Loop tank opens and
the gas enters into the tank. At a certain pressiieevalve before the tank closes. The pressure
and temperature inside the tank are measured gredaeed. Then the valve after the tank
opens and the gas can be evacuated to the oulbideegistration allows to determine the
amount of gas present in the tank based on temyerand pressure measurement.

The control system for the bioreactor will be danhdevel O, using a PLC. An automated
detection of membrane clogging will be performedhm PLC based on pressure
measurement. The automated switch to the other maamalwill be stirred by the PLC in such
a case.

Alarms will be programmed in case of disturbanaefitures.

4.3.2Material selection

v" Due to its fragility and low pressure tolerancesglis not recommended for the ClI reactor
construction, especially when cleaning and statian in place is required.

v' PP can only be used if the reactor will not bersteterilised. Chemical disinfection is
possible with certain chemicals. Polymers are ¢gagjyue and solder and are light in
weight.

v" The problem with any metal and any alloy is comasHowever, with the selection of the
proper steel type, this problem can be avoided.awantages are a high temperature and
pressure resistance, a long life time and the pibiggito include industry-standard sensor
fittings and interfaces.

Based on these findings, a reactor constructethinlsss steel is preferred. Since no elevated
Cl’-concentrations are to be expected, stainless At8&{316 can be used. Corrosion due to
the gas composition is also not expected due taltkence of ©in the headspace of the
reactor. HS itself is not corrosive towards stainless std&lA816 without the presence 0.0
Abrasive and electropolishing can be applied gsharmaceutical industry, in order to
minimize process contamination.

More information on material selection can be foumthe MELISSA TN71.7 of the contract
Engineering of the Waste Compartment.

4.3.3Concept scheme

Figure 11 presents the concept of the BELISSIMA CI.
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Figure 11: Simplified drawing of Cl concept
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5 Common design issues for compartments II-IVa

5.1 Temperature control bioreactor (and buffer tanks)

The influents and effluents of the bioreactors nfagstooled to conserve the media. The
desired temperature is 4°C and cooling down totdngerature demands a large cooling
capacity. Maintaining the liquid at this temperaton the other hand is less demanding to the
cooling system.

Compartments Il and IVa are photobioreactors, ilhated by halogen lamps, which have a
high heat dissipation. This results in a high dedrian cooling capacity.

As cooling spirals may lead to biofilm formationdamay reduce the illumination efficiency,

double jackets are preferred. Both bioreactorsharifitr tanks will be foreseen with a double
jacket cooling system. The temperature in the ceagiil be measured with a Pt100 sensor.

Temperature control can be performed in two ways:

1. Central cold and warm process water circuite cold and warm process water is being
produced in a central place. The process wateraslated in a closed loop and has a
constant temperature. For the tanks that need waculd process water a parallel branch
is made. In fact, for each branch an individualgenature regulation should be provided.
This temperature control is a function of the meeduemperature in the medium to be
controled. The disadvantage of such a system isah®lexity. When the demand on a
certain moment at a specific branch is high, theperature control at the other branches
might not be optimal. When different tanks (like thuffer tanks) or reactors must be kept
at the same temperature of e.g. 4°C, a serial ationewith one central temperature
regulation is possible. This provides a more singeleup of the system. The cooling
capacity is determined by the ambient temperature.

2. Individual temperature controlkevery individual reactor or tank has its own prctéhn of
process water. This can be meaningful whemthéetween the reactors and/or tanks is
too big to provide a reliable temperature controlvben high demands towards the
accuracy of the temperature regulation are required

Suppliers:
v' Central process water circuits: Lauda, Huber, dylataake-Neslab, ...;

v"Individual temperature control: Lauda, Huber, Jolabdaake-Neslab, ... .

Remarks and conclusions

All buffer tanks need to be kept at 4°C, so a sadewision could be the use of a central cold
process water system. Dependent on the infrasteuatud out of practical considerations, the
choice must be made between one central systethediuffer tanks of all compartments, for
a part of the BELISSIMA loop, or per compartmenefBrence is given to the first option.
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The bioreactors demand a continuous precise regulat the temperature which requires
individual temperature control. Therefore a tempgemeasurement in the medium of the
bioreactor is necessary with feedback to an indi@zigystem of temperature control.

Since the bioreactors will presumably be made aggjla pressure guarding system must be
provided in the process water circulation systernnefindividual thermostat system for safety
reasons.

Most commercial available bioreactors are providétl an individual temperature control
system.

5.2 Gas (mixture) injection

Depending on the composition of the influent, card@xide (CQ) may have to be added to
the reactor medium for compartment Il. The additan be performed from a gas cylinder
with a certain concentration of G@ a gas mixture with He. Also in compartment 1\Z5),
may have to be be added to the air flow.

Via a pressure reducing valve, the addition ok €én be performed in different ways:

1. Manual controlled flowthe desired gas flow is set by means of a neelee\and can
be read out from a variable area flow meter. Thihe simplest way to dose a certain
amount of gas. The disadvantage is that with vanatin pressure, no automatic
correction of the flow is applied. This has to aken into account when an accurate
dosing is desired. The gas mixture must have @ foamposition. A change in the
concentration causes a change in the flow readdcguse the density of the gas
changes. The most simple systems do not allow feyistration.

Suppliers: ABB, Brooks, Kytola Instruments, Gilmdnstruments, Platon, Vogtlin,...

2. Control by a preset flonthe difference with the possibility described abas/that the
flow is not only measured but also guarded androtiet by a proportional
functioning magnetic valve. The measurement isgperéd by a thermal mass flow
measurement. The desired flow is set manually. &®wis compared to the preset flow
are corrected automatically by an internal corgrolVhich opens or closes the
proportional functioning magnetic valve. Also tHev measurement is dependent on
the density of the gas, which means that gas nastaf a certain constant composition
must be used. The signal from the thermal mass fl@asurement can also be used for
the registration of the flow and can be integratette global process of the
compartment.

Suppliers: MKS, Bronkhorst High-Tech, Brooks Instents, Aalborg Instruments,
Sierra Instrument,...

Remarks and conclusions

The first possibility is the most simple and is thpsatisfactory when no high demands are
asked concerning measurement accuracy and whesgisbration is needed. For long term
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experiments, requiring a constant accurate dodiaggas mixture, possibility 2 is the best
choice. The extra advantage is that the flow carepestered and integrated into the process
resulting in a history file of the dosed quantifygas. This is important to get mass balances
with the BELISSIMA study.

5.3 Pumps for pH correction

The choice for a certain type of pump is determibgthe reactor volume, the overpressure in
the reactor,...

There are three types of pumps that could be wsgoH correction purposes:

1. Dosing by plunger membrane dosing pumfisese pumps are applied frequently in
industry and in wastewater treatment facilitieslége acids, alkali and reagents. They have
a very wide flow range. The smallest types hawngest adjustable flow of about 0,12
ml/h. They function at best at a constant set capnéssure. Mostly this pressure is 10 bar
and is generated by a back-pressure valve. The pwagh contains a suction valve, a
delivery valve and a plunger with a membrane. Tkenbrane is fixed to the plunger and
functions as a separation membrane between plamgethe valve system. The
functioning of the pump is electromagnetic andiatamed by a pulsating signal which
moves the plunger back and forth. Variation offtbe is obtained by setting the stroke
and the pulse-frequency. The choice of the matersahich the pump housing and the
valve system is made depends on the medium tahbsported.

2. Dosing by peristaltic pumpsilso these pumps have a wide range of applicatidrare
especially used in the fields of biotechnology,daadustry, pharmacy and chemical
industry. These pumps have a very wide flow rafde. lowest adjustable flow is about
0,06 ml/h. The working principle of a peristaltiamp is simple and is based on the
displacement of a fluid or product through a tubivigch is alternately compressed and
released. Therefore a flexible tube is positiomed pumphead where at certain points it is
completely pushed against a saddle by the rolesghe rotor turns, the part of the tube
under compression by the rollers closes, thusrigrthe fluid to be pumped to move at
constant volume through the tube without leakagehd inlet side of the pumphead, as the
tube opens, it creates an underpressure which ésduew medium into the pumphead. The
only part of the pump in contact with the fluidtiie flexible tubing. The choice of the hose
depends on the medium to be transported and tHeatxm.

3. Dosing by gear pumpg&he pumping action of gear pumps is performedaayspur gears
meshing together and revolving in opposite direwiwithin a casing. The fields of
application are in the food and the chemical indufstr transportation of pure products
with high viscosities. The pump housing has a euctind a delivery side. Power is applied
to the shaft of one of the gears, which transnotsgy to the driven gear through their
meshing teeth. Liquid is being sucked at the iatet fills the empty space between the
successive gear teeth and the case and must falkowg with the teeth as they revolve.
When the gear teeth mesh with the teeth of ther gtbar, the space between the teeth is
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reduced and the entrapped liquid is forced oubhefdump discharge pipe. Most gear
pumps are fabricated with a magnetic drive mechambich makes them seal-less. The
minimum flow ranges are around 48 ml/h. The choicthe material of the pump house
depends on the products to be pumped.

Suppliers:
v" Plunger dosing pumps: Prominent, Iwaki, Milton Ray,

v Peristaltic pumps: Ismatec, Masterflex, Verder, S¥atMarlow, ...;
v' Gear pumps: Micropump, lwaki, Tuthill, Kracht, ...

Remarks and conclusion:

Commercial bioreactors have the pH-control togettigr the dosing pumps integrated into
the system. The pumps applied in these systenyseaisaltic pumps.

In the other case, the three types of pumps aral @géunctionality, but for smaller reactors
and with respect to maintenance and simplicityatiba, the peristaltic pumps are the best
choice.

5.4 lllumination and control

As stated in the requirements, illumination of camment Il and IVa has to be done with
halogen lamps. To be able to vary the illuminatetween 0 and 300 W/m?2, the light intensity
will be varied through adjustable power. The biadagprocess of CllI requires furthermore a
continuous alteration between light and dark zones.

There are two different methods for the contraihef illumination:

1. The manual adjustment of the electrical potenti@ing the most simple construction. By
means of a potential variation and an independgiit ineasurement the required electrical
potential setpoint can be entered. This is done dmca certain working time. The light
intensity however will decrease in time due to wafahe halogen lamps. The technical
characteristics of the lamps will determine thei@zible working time of the halogen
lamps.

2. Control of the illumination by measuring the lightensity in the photobioreactothis
option is comparable to the previous one. Howeaber adjustment of the light intensity is
automated by means of an intensity sensor somevirnéne reactor. This solution offers
the advantages that wear of the halogen lampseindles less the light intensity.

Remarks and conclusion

[llumination by means of halogen lamps is requingtthin MELISSA-projects. Halogen lamps
have however an important disadvantage: they nggdchirrent intensities and produce as a
consequence heat. LEDs and fluorescent lamps ileggycomplex constructions and do not
produce heat. Due to the heat production of thedaal lamps ventilation around the
bioreactor will be needed.

Of the two methods mentioned for control of themination, the first one is selected because
of its simplicity. Furthermore, the experience @R learns that the wear on the lamps is
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negligible and that replacing the lamps after &.gear would be sufficient to maintain the
required light intensity.

5.5 Overpressure control of bioreactor and buffer tanks

The reactor and buffer tanks are kept at a smaltpressure of 100 mbar to avoid
contamination of the media from the ambient atmesphThe propellant used can be either
pressurized argon or helium. Argon has the disadgenthat it is highly soluble in water and
therefore, more gas will be needed to maintainreireoverpressure. Helium is more
expensive , but has a lower solubility.

Different options are available to have a systemvatpressure:

1. Manual control valve + pressure indicator + flowditator: a slight overpressure can be
created by means of a constant gas flow on topeoliquid phase. By means of a
regulation valve a slight overpressure can be rasiatl that is indicated on a pressure
indicator. This corresponds to a certain gas flow.

Suppliers:
v' Pressure indicator/trancducer: Endress + HausditeKMega, Keller, Honeywell,

Danfoss, Fischer Mess- und Regeltechnik, ...;
v" Manuel control valve: Parker, Swagelok, ...
v" Flow indicator: ABB, Brooks, Kytola Instruments,I@ont Instruments, Platon, Vogtlin,

2. Pressure switch + electromagnetic valve (on/adf):.electromagnetic valve is controlled
and opened when a certain setpoint has been readded closed when at a maximum set
pressure. This is the most simple and cheapestavsep a system at a certain
overpressure. The drawback, however, with a sythatmswitches on/off between two
setpoints is that there are fluctuations in theéesyswvhich might have a negative influence
on the working conditions. In many cases this wigomtrol can be applied e.g. in storage
tanks not directly in connection with other systesessible to pressure variations.

Suppliers:
v' Pressure switches: Endress + Hauser, Kulite, Viéglier, Honeywell, Danfoss, Fischer

Mess- und Regeltechnik, ...;
v' Electromagnetic valves: Burkert, Asco, Parker, Dasf ...

3. Pressure measurement (transmitter) + electromagnetive (proportional) + control
loop: This combination is more complex. A continuoustoolrof a preset pressure is
realized which results in a nearly constant pressline pressure sensor provides a signal
(according to a certain pressure) towards a cdetrdbependent on the setpoint, the
controller calculates a steering signal to a cotateproportional acting electromagnetic
valve. Depending on the deviation of the actuasguee in relation to the preset pressure,
the control valve is opened at certain positionsTasults in a constant pressure
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regulation, depending on the set control paramépeoportional band). This combination
can be composed by individual components, butis alailable as one unit. In such case,
a pressure regulator is coupled to a thermal miaasrheter. The function is very stable
and accurate.

Suppliers:

v' Pressure sensors: Endress + Hauser, Kulite, VegllerKHoneywell, Danfoss, Fischer
Mess- und Regeltechnik, ...;

v" Proportional electromagnetic valves: MKS, Aalbongtiuments, Bronkhorst Hi-Tec,
Brooks Instruments, Asco, ...

v' Combined systems: MKS, Bronkhorst High-Tech, Brobissruments, Aalborg
Instruments, Sierra Instruments, ...

Remarks and conclusions:
For the commercially available bioreactors all ops can be integrated in the concept. The
third option is the most accurate and as a resefeped for the BELISSIMA loop.

5.6 Feed to the bioreactor

The flow towards the bioreactors is rather smallicl limits the options for transporting the
feed. The maximum adjustable flow is estimated adole I/d.

There are two ways to feed the bioreactors:

v'  a peristaltic pump;

v transport by means of an adjustable pressure.

For reasons of control and setting up a mass balan@ccurate flow measurement or
measurement of the dosed quantity is recommended.

The different possibilities are:

1. Peristaltic pump + weighing of the influent tarkn accurately adjustable and controllable
peristaltic pump provides the feed towards thedaotor. A fixed or intermittent (puls-
pause) flow is set. The consumption is registemdtme by means of an analytical balance.
The disadvantage of this system is that the real an deviate from the set flow by wear
or by inexactness of the tube. This problem casabeed when the registration of the
weight is fed back towards the pump speed. Thetragion of the consumption of the
influent can show inaccuracies when e.g. the tanthe balance is stirred or when
connections are made to the influent tank (likéhia case). An important factor to avoid
these problems is the way the buffer tank is coogtd and the manner of the integration
of the weight measurement.

2. Peristaltic pump + mass flow measurement + weiglohthe influent tankT his set-up
differs from the previous one by the integratioradfow measurement. Thus, the flow is
registered in time from which the consumption iEgkated. Weighing the influent tank is
not necessary, but can serve as control of the fi@asurement. For an accurate mass flow
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measurement of small quantities, only two measunémenciples apply: “thermal” and
“Coriolis” mass flow measurement. Thermal mass floeasurement for liquids can only
be applied when the physical parameters heat d¢g@aa thermal conductivity are
invariable. This principle is not applicable sitbese characteristics of the influent are
variable for BELISSIMA. The “Coriolis” principle ismisensitive to these characteristics
and is furthermore a very exact measurement, sortlyevaluable alternative to the
analytical balance.

3. Peristaltic pump + mass flow control + weighingtbé influent tankThis set-up is almost
identical to the one mentioned before, except fointegrated flow control. The output
signal of the mass flow measurement is further @isethass flow control. Therefore a
controllable peristaltic pump is required. The abowentioned remarks apply here as well.

4. Liquid transport by means of overpressure + masw fineasurement + weighing of the
influent tank: The influent tank is continuously kept at slighegwessure to avoid
contamination from the ambient atmosphere. Thispressure can also be used to feed the
bioreactor. Hereby an accurate overpressure regulstrequired, as described in 5.5, in
order to create a constant overpressure in theenfltank. In this set-up only a mass flow
measurement is provided, whereas the flow is rexgadtin time to obtain the consumption
of the feed. The feed of the bioreactor is deteeahiby the exactness of the overpressure
regulation of the influent tank and the bioreacRwssible variations in pressure in both
tanks will have an influence on the desired flow.

5. Liquid transport by means of overpressure + mas® ftontrol + weighing of the influent
tank: this is a set-up that resembles the previous iptencThe difference is that an
independent mass flow regulation is applied to égtbe influence of pressure fluctuations
on the flow. This results in a more stable feece Tdgulation is performed by controlling a
proportional acting electro-magnetic valve desigfmediquids. To avoid feasible
obstructions or irregularities a filter can be plddefore the mass flow controller.

Suppliers:
v Peristaltic pumps for small flow: Ismatec, MastexflGilson, Alitea, Pharmacia Biotech,

Watson-Marlow...;
v' Analytical balances: Mettler Toledo, Sartorius, ...;
v' Mass flow measurement (control) for liquids: Broaks$t High-Tech, Brooks Instruments,
Remarks and conclusions
Peristaltic feeding pumps, with a pulse-pause ogrdare standard on commercially available
bioreactors. Within BELISSIMA the feeding flow rateill be rather low. In addition accurate
mass balances are required. Option 1 is the mogiesisolution and provides sufficient
accuracy. There must be a feed back from the wenglaisurement towards the pump to
correct for deviations.
Options 3, 4 and 5 are more complex. Option 1 aimdpdy that the influent buffer cannot be
seen as a separate interface. It will be part@bibreactor and its control.
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A pressure driven feeding system requires a sfableess operation. In case of connection of
different compartments in a future stage, it wdldifficult to obtain a stable overall process
with its different pressures in the successive amnpents and buffering tanks.

All suggested options can be integrated into threroercial bioreactors upon request.

As the flow rates within the BELISSIMA study ardhrer low, all suppliers suggest to work
with a gravimetrical controlled feeding of the l@actor. The balance controls the pump speed.

5.7 Effluent of the bioreactor

The influent is fed at a fixed flow rate to the ft@actor, depending on the composition and
active volume of the bioreactor. The effluent skiohe evacuated at a comparable flow rate in
order to maintain a constant liquid level in thaater.

The effluent can be transported out of the reantdifferent ways:

1. Pumping the effluent at an identical flow ratehen the influent is pumped by means of a
peristaltic pump, the same pump driver or an isd@hpump and tubing could be used for
the evacuation of the effluent. This approach hawawplies some risks. Due to wear of
the tubing or a non identical pump speed the reazto be drained or run over.

2. Pumping at a fixed liquid level in the reactdihis would be the most simple design to
keep the liquid level at a constant value. Theisnds done at an adjustable level in the
reactor. The pumping speed is set slightly highantthe speed of the inlet pump. An
important disadvantage could be that gases areiatetas well out of the reactor through
the effluent piping. These gases can be producteeibioreactor or can be entered by the
overpressure regulation system. A chemostate taeffer a solution.

3. Peristaltic pump + weighing of the effluent tankevel masurementhe influent flow
should be identical to the effluent flow. Howevas, mentioned under option 1, separate
influent and effluent pumps will never yield idesgl flows, because of wear of tubings or
small differences in pump speed. To avoid drairageverflow, a control system can be
included, based on weighing the effluent tank atticmous level measurement.

4. Peristaltic pump + weighing or level measurementeaictor vesselthe working volume
of the reactor corresponds to a specific weightiddeonce the desired weight or
corresponding liquid level is exceeded, the efftymmmp needs to be activated. The
pumping itself can be performed either at a fixeavfor through proportional control. A
level measurement is an alternative to weighingjdless accurate since it can be
confounded by biofilm or foam formation.

Suppliers:
v' peristaltic pumps for small flow ratelsmatec, Masterflex, Gilson, Alitea, Pharmacia

Biotec, ...

Remarks and conclusions:

Option 2 is implemented in most commercial hardware

The most accurate option to close mass balanaggiean 4. Control through weighing is
preferred to level measurement because it is hettafd by biofilm or foam formation.
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5.8 Influent and effluent buffer tanks (interfaces)

The flow through the loop will be ~12 |/day or 8 8% minute. The buffering volume should
be sufficiently large to cover at least 3 days.sTheans that the volumes of the buffer tanks
should be around 40 liters. As stated in the reguénts, the illumination of the tanks should
be minimal and temperature must be reduced to 4°C.

There are three options for buffering the influant effluent:

1. Sterile synthetic bagshese bags are commercially available in diffexeiimes, up to
1000 liters. They can only be used once. For lamg-experiments this would imply an
important operation cost. The cooling of this tydags can be done in a cold storage
room. This would have the advantage that no midegce is required. On the other hand,
the disadvantages are that a gravimetric followsumt possible and an overpressure, as
required, is difficult to realise.

The sterile influent should be fed to the buffatkidy means of a peristaltic pump. In the
same way, feeding from the cold storage room tosvrd bioreactor must be foreseen.
When using synthetic buffer tanks, there will hask of release of certain chemicals.
Within the BELISSIMA study, this has to be avoided.

2. Autoclavable synthetic or SS tanitss is comparable to option 1. The differenes lin
the fact that the tanks are reusable. Sterilisatiast be done in an autoclave. The tanks
can be preserved in a cold storage room. Compatalolption 1 no mixing device will be
needed. On the other hand, a gravimetric followetihe consumption will be possible.
Only minor release of chemicals out of the matesiab be expected. Traces of Cr, Ni and
Fe however could be found in the solution. An imtpot disadvantage of this option is that
large volumes in stainless steel become very haadydifficult to operate.

3. In-situ sterilisable SS tankshis will be the most complex solution, as the butanks will
have to remain in a fixed position. The coolinglad solution will be done by means of a
double jacket or spiral fed with cooling water. Thefer tanks are air tight to avoid
release of vapours. For optimal cooling a mixingicke is recommended. As the tanks are
fixed, a separate autoclave will be needed tolisee different SS receptacle containing
the influent. For the transport of the solutiorte buffering tank, a pump or pressure
driven system could be used. The influent shoulfilteeed before feeding the buffering
tank. The feeding towards the bioreactor requines an in-situ sterilisable SS tubing.
During cleaning phases the influent buffer couldibed as a storage vessel for the
cleaning products. The liquids are pumped by acd¢ed pump through the tubings and
circulated during an adjustable time.

Suppliers:

v Sterile synthetic bags: Sartorius, ...;
v' Autoclavable synthetic or SS vessels: suppliedalmdratory equipment, SS constructors,
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v'In-situ sterilisable SS vessels: Sartorius, Bioeegiing, SS constructors, ....

Remarks and conclusions:

Option 3 is preferred since manual operations anenmzed, compared to autoclavable
vessels. In-situ sterilisation reduces the riskarftamination of the system. Finally, stainless
steel will leach less additives compared to polytaeks and illumination of the collected
suspension does not take place.

5.9 Solid-liquid separation

With an effluent production of about 12 | per dbgtween 20 and 30 | of cell suspension will
be collected in the effluent tanks over a coupldafs. This is the volume which has to be
treated in the solid-liquid separation system. Asadibed in TN72.2.2, centrifugation or
membrane filtration are the selected technologiediduid-solid separation in compartments

Il and IVa. The output of CllI also requires cadhmoval through centrifugation or filtration
before the clear supernatant is sent to CIVa, etg the amount of cells to be removed will be
lower.

For preliminary lab-scale tests on the connectio@lg Clll and CIVa, TN43.8 describes the
use of a batch centrifuge. This technique haslasm used until now in the MELISSA Pilot
Plant. Centrifuging has the disadvantage thattpematant is not completely free of cells and
that cells may be damaged or altered. Within aetldelissima loop a dead-end filtration will
be preferable to achieve optimal cell removal aacimal filtrate.

5.9.1Centrifugal separation

Centrifugation is a technigue which uses high epéogubject e.g. liquid-solid suspensions to
sedimentation or filtration with the aim to separtte 2 phases. The acceleration is obtained
through fast rotation of a basket (perforated d@j,ravound an axis. The ratio of the
accelerationd?r) to gravity (»’r/g) is a measure for the force of separation. &hisunts to
several thousands of g for some industrial cergefu

For application on the CII, CllIl or ClVa effluenhere are 3 possible scenario’s:
— Laboratory batch centrifuges;
— Laboratory continuous centrifuges;
— Industrial batch centrifuges.

1. Laboratory batch centrifuges (see Figure 12): tla@sausually classical table
centrifuges which can be used for various appliceti The volume which can be
treated is typically limited to 3 — 4 | depending the supplier. Some suppliers have
models which can treat upto 8 — 12 1.
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Figure 12: Benchtop cooled laboratory centrifuge 6K5 (Sartorius)

Laboratory batch centrifuges exist in differentmfisrdepending on the application.
They may vary in the type of rotor for specific woles and containers and in the
possibilities for acceleration and braking. Theg arainly used in clinical applications,
food and microbiology and to a lesser extent irustdy and environmental
applications. They are interesting for small volsmé@&hen relatively larger volumes
need to be treated, the number of manipulationscandomitantly the risk of
contamination will increase. For the latter applmas, the centrifuge will have to be
placed in a room with a controlled atmosphere. & 4Bl shows some technical
specifications for one type of lab centrifuge.

Table 15: Technical specifications for lab centrifge (Sartorius Serie 6K15).

Type Sartorius 6K15
Maximal capacity (l) 3

Rotations per min 15000
maximal g—value for 3 | 5300

Suppliers:Sartorius, Beckman Coulter, Eppendorf, Jouan (fbeElectron), Heaeus,
Indicative price for a cooled centrifuge for a vola of 4 x 750 mk10000 €

2. Laboratory continuous centrifuges: potential suggliand possibilities are limited. In
pharmaceutical and clinical applications the CER#tdfuge is well known (see
Figure 13 for a picture of type LE and Table 16dome technical specifications).
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Figure 13: Continuous lab centrifuge CEPA Series LE

Table 16: Technical specifications CEPA Series LE/GE

Type LE/GLE
Capacity (I/h) 30
rotations per min 15000 - 40000
maximal g—value. | 40000
Internal volume (I)| 0,25

The GLE type is steam sterilizable (see Figure Thjs does however not guarantee
that it can be operated under sterile conditionsesthe medium is still in contact with
the surrounding air. To maintain sterility, the ténge must be placed in a controlled

atmosphere.

- 'Ii TR 'I'iil

Figure 14: Continuous lab centrifuge CEPA Serie GLE
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Supplier:Carl Padberg

Indicative prices:

Type €
LE 27600
GLE 35700

An alternative to the previous techniques is basedeparation through a liquid/liquid
centrifugal seperator/extractor. This is a patesieiem developed by the company
CINC in Germany. Figure 15 shows type V2.

Figure 15: CINC ® V2 Centrifugal separator/extractor

The principle of operation is given in Figure 16eTliquid enters sideways and
subsequently gets into the lowest rotor part thncaugnixing zone. In the space
between rotor and stator the liquid is separatsalith centrifugal forces into a heavier
(blue) and a lighter phase (yellow). The heavieagghis driven to the outer zone. Both
fractions are discharged separately at the topeo&pparatus.
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Figure 16: Principle of operation of the V2 seperair

The system is autoclavable and CIP cleaning isilplesS he apparatus is mainly used
in the pharmaceutical, chemical, biotechnologifcedd, oil and metal industry but also
in environmental applications.

Some technical specifications are given in Table 17

Table 17: Technical specifications CINC® V2 Centrifugal separator/extractor

Type V 20
Capacity (I/h) 120
Rotations per min | 1000 - 3000
g—value 5000 - 80000
Internal volume (I)| not given

Supplier: CINC Deutschland GmbH
Indicative price:9000 €

3. Industrial batch centrifuges (see Figure 17 andel'a): these drum centrifuges
distinguish themselves from the previous ones byfdlt that they do not operate in
continuous mode but can handle large volumes a.ddepending on the type,
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volumes of a few liters up to 500 | can be trealdekse centrifuges contain a

perforated drum which has to be specified as atibmof the medium to be treated.
They are available in sterilisable form.

Figure 17: Industrial batch centrifuge CEPA SeriesTZ

Table 18: Some technical specifications of CEPA cgifuge type TZ4

Type TZ4
Capacity (I) 20

Rotations per min | 1600 - 2100
g-value -

Suppliers:Carl Padberg, Rouselet Robatel, Westfalia sepaafdia Laval, ...
Indicative price:strongly dependent on type, capacity and design
5.9.2Separation through membrane filtration

The term membrane filtration stands for diversghhyi different separation processes. They
have in common that a semi-permeable membranspemnsible for the actual separating
effect. The driving force for permeation throughk thembranes is a pressure difference over
the membrane, a concentration difference or diffees in electric potential. The membrane
functions as a selective barrier, through whichs@empounds permeate whereas others are
retained.

Two main factors determine the membrane filtrapoocess, the selectivity and the
productivity. The selectivity is expressed throtigé parameter retention or separation factor,
productivity through the parameter flux. Both aremtrane-dependent.
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For the current applications, microorganisms nedoktseparated from the spent medium.
Therefore, the processes of interest are micro-uérafiltration. In this case, separation is
based on a physical process where the membranesperdetermines the degree of removal
for suspended solids, turbidity and micro-organis@@mpounds larger than the pore size are
removed. Smaller ones will pass through the menghralthough the occurrence of a
gel/fouling layer may remove them to some exteat.rRicrofiltration membranes, the pore
size is typically between 0,1 — 10 um, for ulttafition between 0,001 — 0,1 pum.

Membrane filtration systems can be operated in-éador cross-flow. In the former case, all
feed water is forced through the membrane. Dued¢araulation of components at the
membrane surface, filtration resistance will inseand membrane cleaning is necessary. In
cross-flow or tangential filtration, the feed flagvparallel to the membrane. A small fraction is
produced as permeate, whereas the largest frdeiwns the module. The flow rate along the
membrane is kept sufficiently high to reduce therfation of a fouling layer. Cross-flow
operation results in stable fluxes. Here as wedlmarane cleaning will be needed at certain
frequencies.

Continuous flow filtration of bioreactor effluentan be achieved through depth filtration
(dead-end) or cross-flow filtration.

1. Depth filtration is a non-stationary process inevhihe following phenomena take
place:

Sieving;

Sedimentation;

Interception;

Flocculation.

Ll

In depth filtration the concentration of the solidghe liquid and on the filter medium
changes, each as a function of time.

Depth filtration is a very simple technique witlmenimal loss of medium. Various
concepts are available. Well-known is the usel#ring cloth. An alternative is the
closed filter cartridge. The module can contaiedédnt filter media and exists for
various capacities. Figure 18 and Figure 19 give\aaview of designs. The PALL
Supradist” module consists of disk membranes with one laféine pores and one
layer of larger pores. This increases the solidilggacapacity of the membranes.
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Figure 19: Millipore Millistak minicapsule, Millist ak HC POD, Millistak HC depth filters

Figure 20 shows the operating principle of a dédititation module. The feed is pumped to the
outside of the module, passes through the filtedinom and is collected and removed
centrally.

Figure 20: Principle of operation for PALL Supradisc™
Suppliers:Pall, Millipore, Whatman
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2. Cross-flow filtration: various commercial systemes available targeting biomass
harvesting. The main disadvantage of these sysethsir “hold up” volume. For our
application this should be as small as possiblaitomize medium losses. Some typical
commercial cross-flow membrane filtration system sttown in Figure 21 and Figure 22).

In a cross flow operation mode, fouling of the meante can be reduced. Contrary to
centrifugation and dead-end filtration, solids willly be harvested as a slurry rather than a
paste. This is a very important disadvantage -dssftow membrane filtration when closed
loop operation is aimed for. On the other handadvantage of the membrane technology is
that the permeate is cell free.

Figure 22: Millipore Cogent™ Tangential flow filtration, “Hold-up” volume < 10 ml (without cassette)
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Suppliers:Pall, Millipore, Whatman; Sartorius, ...

Remarks and conclusions

Currently, a selection of the best solid-liquid @egtion system cannot be made. Once the cell
suspension to be treated is available, test ruthevperformed with centrifugation and
membrane filtration systems. The evaluation caterill be

- Efficiency of liquid-solid separation (should be xaal)

- Risk of breakthrough of cells (should be minimal)

- Recovery of liquid phase (maximal liquid loop closis aimed for)

- Consumables (e.g. cleaning agents in continuauatidn processes, should be minimal)

- Manpower/cost.

As opposed to dead-end filtration, crossflow ftima leads to significant water losses in the
concentrated cell suspension. This is not optimal closed loop system. However, at the high
cell concentrations that need to be harvestes pteferable.

5.10Process automation

Commercial bioreactors are autonomously workingasswith their dedicated control
programs. However, the program should be flexibla way that changes can be made to the
process control. External communication by mearanafog or digital in- and outputs must be
foreseen. It must be possible to make changesipritcess control independently from the
supplier. External devices and/or instruments shbeleasy to connect and integrate in the
control system. It must be possible to generateractelated to external signals, e.g. a full
influent tank of CIII should result in an alarm astand-by of ClII.

Suppliers of commercial hardware all have their dype of control system for the biological
processes. Two major different solutions are alédla

1. PC-dependent process contrtile software is present on a PC and controlptbeess of
the bioreactor. The control module of the bioreatakes the actions. The digital
communication in-between the software and the cbntodule is done by means of a
chosen ‘BUS’ protocol (Figure 23). The operatiod #me configuration of the process is
done through the PC.
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Figure 23: PC dependent process control

2. Local process control, PC independenibe final result of this control system is ideati
to option 1. The important difference with the poes solution is that the software and the
control module are integrated into one. The openaand configuration of the control in
this case is done through an operation panel @$pThe principles are presented in
Figure 24. A digital communication is provided fosualisation on a PC and data logging.

Com. Bus

PC

Bioreactor

Control Unit +
software

Controlsystem
Bioreactor

P e e— — —

— — — + Com. Bus

Figure 24: Local proces control
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In order to guarantee a flexible possible futureeesion of the possibilities of the bioreactor
the following list of requirements is given:

analog outputs for every measurement (AO, e.g. thAD

analog inputs for external devices and instruméhltse.g. 4-20 mA);

tensionless outputs (DO) that can be configuradegérticular events (alarm generation);
tensionless inputs (DI) that can be configuratedsfiecific external events;

digital communication bus for the transfer, vissalion and data logging;

digital communication ‘bus’ for external devices,far instance a Schneider PLC.
software that can be easily configurated by owff;sta

easy integration and configuration of external desiand instruments into the process.

AN N N N NN

Figure 25 illustrates how additional devices, iastents or control units (PLC) can be
integrated easily in the process.

Com. Bus Com. Bus
PLC PC
| Al DI AO DO |

]

S

g

C

i _

% .

o> c IS

- (D)

2 ||z z

o o <

gl |le &

Gl | E

LI\

Al DI AO DO

: Controlsystem
Bioreactor .
Bioreactor
Com. Bus

Figure 25: Simplified drawing of the requirements oncerning communication

Suppliers:
v' Controlsystem bioreactor: Sartorius, Bioengineering

v" PLC: Schneider
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Remarks and conclusions

The local process controller of the bioreactomisaatonomous unit that offers sufficient
flexibility. The configuration of the process mup& adjustable so that external instruments and
devices can be easily integrated. It should haweedishe possibility to communicate with
external devices for data logging, visualisatiod aantrol, such as a PC or PLC. Most
commercial systems work in this way. Their consydtem will be tailor-made to the process
and specific requirements. The systems might bemompact, reliable and cost effective
than self-made systems composed of external tréess)iPLC and other measuring and
control devices. Moreover, configuration and progmang of commercial systems make use
of the company’s long-term experience of biotechgw@al processes, existing libraries of
algorithms and programming software which has dlydseen validated on various
applications. For self-made systems, these asp@ttlsl have to be subcontracted. The
various supplying alternatives will be further aglsbed in TN80.24.
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6 Compartment Il

6.1 Summary of design requirements
The design requirements for this mesophilic phaeragrophic reactor were described in

detail in TN80.16. Table 19 summarizes the techmexguirements, related to the reactor
itself.

Table 19: Summary of reactor requirements

Detail Requirement Comment
Operation Sterility yes
Gas closure yes
Pressure 100£20 mbar slight overpressure

pH-correction  yes
Reactor Shape cilindrical for optimal mixing and illuminati

lllumination 0 - 300 W/m? light/dark zones (TN 49.2):

variable - cycling between light and dark zones is
required;
- non illuminated headspace to be
minimized.
Stirring good radial mechanical mixing (TN 47.1):

homogeneity: proven that less biofilm is formed
300 - 400 rpm  compared to air-lift system

Cooling yes due to the irradiation of the reactwwling
is required

6.2 Process characteristics

6.2.1Sizing

The sizing of the overall BELISSIMA loop is basedtbe fixed working volume of this
compartment. As a complete surface illuminatioaimsed for, a glass autoclavable bioreactor
was selected. The maximal working volume of thigetpf bioreactors is around 10 liters. The
design of the BELISSIMA loop is detailed in parggi®.2 and starts from a CIl working
volume of 10 .
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6.2.2Functioning mode

The reactor will be operated in continuous mode= Beding of the reactor will be done at a
fixed flow rate, based on the reactor working voduamd design dilution rate. The effluent
flow rate will be determined by weighing of the ¢ vessel.

6.2.3Interfaces

The photobioreactor Cll will have its own dedicateleét and outlet storage. Both tanks will be
provided with a mixing device. Especially the edflt vessel, containing a suspension of
bacteria, should be homogeneous to guarantee dgamling. Furthermore, the buffering
vessels will be cooled through a centralised cgadipstem. The volume will be sufficiently
large to cover 3 days of operation and should foesebe in the order of 40 |.

Details on solid-liquid separation are given in.3Mhether centrifugation or membrane
filtration will be selected as solid-liquid sepaoattechnique, will depend on test runs to be
performed once compartment Il is running and tylsedl suspension is available. In addition,
the outcomes of an ongoing study on the evaluationembrane filtration techniques Bt
rubrum harvesting (contract 20327/06/NL/PA) can thendd&h into account.

The flow-rate of the off-gas of the reactor will m®nitored. The composition will be
determined off-line (see also 9.3).

Table 20: General overview of the interfaces of ClI

Interface Description Needed equipment
(tag P&ID)

Influent tank
Gas evacuation to the outside in caS&inless steel mechanical safety
of overpressure in the influent tank Overpressure valve

Slight overpressure with He Overpressure regulation and stainless

steel valve

Inlet of fresh influent Stainless steel valve aipuing

Outlet of influent (drain) Stainless steel valvel @iping
external cool process water circuit +

Cooling Temperature control + circulation
pump

Gravimetric determination tank Balance

content

Bioreactor
N Halogen lamps + manual adjustment

[llumination ; .
of intensity
Peristaltic pump or stainless steel

Feed valves in case of pressure driven
transport
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Process water production station +
Process water temperature control + circulation
pump
Acid-base peristaltic dosing pumps +
recipients + balance
Outlet of reactor content (drain) Stainless staedle and piping
Gas evacuation to the outside in caS&inless steel mechanical safety
of overpressure in the bioreactor Overpressure valve
Gravimetric determination tank Balance
content

pH control

Evacuation of gas produced in Stainless steel and teflon tubing 6 mm

bioreactor and outlet to the outside

CO, and He supply Coand He bottle, tap, pressure
regulator and stainless steel and teflon
tubing 6 mm internal diameter

Gas evacuation to the outside in caS&inless steel mechanical safety
of overpressure in the influent tank Overpressure valve

Slight overpressure with He Overpressure regulation and stainless

steel valve

Inlet of fresh influent Stainless steel valve aipuing

Outlet of influent (drain) Stainless steel valvel @iping
external cool process water circuit +

Cooling Temperature control + circulation
pump

Outlet (drain) of cleaning buffer Stainless stesle and piping

Gas evacuation to the outside in c
of overpressure in the cleaning
buffer

Water inlet in cleaning agent tank Stainless stakles + connections

a8fainless steel mechanical safety
overpressure valve

Outlet of steam condensate Stainless steel valeesinections

6.2.4System closure

As axeny is aimed for, the content of the reachar its interfaces will be separated from the
environment. Gas tightness will be ensured. Theeaysvill be kept under a slight
overpressure of 100 mbar. This guarantees thabn@mination of the reactor will occur. A
mechanical safety overpressure valve will be fozase
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6.2.5 Sterilisation, maintenance, cleaning and safety issues

Sterilization will occur through a combination aftaclaving and steaming in place. Glass
bioreactors needed to obtain 100% illuminated serfae not steam sterilizable. Hence, the
selected glass reactor will be sterilized througtoelaving. For the side equipment,
sterilization will be through steaming in place.

It is expected that chemical cleaning will onlyreeded occasionally. The reactor itself can be
cleaned rather easily from the top in a manual waya complex cleaning in place is not
provided. For cleaning in place of pumps, pipind &rbing, the chemical solution will be
introduced in the influent or effluent vessel mdtlyand then circulated through the lines.
Three-way valves will be provided in the influendaeffluent line to connect the external

pump which is required for circulation of the Ciétugion.

6.2.6 Culture strategy

The process requirements to obtain optimal growfR.oubrumhave been described in TN
80.16.

As a back-up culture, a volume of 1/10 of the reaeblume will be maintained. This back-up
is kept at the same pH, illumination and temperas in the reactor. Feeding will be done
manually.

The freeze-driedR. rubrum strairwill be revived using RBAH medium (ATCC medium $50
as described in TN37.7. This medium will also bedufor routinely subculturing the stock
strain.

6.3 System design
6.3.1Reactor concept

Paragraph 6.3.7 presents a simplified drawing effiotobioreactor.

The photobioreactor is an autoclavable double-wajlass reactor with 100% illuminated
volume and with minimal diameter to obtain maxipeaiformances. The inner diameter varies
between 16 and 19 cm depending on the suppliesdd&@and ports are located in a stainless
steel top plate. The reactor is equipped with Rushinpellers.

6.3.2Gas injection (CO,)

Depending on the composition of the influent, card@mxide (CQ) is added to the reactor
medium. The addition is performed from a gas c@imdith a certain concentration of €@
a gas mixture with Ar. The addition of G@ controlled at a preset flow and gas flows are
registered (see 5.2, option 2).
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6.3.3pH correction of the bioreactor

The desired pH in compartment Il is between 6,9a4d The pH-correction is performed
through a pH-measurement in the reactor medium avdbmbined KCI gel-electrode. An acid
or base dosing pump will be activated by an exiesigaal in function of the deviation to the
setpoint pH.

For the reactor dimensions of compartment Il arith waspect to maintenance and simplicity
of action, peristaltic pumps are the best choi@nm@ercial bioreactors have the pH-control
together with the dosing pumps integrated intostfstem.

6.3.41lllumination and control

The biological process of Cll requires illuminatiand a continuous alteration between light
and dark zones. lllumination will occur with haleglemps. Through manual adjustment of the
electrical potential, it will be possible to randpe intensities between 0 and 300 W/m2. Due to
the heat production of the halogen lamps, ventifatiround the bioreactor will be needed.

6.3.50verpressure control of bioreactor and buffer tanks

The reactor and buffer tanks are kept at a smaltpressure of 100 mbar to avoid
contamination of the media from the ambient atmesphThe propellant used will be
pressurized helium. The most accurate option fergressure control is the combination of
pressure measurement (transmitter) + electromagwegtire (proportional) + control loop (see
also 5.5).

6.3.6Feed to the bioreactor

The flow towards the bioreactors is rather smadl srnestimated to be 12 I/d or 8.3 ml/min at
maximum. Accurate flow measurements can be achigwedigh the combination of a
peristaltic pump and weighing of the influent tamkh feed back from the weight
measurement towards the pump to correct for dewiati

The effluent should be evacuated at a comparatlertite to the influent flow rate in order to
maintain a constant liquid level in the reactore fhost accurate option is to use a
combination of a peristaltic pump and weighinghaf teactor vessel (see 5.7).
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6.3.7Concept scheme
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Figure 26: Simplified drawing of reactor ClI
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7 Compartment Il

7.1 Summary of design requirements

The design requirements of this aerobic, nitrifyiegctor were described in detail in TN80.16.
Table 21 summarizes the technical requirementsteelto the reactor itself.

Table 21: Summary of reactor requirements

Detail Requirement Comment
Operation Recirculation  5:1 recirculation/feed ratio
Backwash yes every 4 to 6 months (TN 47.2)
Sterility yes
Gas closure yes gas release out of reactor dueratian
Pressure 100£20 mbar slight overpressure
pH-correction  yes
Gas flow constant to guarantee constant mixing
Air + x% O, to be mixed in correct ratio

oxygen concentration should be variable

Reactor Shape cilindrical for optimal mixing
Fixed bed carrier support biostyr, glass beadglwro
Stirring magnetic stirrer to provide an optimal mixing between inlet
300 rpm and recirculation stream
Temperature- yes for cooling and heating
control

7.2 Process characteristics

7.2.1Sizing

The required active volume of compartment CIll wasermined in paragraph 2.2. Its active
working volume should be 1 I. Typically, the actiw@ume constitutes 40% of the total reactor
volume for a fixed bed system. Hence, the totaln@ including carriers amounts to 2,5-3 .

7.2.2Functioning mode

The reactor will be operated in continuous modes figactor will be fed at a fixed flow rate,
based on the reactor volume and design dilutios &atd controlled by weighing of the
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influent tank. Effluent withdrawal will also be dimuous and will be controlled through
weighing of the reactor vessel.

7.2.3Interfaces

The nitrifying reactor will have its own dedicatidet and outlet storage. Both tanks are
provided with a mixing device to guarantee represgere sampling. They will be double-
walled to allow cooling to 4°C through a centrablog system. The tanks will consist of
steam sterilizable stainless steel. The bufferigsels should be sufficient large to cover at
least 3 days. This means that the volume of thieebo§ tanks should be around 40 liters.

As the growth of the nitrifiers will mainly occusdiofilm and growth is slow, only little
biomass in the effluent will have to be separatethfthe liquid. However, the liquid output
needs further treatment to guarantee a cell fregirig to the following compartments. The
aim of the separation process for this compartngetiius to clarify the liquid. Centrifugation
on a liquid of such low cell concentration is taeeryy consuming. Therefore, membrane
technology offers the best filtration. Dead-enttdiiion is selected because it limits the loss of
liquid when operating in closed loop.

The off-gas of the reactor will be monitored, saedphnd analysed off-line. For@nd CQ,
in-line probes are considered as well (see alsp 9.3

Table 22: General overview of the interfaces of ClI

Interface Description Needed equipment
(tag P&ID)

Influent tank
Gas evacuation to the outside in caS&inless steel mechanical safety
of overpressure in the influent tank Overpressure valve

Slight overpressure with He Overpressure regulation and stainless

steel valve
Inlet of fresh influent Stainless steel valve aiuing
Outlet of influent (drain) Stainless steel valvel @iping
External cool process water circuit +
Cooling temperature control + circulation
pump
Gravimetric determination tank Balance
content
Bioreactor
Peristaltic pump or stainless ssteel
Feed valves in case of pressure driven
transport
Process water production station +
Process water temperature control + circulation
pump
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Acid-base peristaltic dosing pumps +

pH control recipients + balance
Recirculation effluent Peristaltic recirculationrpp
Peristaltic backwash pump + stainless
Backwash steel piping and valves + dead-end
filter for biomass removal
Outlet of reactor content (drain) Stainless stedle and piping

Gas evacuation to the outside in caS&inless steel mechanical safety
of overpressure in the bioreactor overpressure valve

Gravimetric determination tank Balance

content

Evacuation of gas produced in Stainless steel and teflon tubing 6 mm

bioreactor and outlet to the outside

Air, Oz, and He supply Air, @ He bottle, tap, pressure
regulator and stainless steel and teflon
tubing 6 mm internal diameter

Gas evacuation to the outside in caS&inless steel mechanical safety
of overpressure in the influent tank Overpressure valve

Slight overpressure with He Overpressure regulation and stainless

steel valve

Inlet of fresh influent Stainless steel valve aipuing

Outlet of influent (drain) Stainless steel valvel @iping
external cool process water circuit +

Cooling Temperature control + circulation
pump

Outlet (drain) of cleaning buffer Stainless stesle and piping

Gas evacuation to the outside in c
of overpressure in the cleaning
buffer

Water inlet in cleaning agent tank Stainless stakles + connections

a8fainless steel mechanical safety
overpressure valve

Outlet of steam condensate Stainless steel valeesinections

7.2.4System closure

As axeny is aimed for, the content of the reachor its dedicated interfaces should be
separated from the environment. Gas tightnesssisadide. The system will be kept under a
slight overpressure of 100 mbar. This guarantessiticase of possible leakages in the gas
loop, no contamination of the reactor will occurm®&chanical safety overpressure valve will

be foreseen.

Because of the high risk of contamination for cortypant 111, there will be no sampling of the
carrier material during test runs. This can onlystleeduled at the end of a run.
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7.2.5Sterilisation, maintenance, cleaning and safety issues

Sterilization will be achieved through steamingplace of bioreactor, buffering tanks, tubing,
... to minimize the risk of microbial contaminatiofs some carrier materials such as
polystyrene beads are not steam sterilisable, adadstierilization will have to be applied

under those conditions.

As chemical cleaning will most probably only be de@ occasionally, a complex cleaning in
place is not needed. The reactor and bufferingstaak easily be cleaned manually from the
top. The packed bed is removable from the top andoe replaced or cleaned separately. Inlet
and outlet tubings will be easy to disconnect fitbhebioreactor in view of optimal cleaning.
Cleaning in place is recommended for pumps ana¢ubihis will be achieved through
circulation of CIP solution from the influent orfleent buffer tank. To this end, manual three-
way valves will be provided in the influent andleént lines. One and the same external pump
will be used for CIP of all compartments.

7.2.6Culture strategy

Because of the slow growth of both nitrifying orgams, their cultivation to large volumes

will be initiated one year before start-up of compeent | is planned. Inoculation of the carrier
material will be done through continuous batchwesarculation of the cell suspension over
the carriers, according to the start-up protocelscdbed in TN37.510.

Once sufficient biofilm is obtained, there will beswitch from batch to continuous operation.

A back-up culture will be transferred to fresh stam medium at regular time intervals. Its
target volume is 10% of the bioreactor liquid voeim

7.3 System design
7.3.1Reactor concept

The reactor will be an in-line steam sterilisalilardess steel packed-bed system. A sight-
glass is provided for visual observation of theieamaterial.

The active liquid volume was calculated to be addal on the hydraulic retention time. The
volume of the reactor carrier material includeé3sl. On top and below the carrier zone,
additional liquid space is foreseen for enterirg phobes.

The influent is fed at the bottem of the reactat #iows upward through the packed bed. The
effluent on top is pumped out of the reactor. Aeotbump recirculates the effluent back to the
bottom space of the reactor at a recirculationifegcatio of 5:1.

7.3.2Fixed bed

Glass or polystyrene beads will be used as canaerial. After a certain period of operation,
the biofilm will have grown on the carriers andgidging of the fixed bed could occur. This
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process will be monitored by means of two manomseteispectively in the head and bottom
space of the reactor. A back-wash will be requaethat time.

7.3.3Aeration device

Compartment ClllI is an aerobic bioreactor. Therefeoxygen limitation must be avoided. As
For aeration purposes, air will be supplied, tochloxygen can be dosed, when required.
During start-up, at low biomass concentration,dkggen demand will be rather low. As the
biofilm becomes more dense, oxygen demand williase and additional supply with pure
oxygen may be needed. As a plug flow may occurufindhe packed bed, oxygen
requirements will vary along the bed height. Toidvaxygen limitation, oxygen supply should
be controlled through oxygen concentration measangsnn the effluent.

In any case, the gas flow rate to the bioreactmstrba kept constant to avoid changes in flow
patterns through the packed bed. The control ottimstant flow rate through the reactor can
be done by means of thermal mass flow measuremintsdifferent solutions are given:

1. The control of the total gas flow is independerthefcontrol system of the bioreactor:
Figure 27 illustrates this option.
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Figure 27: Independent control of the total gas flov
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The thermal mass flow controller will open a regiola valve at a certain position, dependent
on the oxygen requirement in the bioreactor. Assalt, the total flow to the bioreactor will
fluctuate. These variations should be excluded bsgms of a flow measurement on the mixed
gas stream. Deviations from the required total flate are compensated through a mass flow
controller and regulation valve on the air flow.

An important disadvantage of this system lies enftt that a mass flow measurement is
sensitive to changes in thermal conductivity arelhéat capacity of the gas mixture. A change
in the composition @air has an impact on these parameters and, asilh, n&ill lead to
deviation from the correct flow measurement. Thereon the measurement will be rather
small as air and oxygen have similar charactesisfibe maximal fault on the measurement
will be 1 to 2%.

2. The control of the total flow is done by the cohsigstem of the bioreactoFigure 28
illustrates this option.
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Figure 28: Control of the total gas flow through tre control system

The difference compared to option 1 is that thalfaontrol is not done through a separate
flow measurement, but through the control systeth@bioreactor. The sum of the air flow
rate and oxygen gas flow rate should equal theinedjtotal flow rate through the bioreactor
permanently. In case of a deviation, the thermasilaw measurement will adjust the
regulation valve on the air supply.
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Remarks and conclusions:

In case the control system of the bioreactor casdsdy configurated, option 2 offers the most
interesting solution since no mass flow measuremeinhe total gas flow is needed and no
error as in option 1 occurs.

7.3.4Recirculation and Backwash

In order to avoid excessive biofilm growth and ¢owy at the entrance of the fixed bed, a
recirculation over the reactor is maintained. Tdigrbetween the recirculation rate and the
inlet flow is fixed (~ 5:1). The higher flow ratesults in a shear which limits biofilm thickness
and may slough off parts of the biofilm. The effiiés sent back to the inlet of the reactor and
is injected over the complete diameter of the ma®ecirculation is achieved by means of a
peristaltic pump.

After a certain period of time, the fixed bed veillbg due to an excess of biomass. This will be
detected by means of a pressure drop measurememthavfixed bed. At that moment, a back-
wash cycle (see alsoTN 47.2) must be initiateds €an be done in two different ways:

1. The pumping direction of the recirculation pump Ga@changed for a certain period of
time. This is performed manually. By reversing tbe direction the biomass is released
from the carrier material. During the backwash, ttexlium is sent through a filtration to
avoid that the released biomass enters the bianeagtin. The collected biomass will then
be removed from the reactor (see Figure 29).

/—\ Recirculation
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Backwash
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Backwash pump

Filter
/ j
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Figure 29: Backwash or recirculation

2. This option offers a more complicated back-wasHecyEffluent is pumped back to the
bioreactor by means of a dedicated pump or by ahgrtge pumping direction of the
effluent evacuation pump. The recycle on the bici@as switched off and the washing
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water, containing biomass, is rinsed out towardedicated storage tank (see Figure 30).
This implies a loss of effluent which is not debleafor closed loop operation.
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Figure 30: Backwash and recirculation

Option 1 is the best choice due to simplicity aeduced costs. Furthermore, advantage can be
taken from the filtration to collect biomass-freargles.

7.3.5Temperature control bioreactor (and buffer tanks)

The temperature in the reactor and the buffer \&sgé be measured with Pt100 sensors.
The different options for temperature control hbeen described in paragraph 5.1.

The influents and effluents of the bioreactor nestooled to conserve the media. The desired
temperature is 4°C and cooling down to this tentpeeawill be achieved through a double-
walled tank design. The cooling liquid will be gesied from a central cold process water
system.

For compartment Il the setpoint is 30°C. Contriaryhe photobioreactors which need cooling,
this fixed bed reactor must be heated. A contingwasise regulation of the temperature
requires individual temperature control. This ve#l achieved through a temperature
measurement in the medium of the bioreactor wigdllfimck towards an individual system of
temperature control. Because the heating requirenaea limited, the double jacket will only
cover part of the reactor vessel.
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7.3.6pH correction of the bioreactor

The desired pH in compartment Il is 8,15+0,15. PhEcorrection is controlled by the pH
measurements in the reactor. Two pH probes arsderg one at the top and one at the bottom
of the reactor. A pH difference can be expectea @esult of:

v' acidification due to the nitrification reaction,

v" pH increase due to the stripping of £O
The pH control will be based on an average valusotli measurements.
A combined gel-electrode (i.e. a glass electrodhb tailt in reference electrode) is used.

A peristaltic base (and acid) dosing pump will bevated by an external signal in function of
the deviation to the setpoint pH. Commercial biotees have the pH-control together with the
dosing pumps integrated into the system. Additibacd or base will take place in the
recirculation line.

7.3.70verpressure control of bioreactor and buffer tanks

The control and pressure system for the bufferamixs will be identical to the one described

for Cll in paragraph 6.3.5. The option with thegmeére measurement, electromagnetic
proportional valve and the control loop offer thestnaccurate solution for the buffering tanks,
but will be more expensive. The reactor itself omieds an overpressure release valve set at a
certain overpressure value.

As the reactor is aerated, an overpressure carabgamed by means of an overpressure
release valve. No additional injection of an irgas is needed.

7.3.8Feed to the bioreactor

The flow to the bioreactor is rather small andssmated around 10-12 I/d or 8,3 ml/min.
A gravimetric follow up of influent and reactor #es$ will be used to control influent and
effluent flow rate (see also 6.3.6).
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7.3.9Concept scheme

Condensor
Effluent
tank
T pHT o,T PT
~
Bioreactor

Comp Il

T
A R R R T R R R Y
T
NN

mmmmmmmmMmMmMMrmrmemsssSSSSSSE
N

Influent tank

(G )

acid

{
‘/‘ base

O, + air

Figure 31: Simplified drawing of reactor ClII
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8 Compartment IVa

8.1 Summary of design requirements

The design requirements for this mesophilic phattsstic reactor were described in detail in
TN80.16. Table 23 summarizes the technical requeres) related to the reactor itself.

Table 23: Summary of reactor requirements

Detail Requirement Comment
Operation Sterility yes
Gas closure yes controlled gas release out ofaedak to
aeration
Pressure 100+£20 mbar  slight overpressure
pH-correction yes
Gas flow air + x% C@ in case of closed loop operation.

For tests with Zarrouk medium sufficient
bicarbonates are available in the medium.

Reactor Shape cylindrical for optimal mixing and illuminaui
Diameter small to avoid dark zones in centre
dark zones at headspace should be minimal
as well

[llumination 0 - 300 W/m2 excess light becomes inhibitory
variable avoid dark surfaces and zones

Stirring good radial mechanical stirrer: easy to control
homogeneity  mixing with gas flow could be possible as
max. 300 rpm  well

Cooling yes due to the irradiation of the reactwwling
is required

8.2 Process characteristics
8.2.1Sizing

The required active volume of compartment ClVa deiermined in 2.2. In case of intensive
sampling a volume around 1@vas suggested.
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8.2.2Functioning mode

The reactor will be operated in continuous mode= fBleding of the reactor will be done at a
fixed flow rate, based on the reactor volume argigiedilution rate. The influent and effluent
flow rates will be controlled by weighing of theflurent tank and reactor vessel respectively.

8.2.3Interfaces

The photobioreactor ClVa will have its own dedichiget and outler storage. Both tanks have
a mixing device. Especially the effluent vessehtaming a suspension of algae, should be
homogeneous to guarantee representative samplinipnefmore, the buffering vessels will be
cooled to 4°C through a double jacket and a casédlicooling system.

A solid-liquid separation or biomass harvestingeyswill be needed to separate the
Arthrospira platensigrom the effluent. Within the contract ‘MELISSA &ge Adaptation’, an
extensive literature review was performed to idgrduitable solid-liquid separation systems
for the algae suspension of compartment 1Va (TN22.7These were centrifugation,
membrane filtration and acoustic separation. Rmallcombination of acoustic separation and
membrane filtration was selected to be optimaM&LISSA. For BELISSIMA, it is less
important to maintain cell integrity and to presetlie nutritional quality of the cells.
Therefore, since acoustic separation can only gaetadimited concentrating effect, preference
is given to membrane filtration. This would idealgquire ceramic ultrafiltration membranes
operated in crossflow. Cross-flow membrane filbatihowever, has the important
disadvantage that liquid is wasted through the eninate.

The off-gas of the reactor will be monitored by gding the gas, followed by analysis or
through direct on-line measurements. On-line amalykthe gas phase s highly recommended.

Table 24: General overview of the interfaces of CI¥

Interface Description Needed equipment
(tag P&ID)

Influent tank
Gas evacuation to the outside in caS&inless steel mechanical safety
of overpressure in the influent tank Overpressure valve

Slight overpressure with He Overpressure regulation and stainless

steel valve

Inlet of fresh influent Stainless steel valve aipuing

Outlet of influent (drain) Stainless steel valvel @iping
external cool process water circuit +

Cooling Temperature control + circulation
pump

Gravimetric determination tank Balance

content
Bioreactor
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Halogen lamps + manual adjustment
of intensity
Peristaltic pump or stainless ssteel
Feed valves in case of pressure driven
transport
Process water production station +
Process water temperature control + circulation
pump
Acid-base peristaltic dosing pumps +
recipients + balance
Outlet of reactor content (drain) Stainless staedle and piping
Gas evacuation to the outside in caS&inless steel mechanical safety
of overpressure in the bioreactor Overpressure valve
Gravimetric determination tank Balance

lllumination

pH control

content
Gas Loop
Evacuation of gas produced in Stainless steel and teflon tubing 6 mm
bioreactor and outlet to the outside
Air, CO; and He supply Air, C®and He bottle, tap, pressure

regulator and stainless steel and teflon
tubing 6 mm internal diameter
Effluent tank
Gas evacuation to the outside in caS&inless steel mechanical safety
of overpressure in the influent tank Overpressure valve

Slight overpressure with He Overpressure regulation and stainless

steel valve
Inlet of fresh influent Stainless steel valve aipuing
Outlet of influent (drain) Stainless steel valvel @iping
external cool process water circuit +
Cooling Temperature control + circulation
pump
Cleaning
Outlet (drain) of cleaning buffer Stainless stesle and piping
Gas evacuation to the outsuje N Ca8fainless steel mechanical safety
of overpressure in the cleaning
overpressure valve
buffer
Water inlet in cleaning agent tank Stainless stakles + connections
Sterilization

Outlet of steam condensate Stainless steel valeesinections

8.2.4System closure

As axeny is aimed for, the content of the reachor its dedicated interfaces should be
separated from the environment. The system wildetight and will be kept under a slight
overpressure of 100 mbar. This guarantees thatse of possible leakages in the gas loop, no

This document is confidential property of the MES#Spartners and shall not be used, duplicated, fiedddr 84
transmitted without their authorization
Memorandum of Understanding 19071/05/NL/CP



MELISSA MEL|SSA
()

TECHNICAL NOTE

contamination of the reactor will occur. A mechahgafety overpressure valve will be
foreseen.

8.2.5Sterilisation, maintenance, cleaning and safety issues

Sterilization will occur through a combination aftaclaving and steaming in place.
Completely illuminated glass bioreactors are aatadble but not steam sterilizable (see also
8.3.1). Hence, the bioreactor will have to be disned, then sterilized in an autoclave and
finally reconnected. All side equipment will be Siterilizable.

All equipment will be easy to clean and sterilidecomplex cleaning in place is not required.
The reactor and buffer vessels can be easily atefioen the top. For optimal maintenance of
the reactor the inlet and outlet tubings will beyeto disconnect by manual valves. To
chemically clean pumps and tubing, a chemical goiuvill be introduced manually in the
influent or effluent vessel and circulated withextternal pump through the lines.

All equipment and valves, needed for the cleanimdy steaming in place will be indicated on
the drawings and P&ID'’s.

8.2.6 Culture strategy

The process requirements to obtain optimal growitbrospira platensisave been
described in TN80.16.

As a back-up culture, a volume of 1/10 of the reaeblume will be maintained at comparable
condition as in the reactor itself. As the algascemtration will double more or less daily, the
solution will have to be refreshed frequently.

8.3 System design
8.3.1Reactor concept

The discussion of the reactor concept is to sortenésimilar to the one for compartment II
(see 2.1.3 and 6.3.1). The main difference is¢batpartment 1VVa will have a larger working
volume (16 | compared to 10 I) and this has impites with respect to the availability of
autoclavable reactors with optimal illuminated voks. The following options are
commercially available:

v" Double jacketed glass bioreactor: up to 10 liteosking volume
v" Single jacketed glass bioreactor: up to 15 liteosking volume
v' Polymer bioreactors

1. Autoclavable bioreactorgylass reactors are available which are autoclavatteking
volumes are limited to 10 | for double jacketedigies. Some suppliers exceptionally
provide autoclavable glass bioreactors with a waykiolume up to 15 |, but these are
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single jacketed. Clearly, such volumes and weightsvery difficult to handle, manipulate
for autoclaving etc.

2. Polymer bioreactorsif no autoclavable glass bioreactors are availabtée desired
working volume, membrane film bioreactors may Iseiigable alternative. The reactor wall
consists of a polyamide film which is clamped betwstainless steel flanges which
contain ports and connections for sensors, mixezgogs etc. The advantage of these
reactors is that they are in situ sterilisable eaua be obtained at any working volume. A
clear disadvantage in the frame of micrcompoundstigations, is that the use of plastic
materials should be minimized to avoid leachingaftaminants. Additionally, the
illumination of the foils with halogen lamps witligh heat dissipation can raise issues in
terms of safety and operational continuity. Thé $bould have a certain heat resistance of
its own since cooling through a double jacket isarooption.

Suppliers:

v Autoclavable bioreactors (max. 10 l): BioenginegriBartorius, New
Brunswick, Applikon;

v Autoclavable bioreactors (> 10 I): Applikon;

v Polymer bioreactors: Bioengineering

Preference is given to glass reactors. The bioveaat! be a stirred tank concept.

As opposed to ClI, there will be constant dosingC@% (except when sufficient bicarbonate is
present in synthetic media) and that the dissobvg@ien concentrations will be monitored in
the medium.

8.3.2Aeration and CO; injection

Aeration is meant to provide GQf the supply is insufficient, additional G@ill have to be
supplemented. The addition is performed from acyéisder. Since the reactor is not
conceived as an airlift but as a stirred tank,e¢hemo need for a constant flow. As for
compartment Il, the addition of GQvill be controlled at a preset flow with regisioat of gas
flows (see also 5.2, option 2).

8.3.3Temperature control bioreactor (and buffer tanks)

The temperature in the reactor and the buffer \&sgé be measured with Pt100 sensors.
The different options for temperature control hbeen described in paragraph 5.1.

The temperature of the bioreactor will be regulatedugh an individual temperature control
system and double jacket at 36+0.5°C.

The influents and effluents of the bioreactor nhestooled to conserve the media. The desired
temperature is 4°C and cooling down to this tentpeeawill be achieved through a double-
walled tank design. The cooling liquid will be gesied from a central cold process water
system.
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8.3.4pH correction of the bioreactor

The desired pH in compartment IVa is 9.5. The pHeadion is performed through a pH-
measurement in the reactor medium with a combin@tgel-electrode. An acid or base
dosing pump will be activated by an external signdlinction of the deviation to the setpoint
pH. Dosing pumps will be peristaltic ones. Commarbioreactors have the pH-control
together with the dosing pumps integrated intostrstem.

8.3.5Illumination and control

The biological process of ClVa requires illuminaaith halogen lamps. Through manual
adjustment of the electrical potential, it will pessible to range the intensities between 0 and
300 W/m2. Due to the heat production of the halogemps, ventilation around the bioreactor
will be needed.

8.3.6Overpressure control of bioreactor and buffer tanks

The reactor and buffer tanks are kept at a smaltpressure of 100 mbar to avoid
contamination of the media from the ambient atmesphThis will be achieved through the
aeration and C@injection. The most accurate option for overpresswontrol is the
combination of pressure measurement (transmittefpetromagnetic valve (proportional) +
control loop (see also 5.5).

8.3.7Feed to the bioreactor

The flow to the bioreactor is estimated around 20/ or 8,3 ml/min. A gravimetric follow
up of influent and reactor vessel will be useddotol influent and effluent flow rate.
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8.3.8Concept scheme
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Figure 32: Simplified drawing of reactor ClVa
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9 Overall interfaces

9.1 Steam production

All equipment of the BELISSIMA loop downstream tt@mpartment | bioreactor will be in
situ steam sterilizable, except for the glass laict@rs required for compartments Il and IVa.
Steam production will be achieved through a poeabéam production unit, which can be
connected to 3 way-valves inserted in differentceufpartments of the loop.

9.2 Autoclave

The bioreactors of compartment 1l and 1Va will hawebe sterilized in a separate autoclave.
The choice of the autoclave will depend on thelfimdth and height of the bioreactors,
including sensors and ports. Several options amnwercially available.

9.3 Gas analyses

For CQ and Q measurement, 2 options are available. Either idredctors will be equipped
with in-line probes or a separate gas processidgaaalysis unit will be available, which
allows for automated intermittent sampling and gsialof each compartment. For other
parameters, the analyses will be off-line.

The gas phase of compartment | will be sampledaauadysed off-line.

9.4 Cooling equipment

It has been mentioned several times in this TNttetooling of the influent and effluent
tanks of compartments Il to 1Va will be achievetbtigh a common central cooling device.
This will be designed to have sufficient coolingpaaity. To avoid capacity losses, all piping
will be thoroughly insulated and the distance frin@ central cooling system to the different
tanks will be minimized. Probably, it will not begsible to position compartments Il to IVa
and their influent and effluent tanks at very shitistances. If this results in too long pipings, a
second cooling unit may be implemented at a latgyesof the BELISSIMA loop assembly.

9.5 CIP

Because it is expected that a CIP will only be nesglioccasionally, there is no need for a
complex CIP system. Reactor and buffer vesselsbsitleaned manually from the top.
Inaccessible lines will be rinsed with a chemiaduson, which will be added manually to the
influent or effluent tank. A stand-alone CIP unitllwe available which can be stepwise
connected to each subcompartment to circulatelt@mical solution, if needed.
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10 Addendum

10.1Simulations by UBP: first simulation BELISSIMA simplified loop
Based on C1 + C2 + C3 + C4a — MELISSA 0.10 model

Loop closed for liquid with control on flow ratecicomposition on C1

Loop open for gas without external supply

Input setting

Clinputs:
Urine : water = 9 L/day = 9 kg/day
urea = 0.17 kg/day
Faeces water = 0.36 kg/day

solid =0.18 kg/day

Composition Ch52600.327 No.2496 S0.0002P0.0003
10 % proteins, 20 % fats, 10 % carbohydrate, 6@bess

Organic Matter (plants) : water20 kg/day

solid = 2 kg/day
Composition Ch52600.327 No.2496 S0.0002P0.0003
15 % proteins, 7 % fats, 1 % carbohydrate, 77 %réib

C3inputs :
Gas (air) input (for aerobic compartment)
0.32 kg Q/day
1.06 kg N/day
that is to say around 1°mair/day

Compartments operation setting

Cl: - no acetogenesis, no methanogenesis
- 80 % degradation of proteins
- 80 % degradation of fats
- 100 % degradation of carbohydrate
- 20 % degradation of fibre into carbohydrate
- 50 % recovery of minerals (N, S, P)from fibre
- 100 % degradation of urea

C2: 100 % assimilation of VFA

C3: 100 % oxydation of Ngito HNG;
C4: 100 % assimilation of HN®

Results

OperatiNg C | v. 0.0.5 «-cmmmmmmm oo
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Note : S and P elenents > discrepency Orignal OM/ standardi sed CHONSP
Note : Problemin Fiber degradation for high content in waste recycling
C1: Initial OMconposition ---------

Proteins : 0.14605

Li pids : 0.080263

Car bohydrates : 0.017105

C 1 : Conputed OM conposition Matching Standart CHONSP---------

Wiile 1 correction 1

Proteins : 0.14605

Li pids : 0.080263

Car bohydrates : 0.017105

Remai ning : 0.75658 C0.070694 HO.090223 (0. 043371 NO.0047702 S0. 00036348 PO. 00045476
......................... Conposition correction factor : 1

C 1 : Conputed OM conposition Wth Fi ber deconposition---------

Wiile 2 correction 1

Proteins : 0.14802

Li pids : 0.081346

Car bohydrates : 0.17069

Non degradabl e: 0.59994

......................... Total Hydrolysis correction factor : 1

Wiile 3 : Final Residual OMcorrection 1

C 1 : Mss bal.=2.3295e-005// Mass Rel.=2.2838e-007// M5 Rel.=-0.0028741
-- Dynamic estinations assuming mass flows in kg/day

Lig flow rate: 99. 3183 L/day Gas Flow rate: 107. 8014 NL/day

Net Degradation: 0. 31286

Theroretical OMIoad:0.0021kg/ L/ day Sim OM conc: 0. 022956kg/ L
Theroretical HRT:10 days

Required flow rate: 108.5714 L/d Estimated Vol : 1085. 7143 L

Fin operation Cl -------cmommmmm oo

Operating C |1 v, 0.0.8 ---cmmmmmmm o
Bilan Masse C Il = -5.6843e-014 Rel ati ve nasse bal ance=-5. 6599e-016

-- Dynamic estinations assuming mass flows in kg/day

Lig flow rate: 98. 965 L/day Gas Flow rate: 496. 916 NL/day

Theroretical productivity:0.0021kg bi omass/ L/ day Sim bi omass produced: 0. 62816kg/ day
Estimated Vol : 299. 1219 L Theroretical HRT:3.0225 days

Stop Operating C Il V. 0.0. 0 ----mmmmmmm o oo

Operating C Il v. 0,002 «-cmmmmmm
Bilan Masse C 111 = -1.4211e-014 Rel ati ve nasse bal ance=-1. 4058e-016

-- Dynamic estinations assuming mass flows in kg/day

Lig flow rate: 99.2756 L/day Gas Flow rate: 12401. 6977 NL/ day

Net efficiency nh3->no3: 0.98387

Theroretical NH3 | oad:0.0016kg/ L/ day Sim nh3 conc: 0. 00077163kg/ L/ day

Simtheo HRT: 0.48227 days

Esti mated Vol : 47.8775 L
Stop Operating C Il v. 0.0. 1 -----mmmmm oo oo

Operating C I Va v. 0,02 ---oommmmm o
Reaction limted by other compound : 9... New key calculated : 0.16734

Bilan Masse C IVa = 5.6843e-014 Rel ati ve nasse bal ance=5.6237e-016

-- Dynamic estinations assuming mass flows in kg/day

Lig flow rate: 98.9367 L/day Gas Flow rate: 12741. 2265 NL/ day
Theroretical productivity:0.00144kg bi omass/ L/ day Sim bi omass produced: 0. 11808kg/ day
Estinated Vol : 81.9988 L Theroretical HRT:0.8288 days

Stop Operating C lVa v. 0.0. 0 ------mmmmm oo
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CARE :

Not enough CQ for C4a, so, only 17% of HNQ is assimilated (the objective is to reach
100 %)

Verify HRT in reactors after the C1 and verify the compatibility with the specifications
fixed (productivity)
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10.2Nomenclature and symbols

F: Flow
L: Level
P: Pressure
pH: pH

S: Turbidity

T: Temperature

I: Indicator
S: Sensor

Ec: Electroconductivity
pH: pH
A: Analyser

— 7

T: Transmitter

LS-G-02

N

V: Feeding system

R: Bioreactor

F: Filtration Unit

G: Gas Loop

C: Cleaning system
S: Sterilization system

R: Reactor/tank

V: Valve

BL: Blender

Fi: Filter

HX: Heat exchanger
No: Nozzle

PMP: Pump

St: Steam generator
PR: Pressure regulator

Symbols:

Manual 2-way valve

Manual proportional valve
Powered 2-way valve

Powered 3-way valve

Check valve

Pressure relief valve

Dead-end filter

Back Pressure
regulator

%o © [ e Ko kX

gas

liquid

— \vater

— N,

cleaning agent
acid/base
— filtrate
condensate
steam

Pump

Pump

Gas compressor

Frequency inverter

Flow sensor

Tangential filter

DO ®OINCIR

Interface

400 99

Nozzle

Vessel

Liquid surface

Sensor

Heater/cooler

Pulse damper

Breaking disk
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Comments on TN 80.21-23
Compartment design - Associated instrumentation andontrol hardware-Interfaces
between compartments

General comments

This TN is a comprehensive document on compartmesign. Some issues are not addressed
in details (e.g. instrumentation selection...), mpebbably due to the supplying strategy
followed (commercial standard hardware, globalweir of vessels/instrumentation/control
hardware via one supplier).

However due to the financial issue faced today kwel of detail will be probably reached
only at the level of detailed design (i.e. in TNB0and design review datapackage).

As a consequence, we will approve this TN, providedt our detailed comments are
addressed, without asking a deeper level of infoiona

Detailed comments

page| paragraph | comment

21 224 “it is not expected that the VFA productiovould be lower” This
statement is not fully consistent with “the unceryaon the degradatio
efficiency is high” as mentioned on page 17 , paaply 2.2.3.

Clarified in TN.OK

=)

23 2.2.5.6 This issue will have to be studied edhefand discussed before any
decision on any countermeasure.
Noted OK

26 2.2.6 We do not follow your reasoning: “if 0.8dmple is removed after Cl,

this should be compensated by increasing the drgsngut to CI".
Please clarify

If the liquid flow is increased from 1.6 to 2.1 l/dhy do you mention
“almost doubled to 2.1 I/d” ?(see page 37 as well)
Clarified in TNOK

27 3.2 UAB is presently working on the same isdméormation should be
shared.
Discussion is ongoing.

36 4.1 On-line analysis of the gas phase is hightpmmended. With off-ling
analysis, accuracy of mass balance calculationbeiljeopardize (majo
issue for C).

High costs of implementation. Average values on dawg basis provide
already relevant data for mass-baland&s do not agree, the cost |of
experiments potentially “lost” is by far higher, wie not have the same
feed than for CI in the MPP and therefore needtiow accurately the
process performances

D

=

D

36 4.2.1 some figures are not fully consistent gldre TN ( e.g. dilution ratio 5
fold on page 21)
Clarified throughout TNDK

47 5.6 Sartorius sent some information to UAB webards to pumps working
at low flows. Feed-back has been asked to UBPrrdmdtion should be
shared.

124
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Peristaltic lab-scale pump should be ok for ranfg@edissima flow rates
Info will be shared with UAB and UBPK

51

5.9

We do not foresee the use of centrifugatenClIl effluent. In the
MELISSA Pilot Plant, advantage will be taken frohe trecirculation
loop to implement filtration .
Noted and clarified in TNDK

60

5.9

We do not follow your reasoning; you arerently working on
membrane filtration for Rubrum Harvesting but hgoal conclude that
cross-flow filtration should not be used?

Aiming at a one step process and minimal volumes, lasoss-flow,
filtration is less interesting. The technology altigh is suitable.
Specified in TNOK

63

Remarks
and
conclusions

We do not share your point of view with regardsast efficiency of the
control systems sold by bioreactors manufacturers.

This topic will further be addressed in TN80Rase reword th
paragraph to reflect that the systems “might “beemmompact...... and
that the various supplying alternatives will betlfier addressed in T
80.24.

D

P

76

Figure 28

Drain is missing on your scheme, ig@'¥Which option do you intend to
use?
Drain is indeed missing on the indicated filtratistep (=concentrate).
Will be indicated. Option 1 appears best choiceg tu simplicity and
reduced costsAdvantage could be taken from the filtration tolect
biomass-free samples,

81

8.2.3

On-line analysis of the gas phase is hightommended, for mass-
balance issues.
High costs of implementation. Average values ong blasis provide
already relevant data for mass-balances. Latereim@htation in case of
clear necessity will be possiblge would like to have some figures
about the implementation costs before taking d tieaision
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