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Agenda

− 10:30 Presentation of participants

− Final Presentation

− 10:40 Biorat1(BRT1) project framework

− 10:45 Photobioreactor(PBR) & Liquid Loop(LL) subsystem Bread Board Model(BBM) 

life test

− 10:50 System BBM Design

− 11:00 System BBM life test

− 11:15 Biorat1 On-Board Demonstrator(OBD)

− 11:30 Conclusion & Future work

− 11:40 Questions & answers
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MELiSSA loop,source Melissa Pilot Plant

Project Framework
Biorat1 Objectives

• Biorat 1 (BRT1) On-board demonstrator (OBD)

− International Space Station payload

− Technological demonstrator

• Objectives:

− To demonstrate the operation of the Photoautotrophic Bacteria Compartment (IV4)

− Function: recycling of CO2 directly from cabin into O2

− Principe: of a photobioreactor & spirulina (Limnospira indica PCC 8005)

BRT1 OBD Concept design

International Space Station source NASA
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Project framework
Biorat1 Principle

• Limnospira indica PCC 8005 oxygen production 

stoichiometry.

• BRT1 OBD key components & functions

− Liquid Loop (LL): transfer of chemical species in liquid

− Photobioreactor (PBR): O2 & biomass production

− Gas exchange membrane(GEM) : O2 & CO2 transfer 

between gas & liquid phase

− Gas Loop (GL): Transfer of O2 to the LL & CO2 to the 

cabin

− Solid Loop (SL):

Biomass concentration control (harvesting),

Nitrate supply with Zarrouk medium (feeding)

− Control System Electronic (CSE):

− Autonomous process control

− Communication from/to ground
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Ref. Biorat, MELiSSA demonstration breadboard, Final Presentation 2000
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Project framework
Current phase objectives

• Current project phase: A/B1

• Mature OBD technologies:

− through Breadboarding & Life Test (in laboratory)

− Photobioreactor (PBR) & Liquid Loop (LL) subsystem

− BBM at system level 

• Define the BRT1 OBD Concept design

− Inputs: BBM life test results

− Objective: System Requirement Review

PBR & LL 
Subsystem BBM

Design & Life 
test

System BBM

Design & Life tes 

OBD Concept 
Design
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Project framework
BRT1 Development team

Beyond Gravity

Slip Rings

Redwire Space SHERPA Engineering Université Clermont 

Auvergne

• System engineering,

• Liquid Loop,

• Gas Loop ,

• Thermal Control 

System

• Controls System 

Electronic (HW & SW)

• Solid Loop

• Process modeling

• Process control

• Biological expertise

• Life test performance
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LL/PBR BBM
LL/PBR “growth model” life test

• 2019 BBM Life test

− Performed to validate Photobioreactor & Liquid Loop concept design

− Chemostat operation (no solid loop)

➔ high volumetric feed consumption

− No process control

➔Manually setting of Light intensity, harvesting flow rate

2019 BRT1 BBM
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LL/PBR BBM
Photobioreactor Design

• BBM Photobioreactor

− Function: Produce O2 and biomass by photosynthesie from dissolved CO2

− Flight representative design

− Based on red LEDs panel

− Mixing mechanism design supported by dissolved O2 simulation (COMSOL CFD & TDS)

− Overal PBR liquid volume: 2.6L 
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LL/PBR BBM
Life test results

• LL/PBR BBM Life tests achievements:

− 25 days of cultivation >1gr/L biomass concentration achieved

− 5 days of cultivation >2gr/L biomass concentration

− Continuous O2 production >6.75mmol/h PBR design point

➔PBR & LL design validated
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Magnified view at inoculation
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System BBM Design
Objectives & Key functions

Perform sequence representative to OBD demonstration sequence

− Maintenance operation every 30 days

➔Medium consumption reduction with Solid Loop (SL)

− Autonomous operation

➔Process control to be implemented

− Aseptic cultivation condition

➔Hardware sterile design and aseptic operations

10

BRT1 OBD

PBR

GEM

GL 

Inlet

GL 

Outlet

Liquid 

Loop

Crew

Gas Loop

ISS Columbus cabin

O2CO2

O2

O2

CO2

CO2

Solid 

Loop

Solid loop 

Gas sources

Liquid Loop

Harvesting pump

qharvest

Main Pump

qLL

Ambient
Gas exchange 

membrane

P
h
o

to
-B

io
re

a
c
to

r

S
p
ir

u
lin

a
, 

ρ
X

L
ig

h
ti
n
g

 S
y
s
te

m
, 
I 0

Gas Loop

FU

#1

FU

#2

FU

#3Pressure-

Volume

Reserv.

FU

#4

2021 BRT1 BBM

PBR

PV reservoir

GEM

GL

SL

LL



Beyond Gravity Slip Rings SA

Ref. Biorat, MELiSSA demonstration breadboard, Final Presentation 2000

System BBM
Key process variables measurement
• Existing

− Oxygen production measurement

− Measurement: dissolved O2 mass balance before and 

after the GEM

− Hardware: Pyroscience, Firesting O2 & OXROB3

• Upgrade

− Biomass

− Measurement: optical density sensor

− Hardware: Hamilton, Dencytee

− Alternative: software estimator based on O2 

production measurement

− Nitrate

− No online sensor suitable

− Software estimator based on O2 production 

measurement

− NO3 Calibration function needed to correct NO3 

estimator and O2 measurement.
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System BBM Design
Biomass & NO3 management concept
• LL operation at constant biomass concentration (1.5g/L)

• Batch cultivation: biomass increases, no harvesting

• Continuous cultivation: Harvesting flow rate enabled

− Filter Unit (FU) #1 is activated

− Biomass is accumulated in the FU

− Concentrated Zarrouk medium is released in LL

− The other FUs are activated sequentially before NO3 

nitrate depletion

• Maintenance operation: replacement of the  4 FUs.
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System BBM Design 
NO3 management concept , Pros & Cons
• Pros & cons of discrete feeding

+ Less volume medium needed from typically 1.8L/day to 

0.11L/day by

• decoupling between harvesting flow rate & feeding

• concentrated Zarrouk up to (7.3x reference concentration) 

stored in FUs

+ Constant volume operation, fresh medium replaced by the 

harvested biomass in the FUs

+ No dewatering needed for the harvested biomass

-Variation of NO3 concentration in LL

• Switching of FUs & maintenance operation must be 

performed at low NO3 concentration to prevent overshoot

• NO3 concentration variable needed for process control
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System BBM Design
GL Water Retrieval Unit

14

Solid loop 

Gas sources

Liquid Loop

Harvesting pump

qharvest

Main Pump

qLL

Ambient
Gas exchange 

membrane

P
h
o

to
-B

io
re

a
c
to

r

S
p
ir

u
lin

a
, 

ρ
X

L
ig

h
ti
n
g

 S
y
s
te

m
, 
I 0

Gas Loop

FU

#1

FU

#2

FU

#3Pressure-

Volume

Reserv.

FU

#4

WRU

• High pervaporation of LL water through the GEM to the GL

• Need:

− Reduce the humidity rejected in the cabin (Interface Requirement)

• Water retrieval unit is a condenser based on:

− Peltier element for cooling

− Capillary principle for water collection

• Benefits

− Limit the amount of feed medium needed by reusing condensed 

water into the LL
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System BBM Design (RW)
Solid Loop - Requirements

• Key requirements
− Separate biomass and growth medium
− Store the biomass in a safe way
− Recycle the medium to the PBT
− Resupply nutrients (nitrogen)

• Trade-off
− Filtration principle : tangential / dead-end / deep-bed
− Filtration modus : continuous or semi-continuous

• Design parameters
− Cut-off : pore size to separate the Limnopira (10-40 µm)
− Flux : membrane can handle the desired filtrate flux (L/m².d)
− Transmembrane pressure (mbar)
− Holding capacity (g dry matter / m² filter surface)
− Storage capacity (g dry matter / m³ filter housing)

• Material selection
− Compatibility with disinfection methods (chemical disinfection, thermal sterilization, steam sterilization,…)
− Long term storage of filter material
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System BBM Design (RW)
Solid Loop – Feasibility Tests
• Filtration medium tests – deep bed filter sheets Filtrox

16
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System BBM Design (RW)
Solid Loop – BBM Design 
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System BBM Design (RW)
Solid Loop – BBM Design

- Biomass surface load of the filter (BA) : 500 g DM/m² -> 300 g DM/m² max

- Biomass holding capacity in filter house : >= 4 % DM
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System BBM Design (RW)
Solid Loop – BBM Design 
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System BBM Design (RW)
Solid Loop – Steam in place (SIP)
• Sterilisation

− D value: time needed to kill 90% microorganism (reduction of 1 log) at a specified temperature

z value: temperature difference causing a 10-fold variation of D-value, i.e., a variation of one logarithmic 

value of the sterilization time

− Sterilization considered achieved when the microorganism population has endured a 10e6 decay (time = 

6*D)

− Typically: 121 °C during a period of 20 minutes or 135 °C during 10 minutes

− 𝐷𝑇 = D
121
∗ 10

121−𝑇
𝑧 , z= 10°C, Geobacillus stearothermophilus (used for steam sterilization validation) 

D_121 value of 2 min => 95.4 min at 112°C, 0.6 barg (cfr manufacturer)

• SIP: 3 phases
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System BBM Design (RW)
Solid Loop – Steam in place (SIP)

GSE SL

Optional

SL_PMP_80

Steam 

generator

PT
100

SL_PT_100

S

SL_AV_88

PT
101

SL_PT_101

S

SL_AV_90

PT
102

SL_PT_102

SSL_AV_92

PT
103

SL_PT_103

SL_I_106

SL_I_105

SL_RV_107

SSL_AV_94

S

SL_AV_89 SSL_AV_91 SSL_AV_93 SSL_AV_95

SL_F_87

F

SL_FT_104

S

GSE_AV_114

Algae 

suspension

Nutrient

 

GSE_MV_115

 

GSE_MV_116

GSE_E_151 GSE_TNK_140

 

GSE_MV_113

Test gas

 

SL_MV_112

TT
108

SL_TT_108

SL_F_85

TT
109

SL_TT_109

GSE_F_131

SL_E_110

 SL_MV_111

Steam trap

 

GSE_MV_123

GSE_I_150 SL_I_142

SL_I_143

GSE_I_141

S

GSE_AV_132

SL_F_127 SL_F_128 SL_F_129 SL_F_130

GSE_E_124

Manifold

 SL_MV_117  SL_MV_118  SL_MV_119  SL_MV_120

SL_TNK_96 SL_TNK_97 SL_TNK_98 SL_TNK_99

 GSE_MV_122

 

GSE_MV_121

TT
125

SL_TT_125

TT
126

SL_TT_126

SL_E_133

Manifold

 SL_MV_137 SL_MV_134  SL_MV_135  SL_MV-136

 GSE_MV-144

 

SL_MV_138SL_F_139

M
an

ifo
ld

G
S

E
_

E
_1

49

Replaceable Unit

SL_MV_145 SL_MV_146 SL_MV_147 SL_MV_148

21



Beyond Gravity Slip Rings SA

System BBM Design (RW)
CSE Control System Electronic design
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System BBM Design (RW)
CSE Control System Electronic integration
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System BBM Design (RW)
CSE Verification by Simulation
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System BBM Life Tests Results
Process results

• Achievement 

− biomass concentration 0.65g/L (Nominal 1.5g/L)

− O2 production: short therm ~6.4mmol/hr (Nominal 6.75mmol/hr)

− Autonomous operation: 5 days
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System BBM Life Tests Results
Process control results

• Autonomous process control:

− NO3 estimation & live calibration

− No NO3 measurement in orbit

− Biomass estimation

− Light intensity control

− Harvesting fllow rate control

(batch mode)

− SL Filter unit selection

− WRU temperature control
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System BBM Life Tests Results
Sterility/Axenicity issue

• Sterilitisation approach

− LL subsystem➔Chemical sterilization with NaOH solution

− SL subsystem➔SIP (Steaming In Place)

− LL & SL sterile connection

• Results

− Only Partial sterility achieved at subsystem system level

− No sterility at system level/axenic cultivation achieved

• Non-conformance causes

− Heat and alkali-resistant contamination: Bacillus pseudofirmus

− LL intricate geometry and sliding sealing not reachable by NaOH solution

− SL inhomogeneous heat and steam distribution in SIP

• Way-forward:

− Lessons-learned for OBD concept design and next BBM iteration
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System BBM Life Tests Results
GEM Clogging anomaly

• BBM life test was shortened due the clogging of spirulina at entrance 

of the GEM

• Non-conformance cause:

− System BBM life test: spirulina with helix morphology

(LL-PBR Sub-sys BBM life test: spirulina with straight morphology)

• Way-forward

− To procure straight morphology spirulina

− Increase the GEM internal lumen diameter

28
Straight morphology spirulina Helix morphology spirulina
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System BBM Life tests
Biological outcome (UCA)

• Limnospira indica PCC8005 is maintained by subcultures (no possibility to store it in 

freezer)

• Uncontrolled evolution of the strain (adaptation mechanisms):

− Changes in morphology (helix/straight)

− Light or temperature conditions (low/high tolerance)

− …

• These changes can be reversible or not, and mechanisms are not elucidated

• Helix form increases risk of aggregates and clogging

• Strong impact on design
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OBD concept design
Mission objectives and overview

• Objectives:

− Demonstrate recycling of CO2 directly from ISS cabin into O2 for crew by the mean of a 

photobioreactor & spirulina (Limnospira indica PCC 8005)

− Demonstrate autonomous process control:

− Precise regulation O2 production on demand

− Validation of model predictive strategy 

− Generate edible biomass

(operate in axenic conditions, avoiding contamination)

− Demonstrate long term operation (90 days) and controllability

• Operations:

− Autonomous (process control)

− Maintenance operation period 30 day

• Accommodation

− ISS, European Drawer Rack 2 (EDR2)

Installation of EDR2, source ESA

30 International Space Station source NASA
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OBD concept design
BRT1 OBD Feeding/NO3 management

Simplified feeding/NO3 management

• To address:

− Maintenance operation timing constraint

− In orbit, nitrate concentration measurement impossible

• OBD feeding concept:

− moderate Zarrouk concentration 2.5C feeding

(vs 10C in system BBM feeding)

+ Intrinsically safe for spirulina/no op constraint

+ No need of NO3 measurement in orbit

+ 1 Filter unit (instead of 4) per Replaceable Unit

- More Zarrouk volume medium needed

31
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OBD concept design
BRT1 OBD design overview

• BBM to OBD evolution considering system BBM life test inputs
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OBD concept design
LL photobioreactor

• To address former Disk PBR:

− wipers reliability

➔convective mixing approach

− structural strength against internal liquid pressure

➔change to tubular geometry

− sterilization issue

➔PBR compatible with auto-clave
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OBD concept design
LL GEM & pump

Silicone GEM Membrane

• To address former membrane issue:

− non-compatibility to steam sterilization

− Contamination through membrane pores

− Small membrane diameter: risk of clogging

Low pulsation pump

• Improved reliability no-wear components

• Autoclavable pump head

• Low flow pulsation pump

34
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OBD concept design
SL Design

• Simplified Single Filter Unit Design

• Manifold design to improve:

− Compactness

− Temperature homogeneity during SIP 

35
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OBD concept design
BRT1 OBD Accommodation

• An accommodation study performed with OBD concept design

− Fitting one-side of EDR2 in term of:

− Volume, Mass & Power budgets.

− O2 production target adjusted to 4.5mmol/h
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OBD concept design
CSE Architecture (RW Sherpa)

37
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OBD concept design
Communication to ground (RW Sherpa)

38

• Columbus Orbital Facility - Control Centre (COF-CC)

• Maximize the use of commercial off-the-shelf hardware and software for both the 

computing and communications environments. 
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Conclusion
Hardware
• The LL/PBR subsystem BBM life test

− In a chemostat operation

− Non-axenic operation

− Reached the O2 production and biomass concentration

➔Validating the Photobioreactor & Liquid Loop Design

• The system BBM life test (representative to OBD operation)

− Including an advanced biomass & NO3 management

− Including CSE autonomous process control & NO3 and biomass estimator

− Results

− Sensorless-robust nitrate management needed for next iteration

− Non-axenic operation due to sterilization issue➔Axenicity identified as design driver

− Shortened life-test due to GEM clogging issue➔Spirulina interaction with GEM critical

• On Board Demonstrator concept design defined

− BBMs life tests output

− Successful System Requirement Review successful
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Conclusion
CSE & Software (RW Sherpa)

• The design and development approach to integrate and validate advanced control laws 

developed in simulation environment (Matlab-Simulink) to a PLC (Programmable Logic 

Controller) using a standardized coding language is successful.

• CSE permits the system operations in an automated way

− Basic control for maintaining the desired process operation (temperature, pressure, 

flows…) was validated during subsystem functional tests

− Accurate O2 production control based on Model Based Predictive Control was validated 

on system functional tests. To be confirmed for the Life Test campaign

• Estimators based on O2 production: nitrate and biomass give promising results. They will 

be reviewed and optimised in the next phase 

Process control could be partially validated during the life test so that the BBM can operate 

in autonomous way between maintenance. This need to be confirmed.
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Conclusion
Biology

• Sterilization & axenicity

− Difficulties increase with the complexity of the hardware

− Cleaning & decontamination is key to reuse the hardware

➔Sterilization is a key criterion to prioritize in the hardware trade-off

− Heat & base resistant contamination

➔Tyndalisation needed during the sterilization process

• Limnospira indica PCC8005 variability (morphology, tolerance to light intensity, etc.. )

− Need of a better hardware/biology interaction repeatability

➔Approach with a better controlled strain (maintained) such as in ARTEMISS program
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Future work

42

• BBM testing:

• Implement the design upgrades from the BRT1 OBD concept design

• Perform BBM life test

• Sequence representative to OBD demonstration sequence

• 90 days of operation with 30 days of maintenance period

• Autonomous operation with process control 

• Axenic cultivation

• Mature the OBD concept design to preliminary design

• With next-phase BBM life test results

• Pass the Preliminary Design Review

• Perform the safety activity associated to the preliminary design

• Pass the Safety Review 1
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