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MELiSSA (Micro-Ecological Life Support System Alternative)

dﬂ'&‘ » concept inspired from a lacuste (lake) ecosystem
> e gain knowledge on regenerative systems, aiming to the highest degree of autonomy
and consequently to produce food, water and oxygen from mission wastes

operations/functions » (=compartments) which are investigated C4a : photobioreactor — Oxygen + food

l Engineered approach : split the complex system into « unit
separatly (but within the objective of the complete loop integration)

The concept, inspired of aon ecosystem

hv

C1: Thermophilic
anaerobic Bacteria

C4B : Higher

CA4A : MicroAlgae
Plants

and PhotoBioreactor

* Credit : UAB-MELISSA Pilot Plant 2007

C3 : Nitrification Minerals C2: Microbial Electrolysis Cell
Ammonium
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Compartments studies, models & modelling objectives

experimental (to gain) knowledge & mechanisticmodel —  Knowledge model: enables the representation of knowledge and the
F———— division of a process in subparts that can be studied individually, as
rescarmoss | e | well as their interactions.
e B —— | —
=N s v Mechanistic model: it is based on physical, chemical, and biological
= . Jmm;;;;;;;;1;; """""" | laws describing the elemental mechanisms and processes of the
et imesity rfle —  system of interest. Mechanistic models are classified among the

knowledge models.

Deterministic model: for a given input, the model output is always
the same creating a form of determinism between inputs and
outputs of system. The determinism is generally supported by
mathematical expressions and results of calculations. The results are
obtained either by solving systems of equations or by averaging
stochastic calculations (e.g., Monte Carlo simulations). In the last
case, the determinism includes the determination of the average
values and of their standard deviations.
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Compartments studies, models & modelling objectives

experimental (to gain) knowledge & mechanistic model — Understanding (gain knowledge)
et gl e —" Ma ste ry Of the process
o * Characterization (mass-energy balances)
I A Proorniisam W | ° Optimisation /Operation

3| based modsl H
Equilibria ! H
{thermadynamic model) I toe i

. I Radiative model | | o C O N t ro |

State variables & Process parameters [ s I Z I n g

(X, 5, Reactor design, Flows T, light, actions timeline)

Ligth intensity profile o

Rebuit the loop with
models of
compartements

R

C1: Thermophilic
anaerobic Bacteria

LSS functions

1 —atmosphere
2 — water

3 — wastes

4 - food

C4A : MicroAlgae
d PhotoBioreactol

€3 : Nitrification Minerals C2: Microbial Electrolysis Cell
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Initial Food 1

studies, models & modelling objectives/usage

Subsystern

Understanding (gain knowledge)

Mastery of the process
* Characterization (mass-energy balances)
* optimisation/operation
e control
* sizing

[Lig_out_loop]

[weatar_gas)

Management Subsystem

Food

Management Subsystem

3 liafid[__.
distribut] =

Biomass
Management Subsystem

n Demonstrate that MELiISSA is feasible as a LSS

(fulfill functions ? and recycling efficiencies)

2 Highar Flants chambar

C 4a Subsystem version 2

OM woaste Management [ as_te_C4ab]

Subsystem

12 @Plant:0% Rh:0% Sp:100% O Plant:0% Rh:100% Sp:100%
! @Plant:30% Rh:0% Sp:0% @ Plant:30% Rh:0% Sp:100% -
O Plant:30% Rh:100% Sp100% @ Plant:30% Rh:0% Sp:100% Recy 100%
1 15
— — '3
H
0.8 | - o
06 = - - _ - —
04 - = _— - - - —
0,2 1 — 1 — — — —
0 T v r T v -
02 recycling CO2 recycling N Apparent N recycling Srecycling P recycling
recycling
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| Compartments studies, models & modelling objectives
b

Understanding (gain knowledge)
Mastery of the process

Characterization (mass-energy balances)
optimisation/operation

control
* sizing
a Demonstrate that MELISSA is feasible as a LSS
(fulfill functions and recycling efficiencies)

Sizing the compartments for the loop
(scale-up)
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Compartments studies, models & modelling objectives

X ]
Supervisory Controller
Predictive Lurlg—tti::rm State-of-Health
Maintenance operaling Meonitoring
policies
Operating Strategy
exp e ri Desired Operating Points
Tertiary Control
M;g;:’;?:r':d O, Demand of C3 and C5 _  Optimization
System Opt. and Max. Oz Generation Capacity of C4a - System

Optimal operating schedule of C4a and
0, Tank for the next 6-hour horizon

Secondary Control
Objecti
Jectives S Meodel-based Optimization
Prediction System

Constraints =

- Optimized tank flow

-

- Optimized O; concentration of C4a outflow

l— Optimized Valves schedules

Primary Control

Tank
Controller

Pl Valve
Controllers

PFC-based light
Controller

*Control Commands

-

|_|>uur\)|_\|—|

CREDITS :

1: https://www.uts.
research/climate-ch:
x-algae-biotechnolog

2:C. Cuirans etal.,
Ecosystems — Expant
Industrial Electronict

Peristaltic Pump

- Gas Flow

—= Liquid Flow E:] Control valve

walsfs Bunoluop

Understanding (gain knowledge)
Mastery of the process
* Characterization (mass-energy balances)
* optimisation/operation
e control
* sizing

Demonstrate that MELiISSA is feasible as a LSS

(fulfill functions and recycling efficiencies)

Sizing the compartments for the loop
(scale-up)

Operation and control of the loop
(dynamic modelling and physical system)
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dies, models & modelling objectives

Understanding (gain knowledge)

Mastery of the process
* Characterization (mass-energy balances)
* optimisation/operation
e control
* sizing

a Demonstrate that MELiISSA is feasible as a LSS

£ A
Inboard supply
Air, Water, Food . : i icianci
I WAL, ' Crew wastes (fulf|II functions and recycling eff|C|enC|es)

co2 ‘
Water (yellow, gray, black)
Food wastes

Sizing the compartments for the loop "ﬁ'
(scale-up)

LSS resources
| Acid, base, H,0

Production wastes

Wastes

e Operation and control of the loop
(dynamic modelling and physical system)

e ALISSE criteria (sizes; efficiencies)

B & 0 & A 9 O

Mass Energy & Power Efficiency Crew Time Risk for Human Reliability Sustainability
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ﬂliii N 2 ongoing projects around models and control of complex
« systems

e

OSCAR (Optimal System-in-system Control & Architecture)
» Establish an organisational structure for developing knowledge models and control of LSS architecture
* Account for mass and energy balances
* Develop models of kinetic rates, both for physical and chemical and biochemical rate-limiting processes
* Interface the results of simulation with experimental information and strategy of control in the context of
mission scenarios

VARSITY (VARIuS Integration of system sTudY for model based cybernetics for the control of complex systems )

* Review (and update) of the current mathematical models of the MELISSA compartments

* Define a logic and mathematical model for the loop as a network of the different compartments connected by
mass and energy exchange through thermal, bio and chemical processes

» Study, trade-off and elaborate an overall control strategy on the connected loop

* Improve the ALISSE tools as well as its deployment with the Mars Transit Phase
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qﬂ'lm What models are we talking about in MELISSA?
——

Static model: it gives the status of a system at a time t.

Dynamic model: the output of the model is a function of time.

Surrogate model: For a given range of input conditions, a surrogate model provides suitable approximations of the complex model

with the suitable level of accuracy. (CFD model = N-tank in series model ; metabolic pathway model (FBA) - stoichiometric
equation)

Numeric model: Numerical translation (software/languages) of mathematical-knowledge models

Topologic model: it is mandatory for assembling the different parts of the system and describe matter flow, energy flow and
information flows.

Control model: Their study is associated to topologic model (of the complete system). They include the definition of
operating constraints, manipulated variables and action variables. They can be developed on the basis of the
knowledge model to obtain predictive control models.
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Layers 6 — 7 are for
Loop / control /
conception

Knowledge models and the division of a process in subparts

- ‘Brain level : command and '\\\ Layers 1 to 5 are for
‘ pieaniaangn \‘\1 models of compartments
‘\f \ N - “ or unit operatlons
=

General flowsheet

\\’\
4
- £

s

Reactor, Connector, Habitat... \\ \

‘) DA

. \ \ \

. ‘/, ‘\‘ \‘

- |

" 2 -, Common
éoundary layer radiative transfer\ ‘ physical/thermodynamic

» ' / laws and properties must
4 ,/// | be used for all
/Me’iabolic flux and metabolism™ / :

compartments, to ensure
the same description of
all subsystems when
integrating all models
e—Tr-etogether

Interface & kinetics j

Thermo
physics
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Where we are ? How to evaluate the MELiISSA models ?

Model Readiness Level [predictive] Control Model Readiness Level

Control Model proven at system (LSS) level

Control Model demonstrated in integrated operationnal environnement
: integrated in spaceflight LSS

Control model demonstrated in operationnal environment :
spaceflight of the system controlled

Control Model demonstrated in integrated operational/relevant
environnement : integrated in lab/relevant LSS

Model validated at operational scale with the required
accuracy and confidence for the required range of variables

Model demo ation at relevant scale

Model validation and demonstration at different scales: lab
scale, pilot scale

Numeric model analysis: sensitivity analysis

Numeric model calibration: identification of unknown parameters
Development of the numeric model: i/0 vectors, variables, parameters
Formulation of the assumptions and hypotheses of the model
Establishment of the general theoretical framework and
approach

Definition of the general characteristics and objectives of the

Control model demonstrated in lab/relevant environment :
limited to the perimeter of the system

DEVELOPMENT DEPLOYMENT

Control-model development — systems/hardware/software integration

Numeric system model demonstration in lab/relevant environment
(calibration/validation)

Numeric (informatic) theoretical system model development

Mathematical theoretical-system formulation of the model :
Variables(action/measured/predicted) ; perimeter / level of description; Theoretical
analysis of the system of interest

RESEARCH

RES[LRCH DEVELOPMENT DEPOYMENT

model: range of applicability, requirements, knowledge, scale-up and down
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Model review for MELiSSA knowledge and control : C4a

Process :
Air-Lift photobioreactor — characteristic time : ~ 100 h. —size ~ 100L /1 man (5-10% of O, needs)

Functions:
Oxygen producer , CO, consumer , Food (spirulina) producer

Model status [MELiSSA] :

Dynamic model : [PhotoSim] — L. indica (spirulina) growth in autotrophy (Nitrate or Ammonia
source) + Light transfer model 2-flux surrogate model (flat or cylindrical reactor) + perfectly mixed
reactor / Air-lift MPP reactor / Membrane photobioreacor

MRL : 8-9

Usage : Compartment simulation/control ; Complete loop steady state ; partial loop (C3+C4a+C5)
dynamic and control model ; small size microgravity reactor (ArtemlSS)

Current development:
Update of model for LED — High flux + Air-lift
Upgrade for mixed N sources (Nitrate+Amonia+Urea)

Bottleneck for modelling (not fully solved) :
Lower Growth/productivities predicted with the new air-lift design (LED + High light flux + low
residence time)




== <l
Brain level : command and N
organisation
Y L
s

General flowsheet

; ’Q ﬂ.&\ ) H PSIM.M (namely PhotoSim) and the 7

layers structuration [

Interface & kinetics

Thermo

physics
out
*

Downcomer 0 Riser

- Perfectly mixed lig. v - Perfectly mixed lig.

- pH equilibria b - pH equilibria

-Nogas . - Gas mass balance
i - Gas/Lig transfer
P
il
b —ci
P tic
i
i om
P
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|

p ‘ Photobioreactor model (ODE)
\
)¢ . 1 S o ,
| A Airlift Reactor model R | Growth Kinetics rate Biokinetic coupling )
e e ()= =f) py PKEay B X
Pe rfectly mixed Liquid mass balance model : T Stoichiometry ;
H Gas mass balance model i Biological model p P
Membrane PhotoBiobreactor | Wi e Thomodynaric xeps = 133 (5= — 123); L e
=» based model e
Equilibria !
(thermodynamic model) i 1 vilo
:.............G..a.s ............................... L;;I.m i Radiative model Two flux mOdeI
Temp.,Volume, P, Temp., pH, Volume booomooooTTTIS 1 —————————————

Gr <n + 2) 1,(67)

[CO,] 4= [HCO, J¢= [CO,2] i I,(8L) + a.1;(8L)

VeolOr %CO2, O Peoy) Co2 * : State variables & Process parameters
NI NN NN I NN NN NN NN NN E NN NN NN NN NN NN NN EEEEEEEEEEEEEY (XI Sil Reactor designl Flows -I-I |ight , actions timeline)

%_ n+1

- 1/ 1 JR Gz d
'8_)/ mR? L0K+GZZ
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% Lights C4a
100 T

IVi ’Q“‘ T i j i i j i i Usage : ligth control C4a-C5

03?13116 0320 0327 04/03 0410 04nT 04/24 05/01 0508 (at va riou S 02 setpoi ntS)
Cla 02 measure(tiue) [Credit : sherpa]

23
22
® 21
20

19 1 i i i i i
0313116 03120 0327 0403 0410 AT 04/24 05/01 05/08

Usage : 02 productivity prediction

3500 .
- ——— Usage : operating ranges for
g a,= .m
10.05 3000 - q,=275 W.m 2 PBR
0.12 - B »
40.045 q0—200 W.m
0.1 10.04 _ 20008 9=125 Wim ™ Predicted operating conditions ( input gas
— 0035 E 2000 | Ycop and input liquid TIC) to keep for the
£ 0.08- 658 > MPP Air-lift at HRT = 100h and pH 9.5 and
X : = . )
- Hiki - F 1500 .recycllng atmosphere for a 3 rat mock
a = crew
0.02
5.4 1000
e operation shall be :
0.02 e 500 - above dotted line to avoid C-limitation
- RCR 0.005 . ~ (limiting factor >0.85)
S e an (b B mea ad v 16 18 2 -below plain line to have < 0.2% y, at

g, (W.m) output.
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Models review for MELiSSA knowledge and control
¢ gh (fast summary)

-

Model status

Process Function Static Dyn. Usage Dev. Bottleneck
C1 An. Thermo. oM --> v X Loop Steady State  Consortium caracterisation; Feed complexity ; Consortium evolution ;
Digestor / VFA+CO2+NH3 Meta omics ; Thermomel Reactor heterogeneity ; SS instability
Membrane
C2 An. MEC VFA -->C02 + H2 v X Loop Steady State  Hardware ; experiments ;
Dyn. Model.
C3  Aero.FBR NH3 --> HNO3 v v FBR & Loop Steady Aero MABR
State & dyn &
control
Aero . MABR Urea --> HNO3 v X Loop Steady State  Dyn. MABR Biofilm<>Membrane
C4a Aero.PBR 02/C02; food; v v PBR & Loop Steady Update for LED High Flux - deviation for LED High Flux - High HRT
State & dyn & High HRT
control
Cab HPC 02/C0O2; food;water ¥ v % Sim Loop Steady Plant Characterisation Units ;
State coupling Gas dyn<>plants
growth ;
HPC Gas Gas exchanges & v' % HPC gas exchanges rate limiting processes microgravity ;
flows dyn root/shoot connected models
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Bioreactor C1

Crew—Cdenam'C/ Bioreactor C2
Y

/A —

R
' — “ .
“ A"“"}\\ FE)SII:/r :jf:)?rrocl?hi-c

@

Crew —C5

kS
Sa%

N
\\§\5‘3

Bioreactor C3 -
MABR/Urea

AR\

HPC-[C4b] Plants Photo-Bioreactor C4a

Models review for MELiSSA knowledge and control
(MRL)

Models with MRL > 4 -5 usuable for control models
C4b (photobioreactor) and C3 (FBR nitrification) fully develloped
In devellopment/improvement : C2 , C3-heterophic/MABR , C4b

In term of mechanistic/predictive modelling C1 is the most
complex one (even if anaerobic digestion is a well known process)
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MELIiSSA loop

Static model for the full loop (with former C2 compartment)

Initial Food
77y O s B
[(Foodl > ——— W rd'is

T4
L
[drink_water] u:f[ I\-JLJ
b

Gas
management

Liquid
management

Food

Out_liquid  Liquid €2 (236)

Cab subsystem
& Higher Plants chamber

Waste
management R
[ ca_soe |

OM waste Management
Subsystzm

Model status [MELiSSA] :
Usage : scenario / efficiencies /
sizes (volume of reactors)

Current development :
Refurbishing of the structure
(state vector / models + surrogate
models / introducing dynamics
model and 1srt order models for
mass balance models)
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- MELIiSSA loop
s

— dynamic model for the partial loop (C3+C4a+C5)

giEEEEEEER
“

7

Model status [MELiSSA] :

Usage : built in parallel with the
MPP integration steps — control
strategy + definition of functional
tests of the loop

Current development :
Refurbishing of the structure
(state vector / models + surrogate
models / introducing dynamics
model and 1srt order models for
mass balance models) 2 toward a
tool for both dynamic and steady
state, integrating the MELISSA
model whatever is itscurrent
devellopment status
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MICRO-ECOLOGICAL
LIFE SUPPORT SYSTEM
ALTERNATIVE

MODEL STRUCTURATION AND REVIEW FOR MELISSA

KNOWLEDGE AND CONTROL.
THANK YOU.

p—— Laurent POUGHON /aurent.poughon@uca.fr
, iversiTé INP Lucie POl'JLET
LT P Auvergne Claude-Gilles DUSSAP
Institut Pascal , www.institutpascal.uca.fr
Marco GATTI

@ ENGINSOFI- Erik MAZZOLENI

Lorenzo BUCCHIERI

Philippe FIANI www.melissafoundation.org

?wlj NEE':jRI:l)é Olivier GERBI Follow us on social networks !
2 Benjamin THIRION 0 @ 0 o @
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