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Bioregenerative life support systems (BLSS) are the foundation stone to self-sustainable
manned space missions. The MELiSSA is a BLSS concept that has evolved through a
mechanistic engineering approach designed to acquire both theoretical and technical
knowledge on each subsystem independently and, therefore, produces the necessary
knowledge and experience needed to co-integrate all the subsystems together with a high
level of control. One of the subsystems is a photobioreactor colonized by an axenic culture
of the cyanobacterium Limnospira indica PCC8005 for revitalizing the air for the crew. This
subsystem was extensively studied, and a mass balanced mechanistic model was
developed to describe, predict, and control the photobioreactor. The model was
based on a light transfer limitation model coupled to a kinetic model for the
cyanobacteria growth through a Linear Thermodynamics of Irreversible Processes
(LTIP) approach, including substrate limitation. The model was integrated into several
hydrodynamic models adapted to several photobioreactors design and experiments, from
a 100 L airlift pilot scale ground photobioreactor to a 50 ml membrane photobioreactor for
ISS flight. Through this article we detail the principles of this mechanistic model and their
application to different photobioreactor scales for predictive and descriptive simulations.

Keywords: radiative transfer model, Growth model, bioregenerative life support system, Limnospira indica,
MELiSSA loop

INTRODUCTION

MELiSSA (Micro Ecological Life Support System Alternative) is an international effort developing
technology for regenerative life support to enable long-term human exploration missions in space.
Inspired by an aquatic ecosystem, it is conceived as a loop of interconnected bioreactors providing the
basic functions of life support (Lasseur et al., 2010; Lasseur and Mergeay, 2021). MELiSSA has six major
compartments (C1-C5) or subsystems, coupled together in a closed circulatory loop. Respectively, it involves
an anaerobic digestion compartment (C1) followed by an anaerobic mineralization compartment to
completelymineralize the organicwastes (C2), an aerobic nitrification compartment for ammonia and urine
oxidation (C3), a photobioreactor (C4a), and a higher plants chamber (C4b) for air revitalization and to
supply the crew compartment (C5)withwater and food. Comparedwith their Earth counterpart, the drastic
reduction in size of artificial LSS, the few degrees of freedomof BLSS, the presence ofmultiple producers and
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consumers, tight technical and operational restrictions, and the
different dynamics interacting within and between different
compartments result in a complex control problem that requires
the replacement of the stochastic “natural” control by a brain-level
(intelligent) control. So, it was obvious that an engineering approach
for MELiSSA development was mandatory. On one hand, all unit
operations in charge of the elementary functions constitutive of the
entire Life Support System (LSS) are studied, up to a thorough
understanding. On the other hand, the systemic approach of
complex, highly branched systems with feed-back loops is
performed. Intelligence of the system is based on the adequacy of
the knowledge models for representing each unit operation and their
interrelations in a suitable degree of accuracy and adequate range of
validity of the models for implementing a hierarchical strategy of
control. Such amechanistic modeling is a key stone for supporting the
understanding and the maturity of the knowledge of a compartment
required, to integrate it in a complex recycling system.

The present work concerns the fourth MELiSSA compartment
(C4a), which is the photosynthetic microalgae compartment in
charge of producing part of oxygen for the LSS and converts part
of waste nitrogen into consumable biomass material. A detailed
mechanistic understanding of a light energy transfer mechanism
in dense and absorbing media has permitted linking the metabolic
activity of the microbial photosynthetic cells to the mixing properties
of the reactor and to the light energy supply by external light sources.
This has offered the possibility to control the productivity of C4a by
modulating the external light supply, to satisfy a fluctuating oxygen
demand. It has been shown that it was absolutely mandatory to
develop an as complete as possible knowledge model for associating
metabolism determinism with physical transfer limitation and
mixing properties of the bioreactor. This modeling level has been
achieved by integrating both radiative transfer mechanisms and
thermodynamic constraints imposed on cell metabolism, including
detailed light energy conversion mechanisms at the photosystems
level. This level of understanding has been progressively developed
during the past few decades by the MELiSSA team, leading to
engineering different types of photobioreactors of different sizes.

The present article presents the progressive steps for developing
such advanced knowledge models of microalgae photobioreactors
and the elemental bricks of science that are necessary to assemble to
achieve the suitable level of understanding for including
photobioreactors in an LSS such as MELiSSA. Two examples of
applications of the photobioreactor model are presented, the first one
being related to the operation and control of a pilot scale 80 L airlift
photobioreactor operated for years at the MELiSSA Pilot Plant at the
University de Barcelona in real life support conditions, the second
one being a miniaturized 50ml membrane photobioreactor that has
been operated during 4 weeks inmicrogravity aboard the ISS in space.

GROWTH MODEL FOR
CYANOBACTERIUM LIMNOSPIRA (AKA
ARTHROSPIRA OR SPIRULINA)
The mechanistic growth model proposed was developed for
Limnospira, previously called Arthrospira and also commonly
known as “Spirulina,” which is the cyanobacteria grown in the

C4a photoautotrophic compartment of the MELiSSA loop
(Lasseur et al., 2010). The strain used in MELiSSA is
Limnospira indica PCC 8005, a Gram-negative photosynthetic
cyanobacterium, from the “Pasteur Culture Collection” (PCC),
which was cultivated and maintained in axenic conditions.
Recently, taxonomic classification of cyanobacteria has been
revised and a new genus, Limnospira, and species indica has
been established in place of the former Arthrospira sp. PCC 8005
(Nowicka-Krawczyk et al., 2019).

The growth model detailed here was first proposed by Cornet
et al. (1998) as “PhotoSim.” This model has been extended and
improved since 1998 up to a complete modeling approach for
photobioreactors and photoreactors for synthetic photosynthesis
(Dauchet et al., 2016). This mechanistic growth model is one
brick in a complete photobioreactor model (Figure 1). It predicts
the growth and the oxygen production rates, and the biomass
composition. It includes the mass balance constraints of L. indica
as a function of reactor design and operating conditions (incident
light), so that it can be used for various purposes and reactors. It is
composed of two sub-models. The first one is a radiative transfer
model, predicting the light distribution in the reactor. The second
one is the biological model itself, predicting the biomass
composition, the stoichiometric equation representative of cell
growth, and the rates as a function of the previously predicted
light distribution profile. The growthmodel presented and discussed
hereafter is the essential part of the PBRmodel and is associated with
a second brick, the reactor model, describing flow dynamics and
mass transfer. The simplest approach used to describe the dynamic
of a reactor is to consider a perfectly mixed reactor for both liquid
and gas. The validity of this assumption is checked by either
experimental methods (Residence Time Distribution) or
numerical methods (Computed Fluid Dynamics). The results
presented in the present article consider only perfectly mixed
reactors (at least for the liquid phase), but depending on the
design and operation of the reactor, the perfectly mixed
assumption may not be satisfied, impacting mass and energy

FIGURE 1 | Principle of the modeling of photobioreactors using the LTIP
growth kinetic model (dashed selection) as an elementary brick.
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transfer. It must be outlined that the growth model proposed can be
used for a non-perfectly mixed reactor by using a more complex
reactor model with a discretized approach for example.

Radiative Transfer (Light) Model
A cell culture in photobioreactor (PBR) is heterogeneous in terms
of light availability. The first approximation consists in
considering that the system is uniformly distributed according
to the direction of the light illumination. This direction is the
depth (z) for the flat reactor with one or two sides lighted and the
radius of the reactor (r) for cylindrical reactors (Supplementary
Figure S1). The attenuation of light inside a photosynthetic
culture can be calculated by determining the value of
irradiance, G (z) (W.m−2 or μmol photons m−2.s−1), for any
depth (z) or radius (r) of the culture, following the two-fluxmodel
analytical solution of one of the dimensionless equations (Eq. 1,
Eq. 2, or Eq. 3) (Cornet and Dussap, 2009), respectively, for a flat
reactor geometry with one side lighted, or flat two sides lighted
and/or a cylindrical reactor radially lighted. Even if these
analytical solutions result from a simplified approach of the
problem of light diffusion, these equations have already been
proved efficient in several studies (Cogne et al., 2005; Ifrim et al.,
2014; Pruvost et al., 2016):

Gz

q0
� 2(n + 2

n + 1
) (1 + α)eδ(L−z) − (1 − α)e−δ(L−z)

(1 + α)2eδL − (1 − α)2e−δL (1)

Gz

q0
� 2(n + 2

n + 1
) eδz ((1 + α) + (1 − α)e−δL) + e−δz ((α − 1) + (1 + α)eδL)

(1 + α)2eδL − (1 − α)2e−δL (2)

Gr

q0
� 2(n + 2

n + 1
) I0(δr)

I0(δL) + α.I1(δL) (3)

Here, n is the degree of collimation for the radiation field: n � 0
for isotropic intensities and n �∞ for collimated intensity. For L.
indica, collimated intensity is assumed, so (n+2n+1) � 1.

In is the modified Bessel function of the first kind.
δ � (n+2)

(n+1)X
��������
Ea(Ea+2bES)

√ is the two-flux extinction coefficient and

is a function of the time-dependent biomass concentration;
α �

�������
Ea

(Ea+2bES)
√

is the linear scattering modulus.

Ea and Es are the mass absorption and the mass scattering
coefficients and b is the backward scattering fraction
(dimensionless). These optical and radiative properties are
determined experimentally by spectrophotometric tools and for
Limnospira indica PCC 8005 specifically. They are important
variables describing the so-called shadow effect and how the
absorption of light intensity is occurring in the dense media. For
Limnospira indica PCC 8005, the Ea, Es, and b values are respectively
300, 1,100m2.kg X−1, and 0.03 (Rochatte, 2016). q0 represents the
hemispherical incident light flux or photons flux density (PFD). X is
the biomass concentration inside the photobioreactor and L is the
depth or radius of the photobioreactor. From a biological point of
view, photosynthesis is driven by photon flow (µmol.s−1) and
wavelength. The presented expressions of the radiative model are
used for a single-photon wavelength and integrated over the
spectrum of the light source. The radiative model used for the
growth model (Figure 1) is an integrated expression over the light
spectrum. Therefore, the radiative properties and the irradiance are

averaged values that should be calibrated for the light spectrum used.
The parameters used in this article are for a white lamp spectrum.

The radiative transfer model allows calculating the light
availability that is defined by the liquid volume fraction: c �
min(1 , L0

L ) , where L0 is the depth for which light intensity is
equal to the light compensation point. Thus, c represents the
illuminated fraction of the reactor and depends on the incident
light intensity and the biomass concentration. To control the
productivity of a photobioreactor via light availability, one should
keep at all times c <1, i.e. the cell culture is maintained and grown
in light-limiting conditions.

Biological Model
The biological model is composed of the growth kinetic model,
accounting for the photosynthetic activity of the cells, and for the
stoichiometry of the photosynthetic growth leading to the
relationships between the compounds consumption (nutrients)
and production (biomass) rates.

A single mass and elemental (C, H, O, N, S, P) balance
supported by the stoichiometric equation (Eq. 4) was obtained
from a structured approach of themetabolism of Limnospira indica
PCC 8005 including anabolic reactions rates coupled to the rate of
chemical energy carriers (JATP) and of reduced power cofactors
(Jcov) driven by photosynthesis (Z scheme) (Cornet et al., 1998). In
this equation, xEPS is the molar fraction of exopolysaccharide in the
total biomass, so that the stoichiometric equation accounts for
variable coefficients and a variable biomass composition,
depending on the light energy transducing process.

CO2 + (0.673 + 0.137 xEPS)H2O + 1.192 (1 − xEPS)HNO3

+ (0.005 + 0.01xEPS)H2SO4 + 0.06 (1 − xEPS)H3PO4

→ CH1.566+0.084xEPSO0.405+0.545xEPSN0.192(1−xEPS)S0.005+0.010xEPSP0.060(1−xEPS)
+ (1.444 − 0.484xEPS)O2

(4)

It was demonstrated (Dauchet et al., 2016) that the energy
transducing process can be described by the ratio (JATP)/
(Jcov), which is termed the P/2e− ratio, and thus can be
handled with the theory of the linear energy converter in
terms of Linear Thermodynamics of Irreversible Processes
(LTIP) as:

xEPS � 1.33( P
2e−

− 1.23)with P
2e−

� (1 + 0.91x)
0.91(0.91 + x) (5)

where x is obtained as the solution of the following second-order
equation:

0.91(1 + 1.82x + x) − (0.91 + x)(1 + 0.91x)(1 + β) � 0 (6)

β � 1
c
⎛⎜⎜⎝1
L
∫L0
0

Gz
K + Gz

dz⎞⎟⎟⎠ (7)

for a flat reactor geometry with one side lighted

β � 1
c
⎛⎜⎜⎝1
L
⎛⎜⎜⎝∫L0

0

Gz
K + Gz

dz + ∫L
L−L0

Gz
K + Gz

dz⎞⎟⎟⎠⎞⎟⎟⎠ (8)

for a flat reactor with two sides lighted
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β � 1
c
⎛⎜⎜⎝ 1
πR2

∫R
L0

Gz
K + Gz

dz⎞⎟⎟⎠ (9)

for a cylindrical reactor radially lighted The kinetic of growth
associated with Eq. 4 is equal to the average photosynthetic
growth rate, <rx>, calculated for the full liquid volume of the
reactor by integrating the local light flux G(z) along the culture
depth (Eq. 10) (Cornet et al., 1998; Cornet and Dussap, 2009).
The respiration of Limnospira indica PCC 8005 in the dark was
assumed to be negligible for a perfectly mixed illuminated
bioreactor with a low residence time of the liquid medium in
the dark zone, so that only the illuminated fraction of the reactor
was really active and contributed to the growth:

rx � (1 − fd) ρM Φ K Ea c β X (10)

fd is the design dark fraction of the reactor, ρM the maximum
energetic yield for photon conversion, Φ the mass quantum yield
for the Z-scheme of photosynthesis, K the half saturation
constant for photosynthesis, and β calculated depending on
the reactor design (Eq. 7, Eq. 8, and Eq. 9).

Therefore, this average photosynthetic growth rate considers the
light limitation, but not other limitations such as substrates
concentrations, effect of temperature and of pH. For substrates,
a Monod limiting term was multiplied to rx for each substrate. In
real culture conditions, the inorganic N, S, and P sources used in Eq.
4 are under their dissociated ionic form. The proportion of
dissociated forms for CO2 and H3PO4 are dependent on pH.
Even if the carbon source is written in the form of CO2 in Eq.
4, in practice both dissolved CO2 and HCO3

− support
photosynthesis. But as pH 9 ± 1 is optimal pH for the growth
of L. indica, the carbon source is mainly present in the liquid phase
in the bicarbonate, HCO3

− form. For the same reason, the P source
is mainly in the H2PO4

− form. TheMonod half saturation constants
forNO3

−, SO4
2−, andH2PO4

− are respectively 8.5 10–5, 2.6 10–5, and
2.8 10–5 mol.L−1 (Cornet et al., 1998). For the carbon source,
because of the intracellular bicarbonate accumulation mechanism
and the influence of both light limitation and pH, it was difficult to
get reliable values for half saturation constant from the literature
and depending on the reactor model developed (accounting or not
with pH and substrate dissociated forms) it was chosen for the
model that the limiting term can be calculated either for both CO2

andHCO3
−, or only HCO3

−, or TIC (Total Inorganic Carbon), with
respectively the following Monod half saturation constant, 1 10–6 ,
5 10–3, and 1 10–3 molC.L−1.

According to Cornet et al. (1998) temperature can be also
taken into account for the calculation of rx , using the corrective
factor for temperature (optimal temperature � 34.7°C):

f (T) � 1.95 1014 e(−8.3 104
R T )

1 + 2.71 1036 (−2.16 105
R T ) (11)

with R the perfect gas constant (8.314 J.mol−1.K−1) and T the
temperature (in K).

FIGURE 2 | Illuminated fraction predicted by the radiative transfer model.
1FR—one-side lighted flat reactor; 2FR—two-side lighted flat reactor;
RCR—radially lighted cylindrical reactor.
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The kinetic rate of each compound (i) involved in the mass
balanced growth equation Eq. 4 is calculated as:

〈ri〉 � Yi/x〈rx〉 (12)

where Yi/x is the mass yield in g(i). gX−1 calculated according to
the stoichiometric coefficients of Eq. 4 and 〈rx〉 the biomass
growth rate calculated with Eq. 10.

MODEL FOR THE PREDICTION OF LIGHT
DISTRIBUTION, BIOMASS COMPOSITION,
OXYGEN PRODUCTIVITY, AND CRITICAL
SIZE FOR THREE PHOTOBIOREACTORS
DESIGN

The first usage of the growth model of L. indica is its application
with the three designs of reactor considered in the radiative
transfer model, namely the one-side lighted flat reactor (1FR),
the two-side lighted flat reactor (2FR), and the radially lighted
cylindrical reactor (RCR). The simulation results presented here
were obtained assuming no compound limitation, which also
implies no pH-related equilibria for substrates and perfectly
mixed reactor without other physical limitation than the light,
and a white lamp spectrum for the light source. In such
conditions, the four parameters required for the model are the
characteristic dimension (L) of the reactor (the depth for flat
reactor and the radius for the cylindrical reactor), the design dark
fraction of the reactor (fd), the biomass concentration (X), and the
light incident flux (q0). fd was taken equal to 0, meaning that all
volume of the reactor is lighted. The dimensions, L, are 0.1 m for
1FR, 0.15 m for 2FR, and 0.075 m for RCR that are classical
dimensions for laboratory scale pilot reactors (5–100 L).
Simulations were done over a range of 0.01–2.5 gX.L−1 and
2–350W.m−2.

The light availability defined by the lighted liquid volume
fraction c as predicted by the radiative transfer model is presented
in Figure 2. For the one-side and two-side flat reactors, as
normally attempted by their respective design (0.5L2FR/L1FR �
0.75), the asymptotic value of c for the same biomass has a
relative ratio c1FR/c2FR of 0.75. It can be noted that for the three
designs, the value of c quickly decreases, even with a relatively low
concentration of 0.56 gX.L−1 and for an incident light of 150W
m−2, which is an average value used at laboratory scale artificially
lighted photobioreactors, c is respectively equal to 0.33, 0.44, and
0.72 for 1FR, 2FR, and RCR. For 2FR, the shape for 0.29 gX.L−1 is
classical for two-side lighted reactors (Supplementary Figure
S2). It is important to recall that the prediction of the depth of the
reactor illuminated, represented by the c value, is a key
parameter for the prediction of the metabolic P/2e−

(Supplementary Figure S3) and therefore for the calculation
of the biomass composition and growth rate.

The mass fraction of exopolysaccharide (EPS) predicted for
different incident light fluxes conditions using the LTIP model
(Figure 3) is consistent with experimental observations and
metabolic analysis of Limnospira indica PCC 8005 growth in
the photobioreactor (Cogne et al., 2003). For P/2e− values greater

than a thermodynamic threshold of 1.5, the light energy absorbed
by the microorganisms is above their metabolic capacities and
leading to physiological limitations. If from a numerical point of
view, it is possible to solve the mass balance equation (Eq. 4, Eq.
5), such solutions are not possible from a biological point of view
so that they were highlighted as black dotted area in Figure 3 and
Figure 4. Cogne et al. (2003) have indeed demonstrated by
analyzing the metabolic network of L. indica (formerly called
Arthrospira platensis) that the metabolic constraint of converting
NADH,H+ into NADPH,H+ (which is the only form regulated by
photosynthesis) can only be achieved via a shunt of
phosphoenolpyruvate (PEP) to pyruvate through PEP
carboxylase. Calculating the metabolic fluxes for various
P/2e−values has led us to demonstrate that an upper limit near
1.47 exists for the P/2e−. This threshold limit corresponds to a
metabolic flux through the shunt tending to 0. This upper limit is
close to the thermodynamic threshold of the P/2e− of 1.5. It can be
observed in simulations, especially for RCR (Figure 2,
Supplementary Figure S3), that the prediction of the
metabolically unfeasible domain is very sensitive to the value
of this threshold. For example taking a threshold at 1.482 (∼99%
of 1.5) predicts that at 350W.m−2, even at 2.5 gX.L−1 L. indica is
above its metabolic capacities (Supplementary Figure S4). As a
consequence, this permits drawing the conclusion that the
behavior of the cyanobacteria is more difficult to predict at
high light flux in radially lighted cylindrical, where the high-
intensity radiative energy is more homogeneous than in flat
reactors where the presence of a dark zone buffers the average
high light energy availability. In the same way, this also permits
deriving that the lighting conditions need to be reduced at low
biomass concentrations, i.e. at the beginning of a batch culture
after the inoculation, to start the culture without inhibition by a
surplus of light energy (also called photoinhibition).

For Continuous Stirred Tank Reactor (CSTR), in steady state,
the dilution rate (D) is expressed asD � 〈rx〉

X , so that the biological
model is used to predict the oxygen productivity and the feasible
operating domain (D, q0) for CSTR (Figure 4), assuming no other
limitation than the light in the reactor (especially no substrate
limitation for the growth). The presented results were obtained
considering a maximum biomass concentration of 2.5 g.L−1. For
higher biomass concentrations, it is possible to operate CSTR at
lower D than the ones presented in Figure 4. As previously
discussed, the metabolically unfeasible area (for P/2e−>1.5) is
indicated and reduces significatively the operating domain of
CSTR. Considering the area/volume ratios 10, 13, and 27 for 1FR,
2FR, and RCR respectively, it is obvious that O2 volumetric
productivity (g.L−1.h−1) is much higher in the radially lighted
cylindrical reactor. It is also observed that when the cylindrical
PBR is operated at the highest O2 productivity, the range of
possible dilution rates is reduced compared to that for the flat
reactors (Figure 4). The simulations also highlight that it is
difficult to operate RCR as CSTR at steady-state and high light
incident flux. This is consistent with the assumption that when P/
2e− is close (i.e., 99%) to the threshold of 1.5, which is the
theoretical thermodynamic limit for the continuing metabolic
activity, the operation of the CSTR is predicted impossible for
incident intensities greater than 350W.m−2 for a biomass lower
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than 2.5 g L−1 or D > 0.012 h−1 (Supplementary Figure S4).
Finally, it is possible to use the model to estimate the critical
characteristic dimension of the PBR for example for a given light
flux in function of the biomass concentration attempted in steady
state (Figure 5).

MODEL FOR OPERATION OF THE C4A IN
MELISSA PILOT PLANT

The MELiSSA Pilot Plant was developed with the main goal of
demonstrating long-term continuous operation feasibility of the
MELiSSA loop under the supervision of a control system at a
pilot-plant scale. In the MPP, the different compartments have
been scaled up to achieve the oxygen production equivalent to the
respiration needs of one human, with 20–40% concomitant
production of food (Godia et al. 2014). The photosynthetic
bioreactor (compartment 4a in the MELiSSA loop) is an 80 L
cylindrical radially lighted external-loop gas lift photobioreactor
providing between 5 and 10% of oxygen requirements for one
human. Alemany et al. (2019) have demonstrated the validity of
the radiative transfer model with a series of experimental tests of

FIGURE 3 | EPS biomass fraction predicted. 1FR—one-side lighted flat reactor; 2FR—two-side lighted flat reactor; RCR—radially lighted cylindrical reactor. Dark
dot area is the metabolically unfeasible domain predicted for a P/2e− > 1.5. White dashed line gives the 35% EPS limit and plain white line gives the 39% EPS limit.

FIGURE 4 | Volumetric oxygen productivity (in g.L−1 h−1) in steady-state CSTR for an operating domain for biomass ranging from 0.01 to 2.5 g.L−1. 1FR—one side
lighted flat reactor; 2FR—two sides lighted flat reactor; RCR—radially lighted cylindrical reactor. Dark dot area is the metabolically unfeasible domain predicted for a
P/2e− > 1.5.

FIGURE 5 | Calculation of the radius for a cylindrical PBR for the growth
of L. indica without other limitations than light in continuous steady-state and
for light incident flux of 200 Wm−2, as a function of biomass concentration and
for three criteria, γ � 1, P/2e− � 1.5 and P/2e− � 1.482.
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gas-connected C4a and mock-up crew compartment (C5) that
has been conceived and operated as a 3-rats’ isolator. The
photobioreactor model used by Alemany et al. (2019) is a “N-
tank in series”model to characterize the nonideal mixing status of
both liquid and gas phases into the 80 L air-lift PBR that is used.
The biological model relies on a former approach of L. indica
growth with a model based on separate kinetics for active biomass
synthesis (proteins and main cell constituents) and
exopolysaccharides (EPS).

The results obtained for a newer version of the MPP-PBR,
which has been refurbished with an efficient LED-based
lightening system, are presented hereafter. This equipment
allows reaching up to 364W.m−2 for incident light energy flux
for the C4a. The LTIP model used for the growth of L. indica was
associated (Figure 1) with a reactor model for the air lift PBR
considering riser/downcomer sections. The reactor is sketched as
a series of two perfectly mixed reactors for the liquid phase, one
for the riser and one for the downcomer. The gas phase flow is
represented by a plug flow model in the riser, which means the
mass transfer driving force for gas/liquid exchange has to be
considered a Log average between the top and the bottom of the
column for the gaseous compounds (Figure 6). The TIC (i.e., all
dissociated forms of CO2) are calculated considering the pH
equilibria of CO2<-> HCO3

−<-> CO3
2−, coupled to the CO2 gas/

liquid mass transfer and equilibrium. The mass balance equations
of the PBR are written and solved for each section. For
simulations, the following parameters were used: liquid
volume of 83 L, gas volume of 1 L, design dark fraction ( fd) of
0.2, column radius of 0.075 m, gas flow rate of 2.8 NL.min−1 (NL
is the gas volume in L measured at 1 atm and 0°C), pressure in the
headspace of the reactor 1 atm, temperature of 36°C TIC are taken
as carbon source in the model instead of only HCO3

−.
The accuracy of model prediction is compared for four steady-

state experiments (SS1, SS2, SS3, SS4, with four different dilution

rates) obtained atMELiSSA Pilot Plant (Table 1). At D � 0.01 h−1,
the TIC limitation is predicted, indicating a fair consistency
between observations and simulation. It is also to outline that
for D � 0.025 h−1 the experiment has failed for an incident light of
364W.m−2, which is consistent with the former predictions on
the effect of light energy inhibition at high intensities and
the maximum value of P/2e− and the threshold that is reached
at the metabolic level when the metabolic flux of the
phosphoenolpyruvate (PEP) shunt was decreased to 0. In
engineering terms and bioreactor control, it was necessary to
decrease light energy flux down to 250W.m−2. The C4a MPP
column, with a radius of 0.075 m, can be compared to the ideal
RCR reactor (Figure 3, Figure 4). Interestingly, the previous
conclusions obtained for bench scale reactors, when the operating
conditions are too close to the metabolic P/2e− threshold, remain
fully valid for the real pilot-scale reactor, having a much more
complex liquid and gas phases behaviors.

Therefore, the model suitably describes and predicts the
dynamic growth of the microalgae and the productivities (O2

production and CO2 uptake rates per unit of time and of PBR
volume) for a large set of PBR operating conditions. This has been
described in literature for various reactor designs (Cogne et al.,
2005; Cornet and Dussap, 2009; Ifrim et al., 2014; Rochatte, 2016)
and also for the MELiSSA C4a (Alemany et al., 2019).

From the above, the model can be used to simulate the PBR
over a large range of conditions producing a large amount of data
that could not be obtained experimentally without spending time
and resources. From these simulations, abacuses are created,
supporting a complete understanding of the process over
various combinations of operating conditions. An example of
abacuses is given in Figure 7 for the MPP C4a operated at steady

FIGURE 6 | Principle of the hydrodynamic model for MELiSSA Pilot
Plant PBR.

TABLE 1 | Comparison between steady-state results (SS1—SS4) obtained with
the C4a MPP model (simulation) and experiments.

SS1 SS2 SS3 SS4

D (h−1) 0.010 0.015 0.020 0.025
Light (W.m−2) 364 364 364 250
pH 8.4 8.3 8.54 8.54
Gas in 02% 20.47 20.47 20.47 20.47
Gas in CO2% 2 3 3 3
TIC in (mg C.L−1) 0 0 0 0

TIC out (mg C.L−1)
Simulation 282 445 510 484
Experiment 230 ± 5 425 ± 4 423 ± 3 403 ± 2

Biomass (g.L−1)
Simulation 2.29 1.68 1.26 0.88
Experiment 2.25 ± 0.07 1.74 ± 0.05 1.26 ± 0.03 0.96 ± 0.01

Gas out O2%
Simulation 21.8 21.8 21.8 21.7
Experiment 21.9 21.8 21.9 21.8

Gas out CO2%
Simulation 0.68 1.23 0.91 0.88
Experiment 0.81 1.22 1.18 1.10

rO2 (g O2.h
−1)

Simulation 3.2 3.5 3.4 3.0
Experiment 3.3 ± 0.1 3.8 ± 0.1 3.9 ± 0.1 3.5 ± 0.1

Monod C limitation 0.86 0.95 0.96 0.96
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state with a hydraulic residence time (HRT) of 100 h, at the
maximum light flux allowed by the LED lighting system of the
reactor and pH 9.5. With these abacuses the risk of C limitation is
directly evaluated as a function of the two input variables TIC and
yCO2, displaying the corresponding PBR performances, biomass
concentration, and oxygen productivity. In terms of LSS control,
namely in the MELiSSA loop, these inputs are not necessarily
fixed, considering that TIC depends on the other MELiSSA
compartments, as liquid output from C3 is the liquid input
flow of C4a, and yCO2 depends on C5 (crew compartment).
Conceptually, the MELiSSA LSS loop is a highly branched and
interconnected system, which is a common situation for any LSS,
calling for a strictly controlled system. By example, the
interpretation of these abacuses indicates that if yCO2 is
controlled at 1%, the minimal TIC input to provide is 600 mg
C.L−1, leading to a steady-state biomass concentration of 2.4 g.L−1

and an oxygen production rate of 3.3 O2 h
−1 defining directly the

expected performances of the system.

Moreover, these abacuses can be fitted by quadratic functions
to prevent an online integration of the model and therefore to
obtain simpler expressions (Supplementary Figure S5) that are
further used to define operating domain and operating set points.
For example, the fit of yCO2 at the output and ofMonod C limiting
factor calculated by the model (average over the riser part and the
downcomer part) for TIC input and yCO2 input varying
respectively in a range of (0–1,100) mgC.L−1 and (0–2)% was
done for a hydraulic retention time (HRT) of 100 h, for pH 9.5
and four different light incident fluxes. The correlations obtained
were used to define the operating domain (Figure 8—domain
between dashed lines and plain lines) for which C limitation is
above 0.85 and yCO2 at output is below 0.2%. This indirect use of
the mechanistic model of the PBR can be used for the control
strategy of the complete MELiSSA loop, as it allows defining set
points for the control of the complete loop under selected
constraints. With the simple example presented here, it gives
the set point domain for the TIC output of the C3, i.e., TIC input
of the C4a, and for the yCO2 output of the C5, i.e., yCO2 input of
the C4a as the selected constraints on C4a.

MODEL FOR DESCRIPTION/ANALYSIS OF
ARTHROSPIRA-B PHOTOBIOREACTOR
SPACE FLIGHT EXPERIMENT
Another application of the growth model of L. indica in PBR was
also successfully used to describe the Arthrospira-B experiment,
which was the first experiment in space with online
measurements of both oxygen production rate and growth rate
in four batch photobioreactors running under microgravity on-
board ISS (Poughon et al., 2020). This application concerns a
membrane PBR with a liquid volume of about 50 ml, which is a
one-side lighted flat PBR, in a size 1,400 times smaller than the
80 LMPP C4a gas lift PBR. The ability to use a growthmodel with
such different reactors in their design and scale demonstrates the
robustness and the importance of the mechanistic approach that
was followed for PBR modeling, including light energy transfer,
mixing, and metabolism determinisms. As for the MPP C4a, the
reactor model that was associated with the growth model
(Figure 1) was developed specifically for the Arthrospira-B

FIGURE 7 | Abacuses calculated for simulation of MPP C4a at D � 0.01 h−1, pH � 9.5, q0 � 364 W.m−2 over a range of TIC inputs of 0–1,100 mg C.L−1 and yCO2
input of 0–3%. Dotted line gives a lecture of the figures for a criteria yCO2 � 1% and C limitation � 0.9.

FIGURE 8 | Predicted operating condition to keep C limitation � 0.85
(dashed lines) and yCO2 out � 0.2% (plain line). Operation shall be above
dotted line to have >0.85 C limiting and below plain line to have <0.2% yCO2
at output.
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reactors. The liquid phase is described by a perfectly mixed model
for implementing the mass balances for a batch reactor; the gas
phase is described by a gas pressure/overpressure model. The
micro-size reactor was only controlled for overpressure release
and there was neither pH control nor pH measurement, due to
the unavailability of a miniaturized space compatible pH probe
stable operating in the high-pH medium. The growth model was
therefore completed by a model for pH prediction in the liquid
phase allowing the assessment of pH increase associated with the
bicarbonate consumption for the biomass growth (Poughon et al.,
2020). With a nominal incident light flux of 7.6 W.m−2

(maximum 9.8 W.m−2) and a depth of 0.015 m, the growth
was never over the P/2e− threshold, even at start-up with low
biomass concentrations (ca. 0.120 g.L−1), which guaranties the
light inhibiting conditions were never reached. For this
experiment the pH increase is a key factor for the prediction
of the growth, the carbon source being bicarbonate ions HCO3

−.
Therefore, the important variable was not the TIC but the actual
concentration of HCO3

−. This allows considering the potential
pH limitation due to the fact that pH was increasing as
bicarbonate was exhausted in the liquid medium. When pH is
modified, the equilibria of the dissolved carbon forms (carbonate,

bicarbonate, and CO2) are displaced so that molecular dissolved
CO2, which concentration is linked to the CO2 partial pressure, is
decreased. In the Arthrospira-B experiment, the pressure increase
is directly linked to the oxygen production, and the online
pressure measurement and the cumulative pressure calculation
were the main variables used to compare the experiments and the
model simulations. Over the 16 batches produced on-board ISS
(four batches for each of the four reactors integrated in the ISS
Biolab facility) two were presented here (Figure 9): one is the first
batch of reactor called B4 and one is for the fourth batch of the
reactor called A1. A quite satisfactory fit was achieved between
the experimental and simulation results, especially at the
beginning of the batches. At the end of the batches, deviations
are observed in the pressure profiles between simulation and
measurements. A lower O2 productivity (lower pressure increase)
observed is not fully explained in the model by the HCO3

−

limitation associated with the pH increase. The pH predicted
by the model at the end of the batch is greater than 11 and limits
for predictivity by the L. indica growth model were obviously
reached considering that it was never experimentally verified and
validated for such a high pH value. Nevertheless, when a suitable
mixing of the liquid phase was maintained in microgravity

FIGURE 9 | Comparison of experimental results (pressure and biomass) with simulation for two batches of reactors on board ISS during Arthospira-B experiment
(dot and plain line are experimental results. Dashed lines are simulations). pH and ionic forms of inorganic carbon are predicted. The evolution of the pressure is the result
of the release of the pressure relief valve either automatically (set point 1.15 bar) or daily scheduled for the biomass sampling.
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conditions the satisfactory prediction of the model that was built
from ground experiments has demonstrated that microgravity
had no first-order effect on the oxygen production rate of
Limnospira indica PCC8005 in a photobioreactor operating in
space in zero gravity conditions.

CONCLUSION

Mechanistic modeling is a prerequisite for intensive applications
of any system, whatever this system uses living microorganisms
or not. The previous results clearly prove that a mechanistic
modeling of a photobioreactor must associate physical
understanding of light energy transfer in dense and absorbing
media, physicochemical equilibria of dissociated electrolyte such
as carbonate, bicarbonate and pH influence, liquid and gas phase
mixing properties in defined volumetric characteristics and
finally a thorough understanding of the metabolic level for
describing the functioning and regulation of both
photosynthetic organelles and metabolic fluxes, including
thermodynamic constraints. This robust modeling strategy,
which has been illustrated here, has permitted us to suitably
understand and control a pilot-scale PBR (air-lift technology)
functioning in actual LSS conditions and to interpret the results
obtained from a micro-sized membrane reactor that has been
operated in microgravity on ISS. Besides the fact that this
modeling approach has been used in completely different and
challenging conditions, including the design phases of the two
PBR, it has permitted us to complete the unavailable non-
measured variables, such as the pH and the production rates
in microgravity, and to anticipate the control variables for
supporting the respiration needs of a completely closed
system, associating the constraints set related to a closed
recirculating system functioning with minimal mass buffers.

Therefore, the modeling issues not only provide a clue for
interpreting the metabolic functioning of living organisms in real
environment of bioreactors but they also become a corner stone
for designing efficient devices and intelligent multilayer control of
complex systems. The price to pay is definitively to be capable of
developing a totally multidisciplinary approach associating

physical, chemical and biochemical sciences, in a common
simulation platform, supporting the view of the phenomena at
various scales, from molecular and metabolism to physical
transfers and mixing properties and accounting for the
coupling effects between different potentially limiting rates.
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