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A generic model for the simulation of solar rectangular photobioreactors (PBR) is
presented. It combines the determination of the time-varying solar radiation inter-
cepted by the process with the theoretical framework necessary for PBR simulation,
namely modeling of the radiant light energy transport inside the culture volume, and
its local coupling to photosynthetic growth. Here, the model is applied to illustrate the
full dependency of PBR behavior on solar illumination regimes, which results in a
complex, transient response. Effects of day-night cycles, culture harvesting, and the
interdependency of physical (light) and biological (growth) kinetics are discussed. It is
shown that PBR productivity is the result not only of light intercepted on the illumi-
nated surface but also of light attenuation conditions inside the bulk culture as influ-
enced by incident angle and beam/diffuse distribution of solar radiation. Results are
presented for a location in France for 2 months representative of summer and winter.
© 2010 American Institute of Chemical Engineers AIChE J, 57: 1947-1960, 2011
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Introduction

Photosynthetic microorganisms (microalgae and cyanobac-
teria) allow higher areal productivities than plants, and so
are often put forward as one of the more promising primary
resources in domains including feedstock (proteins and lip-
ids) and biofuel production, with various energy vectors
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such as Hj, lipids for biodiesel fuel, sugar for gasification, or
fermentation.'® However, their production requires the
design and optimization of specific cultivation systems.
Unlike heterotrophic microorganisms such as yeasts and bac-
teria, for which the classical stirred vessel is widely used at
the industrial scale, cultivation systems for photosynthetic
microorganisms are wide ranging. This diversity is explained
mainly by a well-known limitation, which is the capacity of
these systems to transfer photons within the bulk culture to
ensure photosynthetic growth. The main consequence of the
high light energy demand is that cultivation systems for
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photosynthetic microorganisms have to present high illumi-
nated areas relative to the volume of the bulk culture, where
light attenuation occurs. This and other constraints, espe-
cially the need for mixing to ensure culture homogeneity,
explain the variety of geometries met, from open ponds to
closed optimized photobioreactor (PBR) technology. All
have their benefits and limitations, in terms of production
scale allowed, construction cost, productivity, control of cul-
ture conditions, energy and water consumption, culture con-
finement, etc. However, whatever the concept, light supply
and its use by the culture will always govern the productiv-
ity of the cultivation system. As widely reported in the liter-
ature,”'" this fact results in a significant increase in
process complexity, the radiative transfer in turbid media
being a physical problem that is difficult to handle and
optimize.'"™! 3

Cultivation systems for photosynthetic microorganisms
can use artificial light or natural sunlight. Obviously, for
practical, economic, and environmental reasons, sunlight is
to be preferred for mass scale production in extensive sys-
tems. However, the wide variability of sunlight in time and
space adds further complexity to the optimization and con-
trol of the cultivation system, compared with artificial illumi-
nation. This explains why most theoretical work has been
devoted to artificial light PBRs, where a tight control of the
incident light flux is possible. Authors have shown, for
example, that certain relevant values, such as PBR produc-
tivity and energetic efficiency, can be predicted using a rig-
orous formulation of radiant light transfer inside the culture
and its local kinetic coupling with photosynthetic growth. A
theoretical framework developed over many years has
proved efficient for various PBR geometries and cultivated
species, and for various applications such as biomass and
hydrogen production.m_16 The aim of this work was to
extend the knowledge derived from controlled artificial con-
ditions to solar conditions, thereby providing a sound physi-
cal basis for subsequent investigation of the specific behavior
of solar PBRs.

Compared with other more classical solar processes, PBRs
require introducing major specific features. As was con-
firmed in this study, PBR productivity depends closely on
the light collected, as does any light-driven process. How-
ever, unlike processes based only on surface conversion,
such as photovoltaic panels, solar thermal concentrated con-
version or photocatalysis on fixed supports, optimizing the
amount of light collected on the PBR surface is not suffi-
cient. Light conversion by photosynthetic microorganisms
occurs within the bulk culture. The transfer of the collected
light flux inside the bulk culture has thus to be considered
for kinetics and energetic formulations. These are not
straightforward: they involve specific considerations to deter-
mine the irradiance field inside the PBR, which is then
coupled with the local kinetics of photosynthetic growth of
the cultivated species, so that PBR productivity can finally
be simulated. This means first taking into account all aspects
influencing radiative transfer inside the turbid medium,
namely biomass optical properties and concentration, inci-
dent light flux onto the PBR surface defined by the incident
angle of the direct radiation and the direct/diffuse radiation
proportions as boundary conditions."''*1718 Second, it is
necessary to make a correct formulation of the local and spa-

1948 DOI 10.1002/aic

Published on behalf of the AIChE

tial coupling between the radiant volumetric power density
absorbed and the kinetic rates and stoichiometries, which are
strongly influenced by the radiation field. In outdoor solar
PBRs involving different stages and time constants of photo-
synthesis, this coupling is more complex to manage than for
chemical photoreactors,”’18 although some very basic bio-
mass productivity assessments have been tentatively made in
the past from robust knowledge models of light transfer.'?

The model developed in this work considered all these
aspects. It was applied to the particular case of cultivation
systems with radiative transfer in Cartesian rectangular geo-
metries, in other words, cultivation systems presenting a flat
illuminated surface (such as a flat panel PBR or raceway).
The quasi-exact radiative properties (absorption and scatter-
ing coefficients, phase function) of the microorganism con-
sidered were used at this stage to ensure an accurate descrip-
tion of the radiation field before the kinetic coupling formu-
lation. The study was also restricted to “light-limited”
conditions, assuming all other biological needs (nutrients and
dissolved carbon) and operating conditions (pH and tempera-
ture) were controlled at optimal values. The model was asso-
ciated with a solar database to facilitate the further investiga-
tion of time (day/night and season) and space variability of
solar radiation. It was then used to illustrate some significant
aspects induced by solar conditions, such as the dynamic re-
gime when operated in day-night cycles, and the role of
intercepted light on PBR productivity, as influenced, for
example, by season or PBR inclination.

Theoretical Considerations
Light-limited conditions

Because of the high dependency of photosynthetic growth
on the light received, it is now well established that PBR
performance is highly dependent on light supply. Obviously,
the growth of photosynthetic microorganisms is also depend-
ent on various other parameters (pH, temperature, inorganic
dissolved carbon, mineral nutrients, etc.). If these parameters
are kept at their optimal value, maximal PBR performance
can be reached, and PBR productivity for a given species
then depends only on the PBR geometry and incident light
flux. As discussed and clarified by the authors in recent
work, this is the light-limited condition in which light alone
limits growth.lg’20 This work was restricted to this specific
case but with solar illumination. The assumption of light-
limited conditions is a bold one considering the difficulty
maintaining optimal growth conditions in large-scale outdoor
cultivation systems.”! However, as PBR productivity is
always controlled by the light received, the methodology
developed in this work could serve as a theoretical basis for
further modeling purposes; other possible adverse effects on
biological growth, such as nutrients, dissolved carbon limita-
tion, or nonoptimal temperature, could be integrated later.

PBR geometry simulated

Radiant light energy can be used in two general ways in
PBRs: by direct illumination of the cultivation system (sur-
face-lightened PBRs) or by inserting light sources inside the
bulk culture (volumetrically lightened PBRs). The second
systems allow further optimization of the light use in the
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culture by increasing the efficiency of photosynthesis by
diluting light, thus leading to higher theoretical surface pro-
ductivity.”> They can also be combined with solar-tracking
systems, giving an additional possibility of optimization by
maximizing light intercepted during the sun’s displacement.
Although a promising approach, only a few practical realiza-
tions have been encountered.””*° By contrast, surface-light-
ened PBRs are more often encountered.'®?' They have been
described with a fixed horizontal position,27729 a vertical
position,30*32 and, in a few cases, a tilted position.33’34 Only
surface-lightened PBRs were considered in this study.

Surface-lightened PBRs display a wide variety of geome-
tries, from open ponds to tubular or flat panel PBRs.
Depending on the geometries (with respect to the light
source position), very different radiation fields can be found
in the culture. Our study was restricted to geometries with
radiation fields responding to the “one-dimensional” hypoth-
esis, where light attenuation occurs mainly along a single
direction perpendicular to the illuminated surface (culture
depth). In this case, simple radiative models such as the two-
flux model can be applied with relative accuracy (see discus-
sion in the Appendix). Although a more sophisticated
method can be used,'"'? the two-flux model appears to be a
convenient compromise, often giving a sufficiently accurate
prediction of the radiation field in the context of photosyn-
thetic microorganism cultivation.’>**>>3® In the case of the
one-dimensional hypothesis, it also provides analytical solu-
tions that facilitate coupling with kinetic growth models, at
the same time, reducing the computational effort to simulate,
for example, transient conditions as in solar irradiation. This
study was thus restricted to PBRs fitting this hypothesis, and
more specifically, geometries presenting a flat illuminated
surface, corresponding to flat panel geometries, raceways, or
open ponds (grouped here under the general term ‘“‘rectangu-
lar PBRs,” indicating that they present a Cartesian light
attenuation). A rectangular PBR was retained with an arbi-
trary depth L, = 0.1 m. If needed, the approach could be
extended to any other PBR depth and any other PBR geome-
try, such as tubular or cylindrical ones (with the appropriate
radiative transfer model). An example for cylindrical PBR
illuminated on one side (a classical configuration encoun-
tered in solar production systems) is found, for example, in
Loubiere et al.’>” Takache et al.'” also provides solutions to
the two-flux model for various geometries corresponding to
the one-dimensional hypothesis. Here, we especially discuss
the application of such a model to the solar case, taking into
account the variable beam radiation incident angle and the
beam and diffuse parts of the solar radiation.

Determination of solar radiation conditions on PBR
illuminated surface

The solar energy received on a PBR plane surface is a
central characteristic as for any solar process. It is repre-
sented by the hemispherical incident light flux density, ¢, or
photon flux density (PFD) as it is commonly named in PBR
studies. This allows, for example, to evaluate the ability of a
given PBR to collect light as a function of its design, orien-
tation, or inclination. An example is given by Sierra et al.®
for a flat panel PBR located in southern Spain (Almeria).
Influence on light interception of north-south and east-west
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orientations was investigated for both vertical and horizontal
positions. The definition of an optimal orientation of a fixed
surface PBR was shown to be nontrivial, depending, for
example, on the time of year. This approach was extended
here to simulate the resulting biomass growth and PBR pro-
ductivity. However, further development is needed. Unlike
solar processes based on surface conversion (e.g., a photo-
voltaic panel), determination of global radiation on the PBR
surface is insufficient to predict PBR response, as light is
converted inside the bulk culture. It is thus necessary to add
to PFD determination a rigorous treatment of radiative trans-
fer inside the culture, and then couple the resulting irradi-
ance field with photosynthetic conversion of the algal sus-
pension.

Light penetration inside a turbid medium is affected by
the incident polar angle 0 of the radiation on the illuminated
surface (see Figure la and Appendix). For a solar PBR with
a fixed position, the earth’s rotation makes the incident angle
time dependent. By definition, the direction of a beam of
radiation that represents direct radiation received from the
sun (without scattering) sets the incident polar angle 6 on
the illuminated surface (Figure la) and the direct incident
light flux density ¢,. Diffuse radiation corresponds to the so-
lar radiation received after its direction has been changed by
scattering through the atmosphere or by reflection from vari-
ous surfaces, such as the ground, “seen” by the interception
surface (Figure 1b). Diffuse radiation cannot thus be defined
by a single incident angle but instead has an angular distri-
bution on the illuminated surface (on a 2x solid angle for a
plane).

This diffuse radiation and its angular distribution on a sur-
face is affected by the sun’s position in the sky, by meteoro-
logical conditions, by ground albedo (grass, sand, snow,
etc.), by nearby buildings, etc., and so exact determination
requires complex models, named ‘“sky models.” For the
sake of simplicity, the Perez model®® was retained in this
study. Like many other models, it allows only total diffuse
radiation on the surface to be calculated, thus assuming an
isotropic angular distribution on the 27 solid angle (on a flat
surface). This is a usual assumption in solar processes and
so it was retained here.*" However, for PBR applications, it
would be of interest in future studies to improve this repre-
sentation because of the dependency of radiative transfer
inside the bulk culture on the angularity of incident diffuse
PFD.

The earth’s sphericity, its rotation, and variable atmos-
pheric conditions make solar radiation at the earth’s surface
very complex, with high variability in time and space. Deter-
mination of light intercepted for a given PBR location on
earth will be a function of its geometry, inclination (relative
to the ground), and orientation (north-south). Mathematical
relations are available to determine radiation conditions on a
collecting surface as a function of all these conditions. An
example was recently given by Sierra et al*® for solar
PBRs. A full description of the mathematical relation can
also be found in Duffie and Beckman.** Some commercial
software integrating solar models are also available. They
allow typical day evolution of irradiation on a given surface
to be easily generated (as characterized by its inclination and
orientation), for almost any earth location and time of year.
We opted for this approach here.
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Figure 1. Solar radiation on PBR surface: definition of
coordinates (a), diffuse beam radiations
received on PBR surface (b), evolution of so-
lar sky path during the year (c).

METEONORM 6.0 software (www.meteonorm.com) was
used in this study to generate solar data. For PBR simula-
tion, these data were the total solar radiation ¢ (correspond-
ing to the PFD), the direct radiation ¢/, the total diffuse radi-
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ation ¢, and the incident angle 0. This can be calculated for
any given surface inclination f and orientation as defined by
the solar azimuth angle {; (usually expressed with respect to
the south direction). As shown later, it is also of interest to
consider the direct normal radiation (g, ), as defined by the
beam radiation received on the surface but with normal inci-
dence. This corresponds to the maximum beam radiation that
can be collected for a given radiation condition. In the case
of a surface positioned in the south direction (Figure la),
direct radiation (g,) and normal direct radiation (g,) are
linked by

q;; = q, [sin(B) sin(0,) cos({;) + cos(p) cos(0,)] = q, cos(0)
Y]

with 0, the zenith angle corresponding to the angle of
incidence of direct radiation on a horizontal surface (for
horizontal PBR, 0, = 0).

The available data involve the whole solar spectrum at the
ground level (0.26-3 pm), whereas only the visible part of
this radiation is useful for photosynthesis. In what follows,
we thus deal with only the photosynthetically active
radiation (PAR) of incident light flux densities (0.4-0.7 um)
corresponding to almost 43% of the full solar energy spec-
trum.

Studies were conducted for averaged summer and winter
days. These days corresponded to a month averaging of the
31 days of July for summer and January for winter. The
plane PBR was oriented north-south and located in the west
of France (St-Nazaire, 47°12N, 01°33W). Corresponding
data for incident PFD (in the PAR) are given in Figure 2 for
their time courses and in Table 1 for corresponding daily
averaged values. For horizontal PBR (ff = 0), very different
radiation conditions were obtained, with almost twice less
radiation in winter. A different distribution between diffuse
and direct components was also obtained. About 50% of the
total radiation was diffuse in summer (typical of a clear day,
Figure 2a). In winter, it accounted for most of the light inter-
cepted (Figure 2b). These values were also fully dependent
on the incident angle. For the horizontal position investi-
gated, normal incidence (0 = 0°) was never achieved, with
at best an incident angle tending toward 30° in summer (Fig-
ure 2a). The winter period was characterized by 0 > 70°
(Figure 2b). This explains the very low direct radiation inter-
cepted. This was confirmed by the normal beam radiation
q., which was found to be twice higher on average than
direct radiation g,

It is interesting to compare these values with the maxi-
mum available solar radiation g.x; this value, independent
of the PBR orientation, is given by the sum of total diffuse
¢ and normal beam radiation ¢,. For the summer day, the
total radiation ¢ intercepted for a horizontal position was
78% of the total available radiation ¢,y For the winter day,
this value fell to 53%. This difference was fully explained
here by the solar sky path, with a lower solar angle of eleva-
tion (as represented schematically in Figure 1c), which did
not favor a horizontal inclination. As shown in Figure 2c,
tilting the PBR with an inclination f§ = 45° resulted in a bet-
ter incident angle and a significant increase in light capture.
The total radiation intercepted was then 88% of the total
available radiation.
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Figure 2. Day-night variations of incident angle and
radiation received on PBR surface: horizontal
inclination and averaged summer (a) and win-
ter days (b); tilted PBR (8 = 45°) for averaged
winter day (c).

Data location is Saint-Nazaire (France).

Radiative transfer modeling inside the culture

Owing to absorption and scattering by cells, light distribu-
tion in PBRs is highly heterogeneous. The two-flux
model***14? was applied in this study as a first good approx-
imation of the field of irradiance inside the culture (see Ap-
pendix for a full discussion). Its application to the solar case
implies taking into account non-normal incidence and treat-
ing the direct and diffuse components of the radiation
separately. In Cartesian coordinates, the irradiance field
for collimated radiation is represented by the following
analytical solution (see Ref. 36 and discussion in Appendix)

Geot 2 (14 o) exp[—0eo1(z — L)]— (1—0) exp[Jcol (z—L)]
(1+ oc)zexp[écolL] — (1 - oc)zexp[—écolL]

q/ " cos@

(@)
with the two-flux collimated extinction coefficient
Seol = 25 (E, + 2bE,) and o =

s the linear scatter-

E,
(E.+2bEy)
ing modulus. E, and E; are, respectively, the mean (spectrally
averaged onto the PAR) mass absorption and scattering
coefficients for the cultivated photosynthetic microorganism,
b the backward scattering fraction, and C, the biomass
concentration in the culture medium.
For a diffuse radiation, the following equation is obtained

Gair _4 (14 o) exp[—dair(z — L)] — (1 — &) exp[dair(z — L)]
qn (14 a)zexp[édifL] —(1- oc)zexp[—édifL]

I

3

with dg4if = 200 Cx (E, + 2b E,) the two-flux diffuse extinction
coefficient.

The total irradiance is finally given by simply summing
the collimated and diffuse components

G(Z) = Gcol(Z) + Gdif(z). “4)

Equations 2 and 3 show that penetrations of collimated
and diffuse radiations inside the bulk culture are widely dif-
ferent. We note that the incident angle 6 influences only the
collimated part, diffuse radiation being assumed to have an
isotropic angular distribution on the illuminated surface
(more details on radiative transfer calculation are given in the
Appendix, with the influence on productivities of the different
assumptions that could be applied in the radiative model).

For this study, the values of £, = 162 m?> kg’l, E, = 636
m? kg™, and b = 0.03 were retained as radiative properties
of Arthrospira platensis.*® To simplify the model descrip-
tion, it was decided here to work with spectrally averaged
values (absorption and scattering coefficients, backscattered
fraction, irradiances, and incident hemispherical PFD) on the

Table 1. Values of Solar Day Averaged PFD Received on PBR Surface for the Different Cases Investigated

Averaged Intercepted

Radiation (for PAR) Total Radiation Direct Radiation Diffuse Direct Normal Total Available
(umol m~2 s q (qy + qr) qy Radiation g, Radiation ¢ Radiation gmax (g1 + gn)

Summer day, ff = 0° 470 258 212 388 600

Winter day, ff = 0° 82 30 52 102 154

Winter day, f§ = 45° 156 82 73 102 175
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PAR. All irradiation data derived from Meteonorm were cor-
rected accordingly, these values being expressed by default
on a whole solar spectrum basis. For a more accurate repre-
sentation, but with an increased computational effort, the
irradiance field can be solved spectrally, taking into account
the spectral distributions of solar radiation and of optical
properties of photosynthetic microorganisms (as already
applied for artificial light®®).

The irradiance distribution allows us to determine a signif-
icant parameter in PBR engineering, the illuminated fraction
y.19’2°’43 Schematically, the bulk culture can be delimited
into two zones, an illuminated zone and a dark zone. Parti-
tioning is obtained by a compensation irradiance value G,
corresponding to the minimum value of radiant energy
required to obtain a positive photosynthetic growth rate (the
“compensation point” for photosynthesis defined from oxy-
gen exchange rate measurements at a local and fast typical
dynamic of electron carriers chains functioning). In the one-
dimensional rectangular case, the working illuminated frac-
tion y is then given by the depth of the culture z. where the
irradiance of compensation G(z.) = G, is obtained by

Ze

V=7 )

For A. platensis, this value was calculated and experimen-
tally measured to give G, = 1.5 umol m > s~ '* Two
examples of light fraction y determination are given in the
Appendix.

Values of y below 1 indicate that all the available light
for photosynthesis received is absorbed by the culture. Con-
versely, when the illuminated fraction is greater than 1,
some of the light is transmitted (kinetic regime). It was
recently confirmed by the authors that PBR performance of
any light-limited PBR was strictly linked to this 7y frac-
tion.'”?® Because it does not allow full absorption of the
light captured, the kinetic regime always leads to a loss of
efficiency (y > 1). Full light absorption is thus to be pre-
ferred (y < 1). In the case of cyanobacteria cultivation, this
allows maximal productivity.®® Although not considered
here, it must be noted that for eukaryotic (microalgae)
microorganisms presenting respiration in the light, a dark
zone in a PBR will result in a loss of productivity due to
respiration.19 Maximal productivity will then require the 7y
fraction to fulfill the exact condition y = 1 (the “luminostat”
regime), corresponding to a full absorption of the light
received but without a dark zone in the PBR.?*%°

Kinetic modeling of photosynthetic growth

As a common species with several industrial applications
(food, proteins, and pigments), with a production in solar con-
ditions widely described in literature,”"*® growth of the cya-
nobacteria A. platensis was considered for simulations (but
the method could be extended to any other cultivated species
with an appropriate kinetic growth model and radiative prop-
erties). A kinetic model validated on a large number of artifi-
cial light PBRs was recently proposed for this species.***7 It
enables the predictive calculation of the mean volumetric
growth rate in light-limited conditions (r,), as a result of the
respective contribution of the illuminated and dark zones for
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any given PBR. Those zones can be defined with respect to
the illuminated fraction y and the location of the compensa-
tion point, as deduced from radiative transfer modeling

L[ 1 .
(rx) = y—/ redz+ (1 —79) 7/ reg.dz,  (6)
zc Jo (L - ZC) zZc

where ry, represents the local volumetric growth rate in the
illuminated zone (from optical surface to the location of the
compensation point). This photosynthetic growth is linked to
the local radiant light power density absorbed A and thus the
local value of irradiance G inside the PBR, following

_ K -
rx1 = pPA = py X+G PE,GCy, (7)

in which py; = 0.8 is the maximum energy yield for photon
dissipation in the antenna, ¢ = 1.85 x 10~kg, - umol, ' is
the mean spatial quantum yield for the Z-scheme of
photosynthesis, and K = 90 umol,, m > s ' is the half
saturation constant for A. plalensis.20

In Eq. 6, r,,q represents the volumetric growth rate in the
dark. For cyanobacteria like A. platensis that have common
electron carrier chains for photosynthesis and respiration, it
is necessary to consider the relaxation time necessary to
switch the metabolism from photosynthesis to respiration,
which is of the order of magnitude of several minutes.*®
Although a large dark zone can occur in light-limited
growth, mixing along the light gradient causes cells to expe-
rience a fluctuating light regime when flowing from light to
dark zones. For usual conditions of mixing applied in PBRs,
residence times in each zone are in the range of a few sec-
onds.** In consequence, so long as the PBR is illuminated,
I'wa = 0 in the PBR dark volume (no respiration correspond-
ing to the consumption of endogenous reserves, and so to
biomass growth rate losses, as also assumed for artificial per-
manent illumination). This value was applied during the day.
During the night with long dark periods of several hours, the
switch to respiration metabolism occurs. The resulting bio-
mass catabolism can be represented by introducing a nega-
tive biomass volumetric rate of production. For A. platensis,
a value of (r)/Cx = u = 0.001 h™' was measured at
36°C.* This constant specific rate was applied during the
night. Partition between day and night was defined using the
irradiance of compensation G.. When irradiation received on
the PBR surface was found to be below G., night period was
considered.

Solving of PBR behavior in solar conditions
and areal productivity

The biomass concentration C, can be obtained by a stand-
ard mass balance on a continuous PBR assuming perfectly
mixed conditions

dCyx Cx

. S e 8
dl <’ X > T ) ( )

with 7 the residence time for the PBR resulting from the liquid

flow rate of the feed (fresh medium) and T = 1/D (D being the

dilution rate).
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The mean volumetric growth rate (r,) was determined as
described in the previous section. Because of the time course
of solar conditions, Eq. 8 has to be solved in its transient
form (using the routine ode23tb in the Matlab software).

Values of biomass concentration Cy were then used to
determine PBR productivity. We elected to express produc-
tivity per unit of illuminated surface (dividing (rx) by the
specific illuminated area a = 1/L). Areal productivity is a
useful variable for extrapolation to land area production. In
addition, it has also been shown that maximal performance
of a PBR (in light-limited conditions) when expressed on a
surface basis was independent of the cultivation system
design.”* This is not the case for the volumetric biomass pro-
ductivity, which is closely linked to PBR geometry and its
specific illuminated surface. The instantaneous surface bio-
mass productivity (s,) is then defined by

_ Cx(l)DVr o Cx(t)L
N SL o T ’

(Sx(1)) )
with V, the PBR culture volume and S; the illuminated
surface.

Calculation of optimal areal productivity for solar
surface-lightened PBR

Achievement of maximal productivities in PBR has been
discussed and demonstrated theoreticallyzo and experimen-
tally'® by the authors but for artificial permanent illumina-
tion. This approach was demonstrated to work with only
physical limitation by light. With a correct choice of the illu-
minated fraction y (as discussed previously), the maximal
PBR productivity can be reached for a given species, and is
then found to depend only on the incident PFD.* In solar
conditions, as incident flux densities vary with time (bound-
ary conditions), maintaining optimal light attenuation condi-
tions at each moment of the day would be very difficult. In
addition, fixed PBRs will not be able to collect all available
solar energy due to the earth’s rotation. Thus, it is desirable
to distinguish between maximal productivity achieved for a
given PBR with a defined light interception as fixed by its
geometry, orientation, and inclination, and the optimal pro-
ductivity that could be reached assuming optimal capture
and biological use of available solar energy throughout the
day. The ratio of the two productivities will then define the
PBR efficiency for given solar conditions. If applied to the
areal productivity (a value found to be independent of the
PBR geometry as explained above), optimal areal productiv-
ity will also define the upper limit for the species cultivated
under given solar irradiation conditions (restricted here to
surface-lightened PBRs, volumetrically lightened PBRs giv-
ing rise to a higher limit of productivity; see Ref. 22 for
details). Optimal areal productivity is obtained with the fol-
lowing three assumptions:

(i) optimal capture: all available solar radiation is hypo-
thetically collected at each moment of the day. This means
that both diffuse ¢ and direct ¢, parts of solar radiation are
collected with normal incidence (6 = 0) at each moment.

(i) optimal PBR running (see Ref. 22): optimal light
absorption conditions inside the culture are maintained
throughout the day. For prokaryotic cells, this implies only
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full light absorption (y < 1). For eukaryotic cells, due to res-
piration in light, the condition of no dark zone in the bulk
culture has to be added (y = 1). Obviously, no limitation
other than light occurs (no mineral or carbon limitation, opti-
mal temperature, and pH conditions).

(iii) ideal biological response: there are no adverse effects
of strong light on photosynthetic conversion (no photoinhibi-
tion). In addition, there is no biomass loss during night due
to respiration.

These three conditions can be easily introduced into the
model. Condition (i) implies only the correct definition of
the PFD received, thus giving the total available solar radia-
tion ¢max = ¢n + ¢.. Condition (ii) requires a specific calcu-
lation for each variation of the light received. The optimal
biomass concentration is determined so as to obtain ideal
attenuation condition as represented by an illuminated frac-
tion y = 1 and y < 1 for eukaryotic and prokaryotic cells,
respectively. As a common constraint to both organisms, the
7 = 1 condition (luminostat regime) was retained here (same
results for cyanobacteria with 7 < 1). Equation 4 is solved
so as to obtain the biomass concentration Cy leading to G(L)
= G,. Condition (iii) is simply obtained by maintaining r, 4
= 0 during the night and by applying Eqgs. 6 and 7 for day-
time.

Results and Discussion

Determination of maximal areal productivity and
investigation of continuous and semi-continuous
harvesting in summer

For a given species and geometry, PBR productivity
depends on the harvesting strategies (defined by the harvest-
ing period and by the dilution rate D or residence time t =
1/D, applied). In the conditions of light limitation, this is a
function of the incident PFD, and this problem may be
examined by solving Egs. 8 and 9 for given values of the
residence time .

Two examples of simulation results are presented in
Figure 3 for a horizontal PBR and for an averaged summer
day. Simulations were conducted for the PBR with continu-
ous harvesting and for two residence times, T = Top = 2.7
days, giving the maximal areal productivity (its determina-
tion is described below) and for an arbitrary value of the res-
idence time t = Top/2. Results show the direct influence of
the residence time on resulting biomass concentration evolu-
tion and corresponding areal productivities, as a classical,
direct consequence of culture dilution when residence time
in the reactor is varied.

In permanent illumination conditions (artificial light), the
PBR is usually operated in continuous mode, with a con-
stant, permanent value of the residence time 7. For practical
reasons, many solar mass scale PBRs are operated even in
batch mode with biomass harvesting at the end of the cul-
ture, or in semi-continuous mode with spot harvesting of
part of the culture and its replacement by fresh growth me-
dium. All methods can be simulated using the model pre-
sented in this study by choosing an appropriate formulation
of the residence time in Eq. 8. Continuous and semi-continu-
ous productions were compared here by, respectively, apply-
ing a constant residence time for continuous harvesting over
the 24-h period, and a time-varying value of the residence
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Figure 3. Time resolution of biomass concentration (a)
and areal productivity (b) evolution for a hori-
zontal rectangular PBR and averaged
summer day (location Saint-Nazaire).

The PBR was operated with continuous harvesting and
results are given for two residence times t = 7, (solid
line) and © = 7,/2 (dotted line), with 7o, = 2.7 days, the
optimal residence time giving the maximal areal productiv-
ity (see text for details). Total radiation received on the
PBR surface is also given (dashed line).

time for semi-continuous mode. For the latter case, this was
retained to alternate between batch (t = oo or D = 0) and
harvesting periods at a given residence time, with harvesting
during the day period 11:00-13:00 h. To facilitate compari-
son with permanent harvesting, the residence time was aver-
aged over the entire day, thus giving the fraction of reactor
volume harvested per day, independently of the harvesting
protocol used. If needed, the instantaneous residence time
applied during the harvesting period for semi-continuous
mode could be obtained easily by correcting the daily aver-
aged value with respect to the fraction of the 24-h period
devoted to harvesting (1/6 in this case).

The two harvesting methods were compared here for the
averaged summer day. The results are given in Figure 4 for
both continuous and semi-continuous modes. The optimal
residence time corresponding to the maximal productivity is
easily observed (7o, = 2.7 days, thus corresponding to a
dilution rate D = 1/t = 0.37 day™'). More interestingly, we
observed that almost the same maximal productivities (the
small discrepancy will be explained in the next section) and
optimal residence times were obtained, irrespective of the
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harvesting procedure (if residence times are expressed on a
full-day basis, as described above). A parallel can be made
with results obtained with permanent artificial illumination,
where maximal productivity for light-limited growth was
found to depend only on the incident light flux'*2° for a
given design of the PBR (i.e., the specific illuminated area
a). The same was observed here in natural varying light con-
ditions, with maximal productivity set by the irradiation con-
ditions. Finally, we see in Figure 4 a slight optimum in pro-
ductivity, with a slight decrease for values of 7 higher than
Topt- As shown in the next section, this results from the opti-
mization procedure, which considers a first-order biomass
concentration decrease during the night. Increasing 7 and
thus the biomass concentration results in a higher biomass
loss during the night, resulting from an optimal value of the
residence time 7 (or biomass concentration). This emphasizes
the utility of developing accurate kinetic models for respira-
tion at night, mainly for eukaryotic microorganisms for
which this issue, coupled to respiration in light, is of crucial
importance.

PBR transient response to solar conditions

Figure 5 presents the daily variation of biomass concentra-
tion and of the y fraction as obtained when the optimal resi-
dence time was applied. Results are given for both continu-
ous and semi-continuous harvesting procedures and for the
horizontal PBR in summer, as defined in the previous sec-
tion. Results of simulations emphasize the direct relation
between light supply and cultivation (and thus PBR)
response. Biomass decreases during the night owing to cell
respiration (catabolism) and starts to increase again at sun-
rise. The biomass then increases continuously throughout the
day, decreasing only at nightfall (22:00 h in summer). There
is thus a time lag between the maximum of incident light
flux (12:00 h) and the biomass concentration. This confirms
that light limitation occurs, with a decrease in biomass con-
centration only very late in the day (around 21:00 h), when
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Figure 4. PBR areal productivity (circles added on
lines) and corresponding biomass concentra-
tion (no circle) as a function of residence
time, for continuous (solid line) and semi-
continuous (dashed line) harvesting (aver-
aged summer day, location Saint-Nazaire).
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Figure 5. Day-night variations of biomass concentration
(circles added on lines) and illuminated fraction
(no circle) for continuous (solid line) and semi-
continuous (dashed line) harvesting (averaged
summer day, location Saint-Nazaire).

the incident light flux becomes too low to maintain positive
growth.

If continuous and semi-continuous harvesting procedures
are compared, different time courses of biomass concentration
are observed, with a discontinuous variation between 11:00
and 13:00 h for the semi-continuous procedure, as a direct
effect of biomass harvesting. As a result, different light
absorption conditions inside the PBR were obtained, as shown
by the y fraction. For both harvesting procedures, all the light
was absorbed during the main part of the day (y < 1) except at
noon when transmission through the culture occurred (y > 1).
As previously explained, this situation arises from the optimi-
zation procedure of biomass productivity along a cycle. The
biomass decrease at night is proportional to the maximum bio-
mass concentration reached at the end of the day (first order),
resulting in a lower daily optimal concentration, responsible
also for the kinetic regime appearance (>1), biomass dilution
by harvesting favoring light transmission. Because the harvest-
ing procedure directly affects biomass concentration, it can be
used to optimize light absorption by the culture. This is shown
in Figure 4, semi-continuous harvesting giving rise to a
slightly higher PBR productivity, owing to a higher biomass-
concentration at the end of the morning, which guarantees full
light absorption before harvesting. This didactic example illus-
trates one difficulty of working with dynamic solar illumina-
tion and variable photoperiods (different durations of day—
night cycles), which require advanced control strategies. The
simulation of PBR dynamic behavior proposed in this work is
therefore helpful. It can be used to define harvesting conditions
and so optimize light attenuation conditions (as represented by
y) or, of more practical concern, downstream processing if
influenced by the biomass concentration in the harvest.

Investigation of the winter period
As a second example, an averaged day of winter was
simulated (results are given only for the simplest case of
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continuous harvesting over a 24-h period). Figure 6a shows
that the optimal residence time was in this case 7o, = 5.3
days, giving a maximal daily averaged areal productivity of
28 g m 2> d! lower than in summer (10 g m 2> d"). This
confirms the primary relevance of illumination conditions
not only on PBR productivity (a classical result) but also on
its optimal operation, with a value of 7y that is greatly
modified (top; = 2.7 days in summer), emphasizing the need
to adapt this value during the year to maintain maximal sys-
tem performance. The day—night variation of biomass con-
centration is shown in Figure 6b when working at optimal
residence time in winter. The illuminated light fraction time
course illustrates the wide variation of light conditions dur-
ing the day and emphasizes that the optimization of the pro-
ductivity in winter leads to a longer period under the kinetic
regime (y > 1). This stems indirectly from the more marked
biomass concentration decrease at night with 16 h per day in
the dark (in the corresponding example), leading to choose a
lower optimal biomass concentration at the end of the
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Figure 6. Results of simulations for a horizontal PBR
for averaged winter day.

(a) Gives the areal productivity and corresponding biomass
concentration as a function of residence time, for
averaged summer (solid line) and winter day (dashed line).
(b) Gives the day-night variations for optimal residence
time of biomass concentration (solid line and circles), the
illuminated fraction (dashed line), and the normalized PFD
(solid line).
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Figure 7. Comparison of the dynamic operation of the
PBR as a response to day-night cycles with
(solid line and circles) and without assuming
a luminostat regime (solid line).

Results are given for day-night variations of areal pro-
ductivity (a). and biomass concentration (b). The total
radiation is also represented (dashed line). Simulations were
conducted for horizontal inclination and averaged summer
day.

illuminated period. As a consequence, the optimal productiv-
ity was reached with a higher duration of the kinetic regime
than in summer (about 25% of the day period in summer
against 70% in winter). This contributed, with the reduction
of available solar energy in winter, an additional decrease in
PBR productivity, ultimately resulting in a more strongly
reduced efficiency during that period (a more detailed analy-
sis of productivity is given below).

Because it leads to a decrease in light conversion by the
process, the kinetic regime is ideally avoided in PBR. This
implies obtaining a sufficiently high biomass concentration
to absorb all the intercepted PFD. In solar conditions with
permanent variation and a certain degree of unpredictability
(clouds, etc.), this will be very difficult. As shown previously
in Figure 3, the modification of the residence time led to dif-
ferent biomass concentration time courses, with only a small
influence on resulting areal productivity. As it is easy to
modify in practice (it is set only by the feed flow rate), the
residence time thus proves to be a parameter of interest to
optimize during day-night cycles. In this study, the case is
obviously oversimplified (simulation of an infinite succession
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of the same day and permanent harvesting). However, based
on the same theoretical framework, advanced control strat-
egies could be developed to keep the PBR running close to
its optimal productivity, taking into account time variation
of illumination conditions as a result of not only day—night
cycles but also meteorological conditions. The utility of this
approach has already been demonstrated in the context of
artificially lightened PBRs.>

Comparison with the luminostat regime

To emphasize the specific transient PBR regime as
imposed by day-night cycles, results of simulations were
compared with a hypothetical luminostat regime (results
given only for the summer day, same conclusion for the win-
ter day). By definition, this corresponds to the maximal PBR
productivity, as would be obtained when operating the PBR
at steady state and at optimal residence time in a permanent
illumination condition (this case is purely theoretical here,
the practical application of a luminostat regime in real solar
conditions being beyond the scope of this study). When
applied to the day-night cycles (Figure 7a), the luminostat
regime gave a time course that perfectly followed the daily
variation of incident light flux, with an increase in biomass
production until noon, and then a decrease to nil during the
night. This was thus markedly different from the transient
PBR behavior described in the previous section. Compared
with productivities of the luminostat regime, instantaneous
productivities were found to have small amplitude. Because
the luminostat regime when applied to a day-—night cycles
can be regarded as a succession of optimal steady states of
the PBR, this again confirms the very low dynamics of the
process. As shown in Figure 7b, biomass concentration oscil-
lated near a quasi-constant value, very different from the one
that would be obtained assuming a steady state regime for
each value of the PFD received during the day. The specific
transient response with small amplitude is here fully
explained by the low kinetics of algae growth compared
with day—night cycles.

It is interesting to correlate those time courses with the
corresponding daily averaged areal productivities. Despite a
marked difference in the dynamics of instantaneous values,
almost the same daily averaged areal productivity was
obtained in the luminostat regime as the maximal value
determined in the previous section, with only a 5% gain
with the luminostat regime (10.5 g m™> d~' against 10
g m 2 dh. Although instantaneous response was far from
optimal, the PBR ran near a pseudo steady state with a mean
productivity close to optimal. This confirms the previous
conclusions of the authors'® obtained with artificially illumi-
nated PBRs enabling an accurate control of radiation field.
They postulated that a deviation of the illuminated fraction y
by 15% was responsible for only slight variations in the bio-
mass productivity. This conclusion certainly also illustrates a
general optimization of photosynthetic growth in day—night
natural cycles. However, this has to be related to the species
considered: A. platensis, as a prokaryotic photosynthetic
microorganism, is weakly influenced by dark zones (no res-
piration in light) and night (low respiration rate). This would
certainly be very different for eukaryotic cells such as micro-
algae, which respire even when illuminated, resulting in a
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Table 2. Summary of Day Averaged Maximal and Optimal Areal Productivities, PBR Efficiency, and Light
Interception for the Different Cases Investigated (See Text for Details)

Areal Productivity Maximal Optimal PBR Light Interception
(10 kg m=2d™h Productivity Productivity Efficiency (%) Yield (%)
Summer day, f§ = 0° 10 15 66 78
Winter day, f = 0° 2.8 6.3 44 53
Winter day, f = 45° 4.7 6.3 74 89

significant negative influence of dark zones on PBR produc-
tivity (biomass catabolism). As already observed in artifi-
cially lightened PBRs, a more marked difference would
certainly be observed for such microorganisms when not
working in optimal light absorption conditions (y = 1). As
shown in Figures 7b and 6b, such a condition is only ful-
filled during very brief periods.

Areal productivities and utility of maximizing
radiation interception

Maximal productivities were determined for the various
conditions investigated (summer and winter day, for a hori-
zontal and tilted surface with an inclination f = 45° in win-
ter). Productivities assuming optimal light interception and
biological use of available solar energy were also calculated.
By definition, this gives the optimal productivity achievable
for the irradiation conditions investigated, independently of
the PBR geometry and orientation. All results are summarized
in Table 2. Productivity of the horizontal PBR in summer was
66% of the optimal value. This is mainly explained by sun-
light capture, which accounts for 78% of the available solar
irradiation. The effect of night on biomass loss, or not work-
ing at optimal absorption conditions in the luminostat regime,
was shown here to have only a small influence. However, as
stated above, this conclusion must be related to the microor-
ganism investigated (A. platensis), which proves to be poorly
influenced by night or dark zones in the PBR.

Productivities in winter showed a marked reduction in pro-
ductivity compared with summer. This was expected but also
illustrates the fact that extrapolation of summer productivity
to a whole year (as sometimes found in the literature) is risky.
It is again interesting to correlate results of productivities to
the irradiation intercepted by the PBR. The horizontal posi-
tion allowed interception of only 53% of the available light
energy in winter owing to the low elevation of the sun path
during winter (high incident angle on PBR surface). As a
result, areal productivity was only 44% of the optimal value.
Interception could be increased by simply tilting the PBR.
Tilting the surface with an inclination § = 45° (roughly the
latitude of the city of St-Nazaire) greatly modified the incident
angle of solar radiation on the PBR surface and increased irra-
diation interception by 90% compared with the horizontal con-
figuration (see Figure 2c and Table 1). Maximal areal produc-
tivity achieved in these conditions was 4.7 g m2d}, repre-
senting 74% of the optimal value. This result clearly illustrates
the utility of maximizing irradiation interception.

Conclusions
As for any solar processes, PBR operation and productiv-
ities are closely dependent on irradiation conditions. A
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generic model is proposed that represents light-limited
growth in solar PBRs. Using a theoretical framework derived
from many years of investigation in artificial light PBRs,
this model was extended to take into account specific fea-
tures of dynamic solar radiation, such as variation of inci-
dent angle or direct/diffuse distribution of sunlight flux den-
sity. The model was associated with a solar database to pre-
dict solar PBR areal productivity as a function of PBR
ability to intercept solar radiation, and PBR transient behav-
ior as a combined result of solar cycles and growth kinetics,
both having different dynamics that prevent a steady state
being obtained.

As already shown, especially for artificial light systems,
modeling is a necessary framework to integrate the interde-
pendent, complex features governing PBRs (radiative transfer
conditions inside the culture and photosynthetic conversion by
the cultivated species) in which photonic conversion occurs
inside the bulk culture. This was especially evident for the so-
lar case, solar radiation interception and the resulting transient
behavior of the process making analysis more complex. The
extension of a modeling approach to the solar case will thus
help to improve our knowledge of this particular type of PBR.
Future studies will use this model as a basis for the specific
investigation of solar PBRs, such as PBR behavior under
more realistic day—night cycles as encountered over a full
year, the optimization of PBR geometry (and especially with
regard to light interception), or the development of advanced
control strategies to optimize light use during day-night
cycles. The model will also be extended to heat transfer, to
predict temperature evolution during day-night cycles
(another major practical limitation of solar PBRs).
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Notation

A = local volumetric radiant power density absorbed,
pmol s~ m~?
b = back-scattered fraction for radiation,
dimensionless
Cx = biomass concentration, kg m?

D = dilution rate, h~' or s7!

E, = mass absorption coefficient, m* kg '

E, = mass scattering coefficient, m* kg~

G = local spherical irradiance, ymol s ' m >

G, = compensation irradiance value, umol s~ m~?

K = half saturation constant for photosynthesis, pumol
s m

L = depth of the rectangular photobioreactor, m

g = total radiation received on photobioreactor surface

(same as photon flux density), umol s ' m~?
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ry = biomass volumetric growth rate (productivity), kg
m s torkgm?h!
Sp. = illuminated surface of the photobioreactor, m’
Sy = areal biomass productivity, kg m > d~"
t = time, days or s
V. = photobioreactor volume, m?
z = depth of culture, m

Greek letters

= linear scattering modulus, dimensionless

inclination of the photobioreactor surface, rad

fraction for working illuminated volume in the

photobioreactor, dimensionless

= extinction coefficient for the two-flux method, m™

= incident angle, rad

zenith angle, rad

pm = maximum energy yield for photon conversion,
dimensionless

= hydraulic residence time, h

mean mass quantum yield for the Z-scheme of

photosynthesis, kgx umol;,!

(s = solar azimuth angle, with respect to the south, rad

= R
Il

1

Lo
Il

ASNEN
Il

Subscripts

/| = related to beam radiation
1 = related to normal beam radiation
N = related to total diffuse radiation
cs = related to circumsolar diffuse radiation
col = related to collimated part of irradiance
dif = related to diffuse part of irradiance
d = related to a dark zone in the photobioreactor
hz = related to horizon brightening (diffuse radiation
calculation)
iso = related to isotropic diffuse radiation received from
the sky dome (diffuse radiation calculation)
¢ = related to an illuminated zone in the
photobioreactor
max = related to maximum available solar radiation
opt = related to the optimal value for residence time
refl = related to reflected radiation (diffuse radiation

calculation)
Other
spatial averaging = (X) = ¢- [[[ X dV
Abbreviations "

PAR = photosynthetically active radiation
PBR = photobioreactor
PFD = photon flux density
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Appendix: Modeling of Radiative Light Transfer in
Bulk Culture in Solar Conditions

Modeling radiant light energy transport inside Cartesian
geometry photoreactors'”'® or turbid water media with pho-
tosynthetic microorganisms in open ponds'"'® has long been
a subject of study. In general, this problem has been demon-
strated to be azimuthally independent, although not possibly
in some particular applications.51 These very interesting pio-
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Figure A1. Examples of irradiance field in bulk culture
for averaged summer day at noon.

neer studies have mainly focused on the degree of sophisti-
cation of the numerical procedures used to solve the radia-
tive transfer equation (among them the two-flux method),
correctly distinguishing, for the boundary conditions,
between the directional collimated and the diffuse compo-
nents of the solar radiation. Nevertheless, these authors
mainly considered simple generic radiative properties for the
scatterers (mineral catalysts or microorganisms), whereas we
have clearly demonstrated®®** that quasi-exact properties are
a crucial requirement for a confident radiation field descrip-
tion in a PBR. In this case, the two-flux method seems suffi-
ciently accurate as a first approximation''*° to calculate the
radiation field, thus allowing the kinetic and stoichiometric
coupling formulation. This method also presents the major
advantage of giving analytical solutions (saving calculation
time as an elemental stage of a complex dynamic model) for
any considered boundary conditions, such as directional-col-
limated and diffuse-isotropic conditions generally encoun-
tered in incident solar radiation modeling.

Two examples of irradiance profiles are given in Figures
Al and A2. Each one derives from the simulations con-
ducted in our work and were chosen to illustrate the specific
radiative transfer conditions as a result of solar conditions
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Figure A2. Examples of irradiance field in bulk culture
for averaged winter day just before sunset.
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Table Al. Investigation of Various Modeling Assumptions in the Radiative Transfer Calculation on Resulting Productivity
(See Text for Details)

Assumption 3

Areal Productivity Maximal Assumption 1 Assumption 2 (Normal Incidence and
(10°kgm2d™h Productivity (Normal Incidence) (All Radiation ¢ Collimated) All Radiation ¢ Collimated)
Summer day, f§ = 0° 10 11.7 114 13.6
Winter day, f = 0° 2.8 34 2.1 4.1
Winter day, f§ = 45° 4.7 5.1 5.1 59

(both are for the horizontal inclination). Figure Al represents
the irradiance field obtained for the typical summer day at
noon (12:00 h). As described in the text, this corresponds to
the maximum of irradiation (total radiation ¢ = 1273 pmol
m 2 s~ ! with direct radiation ¢, = 737 pumol m * s, dif-
fuse radiation ¢ = 536 umol m 2 s™', and an incidence
angle O = 26°). Figure A2 is for the typical winter day just
before sunset (+ = 15:00 h). A high incidence angle is
observed with a significant part of diffuse radiation (¢ = 130
umol m s qy = 35 pmol m s ! and qn = 95 umol
m~2s7!, and 8 = 80°).

Those two examples show light attenuation inside the bulk
culture. Corresponding light fraction y > 1 (kinetic regime)
and y = 0.9 (full light absorption) were obtained for the
summer (Figure Al) and winter (Figure A2) cases, respec-
tively. These two examples also illustrate the respective con-
tributions of direct and diffuse parts to the total irradiance
field as defined by the sum of collimated and diffuse contri-
butions. In all cases, none of the radiation component can be
neglected, even for these two cases that emphasized one or
the other of the radiation components (direct for summer
and diffuse for winter). For the summer case, due to a low
incident angle, beam radiation penetrates deeply inside the
bulk culture. Because of its noncollimated nature, diffuse
radiation (not sensitive to the incident angle) attenuates more
rapidly. For the winter case, the main contribution comes
from the diffuse component. This is explained here by the
high incidence angle, which greatly reduces the penetration
of the direct component of the radiation.

To emphasize the relevance of considering incidence angle
and direct/diffuse distribution in the solar PBR model, simu-
lations were conducted assuming different simplifications in
the radiative transfer calculation. First, the effect of the inci-
dent angle was neglected, and a constant value 6 = 0 was
applied in Eq. 2 (Assumption 1). Second, the direct and dif-
fuse parts of solar radiation were not considered separately
in the calculation, all radiation being assumed to be only
collimated, with angle 6 (Assumption 2). This was obtained
by replacing ¢, (direct radiation) by ¢ (sum of direct and
diffuse radiations) in Eq. 2 and by ignoring the calculation
of Eq. 3 (diffuse component). Third, as the simplest case of
radiative transfer representation, the two previous assump-
tions were combined, and all the radiations were taken as
being only collimated but with no effect of incident angle in
the radiative transfer calculation (Assumption 3). The results

are given in Table Al with those calculated in this work for
comparison (with time-varying incidence angle and a distinc-
tion between beam and diffuse components in solar radia-
tion). As expected, the different assumptions influence pro-
ductivity prediction. Except for the winter day with = 0°
(see below), an overestimation was obtained. The assumption
of normal incidence (Assumption 1) resulted in an increase
in the light flux penetrating the PBR (cos 6 = 1 in all calcu-
lations). In the same way, because diffuse radiation attenu-
ated more rapidly in the culture medium, considering all the
radiations to be only collimated (Assumption 2) tended also
to increase the resulting productivity. In the studied case,
both assumptions led to an overestimation of 10-20%,
depending on the irradiation conditions. When the two
assumptions were combined (the simplest case of radiative
transfer representation), an overestimation of up to 50% was
obtained. This emphasizes the relevance of an accurate con-
sideration of the incident angle and direct/diffuse distribution
in the radiative transfer modeling. As stated above, the only
case where an overestimation was not obtained was for the
winter day with f# = 0° and Assumption 2. An underestima-
tion of 25% was then obtained. This is fully explained here
by the special conditions of illumination obtained with a
high incidence angle and with intercepted light composed
mainly of diffuse radiation (as described). In Assumption 2,
all intercepted radiations including diffuse radiation were
considered as collimated radiation. However, the high inci-
dence angle in this case caused beam radiation penetration
to be greatly reduced. Because diffuse radiation formed the
most significant part of the light intercepted here, this
resulted in a reduction of the predicted productivity com-
pared with the case where diffuse radiation (not influenced
by the incident angle) was accurately considered. Neglecting
incidence angle effect (as in Assumptions 1 and 3) prevented
this effect (efficient penetration of collimated radiation), and
productivity was then overestimated. This last example illus-
trates that both incident angle and direct/diffuse radiation
can have a complex influence on the resulting radiative
transfer modeling inside the bulk culture, depending on the
radiation conditions investigated. An accurate representation
of both effects is thus necessary to take accurately into
account their respective importance for PBR productivity.
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