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Introduction and Objectives

For the mathematical modeling of photobioreactors (PBRS) it is necessary to understand and
formulate the coupling between the metabolism of micro-organiams and the physicd phenomenon of
light trandfer ingde the culture medium. PBRs are governed by radiant light energy availability, which
is highly heterogeneous within the culture volume (Aiba 1982; Cornet et al., 1992; Cassano et al.,
1995; Acien Fernandez et al., 1997). This spatia heterogeneity causes varying local reaction rates,
which makes it necessary to derive loca equations and calculate the mean volumetric growth rate by
integration over the working illuminated volume in the reector (Cornet et al., 1992; Cornet et al.,
1995; Cornet et al., 1998).

The problem of radiative transfer is now well understood and the authors have aready
proposed a ample monodimensond mathematical modd for describing light transfer in PBRs with
different shapes (Cornet et al., 1995; Cornet, 1998). This approach has been proved sufficiently
accurate in providing modes for smulation and predictive control (Cornet et al., 1995, 1998, and
2000).

Coupling light trandfer with soichiometry and rates is a difficult and specific task in modding
PBRs. It was dso demongrated to significantly depend on the considered metabolism, and clearly
the main differences gppear between photo-autotrophic and photo-heterotrophic micro-organisms
(Cornet et al., 1999; Cornet and Albiol, 2000). Preiminary kinetic experimental results obtained on
batch cultures of Rhodospirillum rubrum in rectangular PBRs showed that it was necessary to
condder an intermediate zone in the PBR, with a particular relaxation metabolism, which could be
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respongible in the high leve of intracdlular PHB accumulation (Cornet et al., 1999; Cornet and
Albiol, 2000). This hypothess has led to edablish two different globa Stoichiometries from a
metabolic engineering gpproach (Favier et al., 1999, and 2000; TN 45.4 and 49.1); one available in
theilluminated zone of the PBR (asfor Spirulina), and one available in the dark efficient zone of the
PBR (short residence time).

The am of this Technicd Note is to verify if there is a satisfactory agreement between
experimental results obtained in rectangular PBRs in a wide range of incident light fluxes and a
proposed kinetic and stoichiometric mode, based on the previous metabolic andysis. Because of the
consdered experimenta results, the study is limited to the globa conversion of carbon subgtrate in
total biomass yidds vaidation. Five carbon sources, which are the most representative of the output
of the liquefying compartment, were used (acetate, propionate, butyrate, isovalerate, isobutyrate) to
determine the effects of different substrates on growth kinetics in conditions of carbon substrate
limitation.

Thiswork relies on the experimenta tests performed at UAB and reported in TNs 37.81-82
(Lenguazaet al., 1998a and b).

1- Kinetic Model

The kinetic model used in this study was previoudy described inthe TN 45.1 (Cornet et al .,
1999). It mainly relies on a knowledge mode for radiative trandfer description, i.e. a generdized
monodimensiond two-flux modd, coupled with a zone modd for volumetric kinetics averaging. The
specific growth rate is given by posulaing aMonod law raive to mean locd light intengty:

I S

m=m g O

in which the congtant K ; depends on pigment and antenna composition for each micro-organism, but
is independent of the carbon subgtrate, whereas the maximum specific growth rate ny, is obvioudy
dependent on the carbon source (Cornet et al., 1999).

Thus the mean volumetric growth rate in the reactor is given by:
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In order to have congtant kinetic parameters over a wide range of incident fluxes, and to
provide fully predictive modes, the integration must be performed on zones where metabolic activity
occurs (Cornet et al., 1992; Cornet et al., 1995; Cornet et al., 1999).

For photo-heterotrophic micro-organisms, the possbility exists of accumulating reducing
power in the dark using the transmembrane potentid to generate a reverse dectron transfer (RET)
from succinate to a fina acceptor (NADH,). From this RET, no additiona light energy is necessary
for the synthesis of storage intermediates such as polyhydroxybutyrate (PHB) or glycogen. However,
in this case, ATP synthesis is not possible and such a mechanism can operate only for short dark
resdence times of cdlls. For higher dark resdence times of cdls, dl metabolic activity is stopped if
no proper eectron acceptor is available, or if the resdence time of cells remains too short to avoid
gppearance of afermentative metabolism.

Consequently, it is necessary to divide the total volume of the reactor into three different
metabolic zones to caculate the integrd (2):

1 1 1
<r>= (1~ b- 9)3 @AY + b @i, AV +0 Qi AV ©)
1 v 2 v,

3V,

Asiillugrated in Figure 1, the volume V, is an illuminated zone in which the growth rate profile is
given by coupling the rediative transfer equation with equation (1); The volume V, is a dark zone in
which the resdence time of the cdlls remains sufficiently short for metabolic activity to continue; and
the volume V, is a dark zone where no sgnificant biomass growth tekes place, i.e. r,, = 0. For
reectors illuminated on one sde, the monodimensiond gpproximation holds true and the volumetric
integrals can be replaced by smpleintegrasin the z-direction and so the volumetric fractionsb and g
aregiven by (Figure 1):

g=V/V=L/Landb=VV=(L,-L)L (4
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Figure 1: Ddiinition of the three zones with different metabolic activity in modding
photoheterotrophic growth kinetics in rectangular photobioreactors illuminated from one sde
(incident flux Fo). The working illuminated volume is defined by the length L; and the volume V3. The
intermediate zone with storage of reducing power in the dark is defined by the volume V, and the
length (L>-L3). In the resdua zone (L-L,), a the rear of the reactor, the volumetric biomass growth
rateis zero.

Thelength L, called the working illuminated volume, can be caculated in the same way as
for Spirulina, from the knowledge of the mean efficient intendty e; corresponding to the minima
rediant light energy a which photosynthesis remains efficient. The length L, can dso be eadly
edtablished because it Splits the reactor volume into a metabolicaly active zone and an inefficient one.
Consequently, it must be defined from the appearance of linear mean growth rate in batch
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experiments. Finaly, we assume that the mean volumetric growth rate in the dark zone is controlled
by the volumetric growth rae in the working illuminated volume, i.e. that the intermediate zone
corresponds to a relaxation mechanism i.e. adecay of the transmembrane potentia insuring the RET.
Equation (3) with equation (4) is then rewritten, for monodimensiona approximetion:

1 Li Cc l Li :C
= = 5
<ry, >=1fs (b+q) L, gxsdv K_+C, fs g 3 gx3dV—KC +C, ®)

where the illuminated surface fraction fs has been introduced to describe cases in which only part of
the photoreactor surface is illuminated, and the Monod term with respect to carbon subgtrate
concentration C enables to take into account kinetic effects of carbon source limitations. From this
equation, the mean volumetric rate for carbon subgtrate consumption is easly cdculated from the

meass converson yield Ygy:

|< rs >= 'YS/x <Ty >| (6)

Equations (5-6) with equation (1) will be used for smulaions given in the Results and
Discussion section below. The mode coefficients determined in TN 45.1 (Cornet et al., 1999)
under light limitation only and for the five main carbon substrates are given in Table 1.

Table 1. Summary of numerica vauesfor light transfer and kinetic modd coefficients.

M ean mass absor ption coefficient Ea 270nfkg™
M ean mass scattering coefficient Es 370ntkg™
M ean efficient intensity for photosynthesis E; 102 W.m*
Monod saturation constant for mean local intensity K, 15 W.m*
Proportionality constant defining the efficient zone of the PBR q 3
Maximum specific growth ratefor carbon substrate m
Acetate 0.15h™
Propionate 013h*
Butyrate 0.115h*
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Isovalerate 007h*

I sobutyrate 0.07h*

2- Stoichiometries - Yields Calculations

The classca problem of substrate to biomass yidd caculation Ygx from goichiometric
equations when different metabolic zones exigt is not o trivid. Two stoichiometries are here
necessarily etablished: one for the working illuminated volume corresponding to the mgor cdlular
components synthesis, and one in the dark efficient zone, responsble in the PHB accumulation in
cdls. This work was performed respectively in TN 45.4 (Favier et al.,1999) and TN 49.1 (Favier
et al., 2000).

2.1- Stoichiometries and Yiddsin the [lluminated Zone

From metabolic engineering and andyds, goichiometric equations were previoudy
edtablished by Favier et al. (1999, TN 45.4) in the working illuminated zone for active biomass
gynthessin the generd form:

one[C- mole of substrate] + Minerals+ a,CO, $4® Q[C- mole of biomass] +¢ H,O (7)

the mass subdtrate on active biomass yield in the illuminated zone Yy is then defined from:

massof oneC - moleof substrate
Yoy = b~ (massof oneC - moleof biomass) (GS/gA) (§

2.2- Stoichiometries and Yields in the Dark Efficient Zone
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The dark efficient zone is supposed to correspond to PHB synthesis and accumulation. In the
same way, stoichiometric equations were established (Favier et al., 2000, TN 49.1) in the generd

form:

one[C - moleof substrate] + Mineralst a,CO,
F4® b, [C- mole of biomass]+cd [C- mol e of PHB]+dd H,O ©)

Total Biomass

leading to the mass substrate on total biomass yield Ygx(q in the dark efficient zone definition:

massof oneC - moleof substrate
b, ~ (massof oneC - moleof biomass) + ¢, (massof oneC - moleof PHB)

Yorxay = (9S/ gXT)

(10)

2.3- Mean Stoichiometries and Yields

Clearly, eech of the previous soichiometries must be averaged by weighting from the
illuminated and dark zone fractions a any time in the photobioreactor. Because the fractions gand b
are defined in regard to the total volume of the reactor (V), it is necessary to define fractions relaive
to the efficient volume of the PBR in which growth occurs (V5 + V,). These definitions are
graghtforward for the illuminated fraction fv; (taking g £1 and (b +g) £ 1 and with fvy + fviq) =

1):
__9
fv,, = b+g (11)
and for the dark efficient fraction fvq):
Vi, = b+g (12)

The mean globd yidd for total biomass synthesis (illuminated + dark zones) is then given by:

Ys/x = fV(I)YS/X(I) + fV(d)YS/X(d) (13)

10
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It must be point out firgt that this globa yield depends on light and dark volume fractions, i.e.
it is time dependent in batch mode cultivation, and second that the proposed approach enables to
predict the PHB percentage obtained in the total biomass at each time in batch mode or at steady
date in continuous mode cultivation. The resulting globa stoichiometries for tota biomass (i.e. active
biomass and PHB) are in fact easly caculated from the knowledge of the fractions fv and fvg)
which relate the PHB cellular content to the culture conditions.

3- Materials and Methods

Experimental batch cultures were performed in rectangular photobioreactors (Roux flasks) of
1.1 L working volume. Cultures were grown in a set-up, enclosed in a dark chamber with black
surfaces, arranged as depicted in Figure 2.

[llumination was arranged in monodimengond conditions. The lamps used were Sylvania
professiona 25 BAB 38°, 12V 20W. Different incident light fluxes were obtained by varying the
length between the lamps and the reactor.

Mean incident fluxes of photosyntheticaly active radiation (PAR) were measured usng a
guantum sensor, (Licor Li-190SA), attached to an L1-189 portable meter. The sensor gives the
photosynthetic photon flux densty (PPFD) in nmolss®.mi?. Converson of quantum units to
radiometric units in the range 350-950 nm was carried out using a constant factor of 0.425 obtained
from the emisson spectrum of the lamps. These measurements were confirmed, using Reinecke st
as actinometer, to caculate the mean incident irradiaion on the illuminated surface (Cornet et al.,
1997). Practicdlly, for fg = 1, i.e, the whole of the surface illuminated, we used a high vaue for the
incident flux of 420 W.m?, then alow value of 45 W.m?,

Biomass dry weight was ca culated from the measured absorbency of asample (A7) and its
vaue interpolated on a cdibration curve taken from previous determinations (Albiol 1994).

The bacterid strain Rhodospirillum rubrum (ATCC 25903) was obtained from the
American Type Culture Collection. It was revived and subcultured for maintenance using the

supplier's recommended media.

11
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Experimental culture media were based on the basal salts mixture of Segers & Verdraete as
described by Suhaimi (Sunaimi et al. 1987), using different carbon sources and biotin as the only
vitamin. To maintain the pH of the culture media and to decrease medium culture precipitation, which
could affect the measurements, the following modifications were made. Phosphate concentration was
decreased to the following levels KH,PO, 0.2 g/l K;HPO, 0.3 g/l. Buffer capecity to maintain the
culture pH was obtained using 3-morpholino propane sulphuric acid (MOPS) 21 g/l. Phosphate was
autoclaved separately. The pH was adjusted to 6.9. At the end of the culture the pH was found to
be7.4.

il

0000.0

O
O
O

(I
O

Figure 2: Experimenta set-up; A: lamp-bioreactor distance. B: Lamp support. C: Bioreactor. D:
magnetic girrer. E: water bath. F: light sensor. G: thermostatic bath

The carbon sources used in these experiments were acetic acid (2.5 g/l), butyric acid (1.84
g/l), propionic acid (2.06 ¢/l), isovderic acid (1.7 ¢/l) and isobutyric acid (1.84 g/l). The

12
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concentrations used correspond to 1 gC/l for al cases. Sodium carbonate concentrations for each
case were respectively 0.25 g/, 1.35 g/l, 0.67 g/l, 1.23 ¢/l, 1.35 g/l in order to keep congtant the
ratio C/N = 5. In each experiment, carbon source was andyzed by a GPC method (HP 5890) until
it was totaly exhausted.

Temperature (30°C) was maintained using a water bath with heating and cooling capacities.

The culture was kept homogeneous with a magnetic stirrer.

4- Results and Discussion

The results of amulations in rectangular PBRs discussed in this section are based on
experimental results of Lenguaza et al. (1998a and b; TN 37.81 and 37.82). If there is no doubt
that results at high fluxes (430 W.m?) of TN 37.81 are available for modding, it is not the case for
results of TN 37.82 at low fluxes (45 W.ni?). In this technica note, clearly appears a problem of
carbon recovery percentage since, depending of the experiments, vaues between 150 and 220 %
have been calculated, leading to erroneous experimenta vaues for the mass converson yields. This
problem was dready pointed out by Favier et al. (2000), and by Cornet and Albiol (2000) in their
publication on kinetic modeling of Rs. rubrum. It is now well established that intracdlular granules of
PHB accumulated strongly modify the mean refractive index of cells (this effect was verified in the lab
using Lorentz-Mie theory caculaions) and then the scattering coefficient which is respongble of light
attenuation in optical densty measurements at non-absorbed wavelength. Besides, this fact was used
by some authors to established relations between optica density and PHB content in cells (Wilde,
1962; Lopatin et al., 1996)! Clearly, PHB accumulation in cells at low fluxes explains the erroneous
relation used in TN 37.82 between OD¢y and dry mass. Consequently, we have proposed in
this study to recalculate dry weight data (total biomass) obtained in TN 37.82 from the
basis that the carbon recovery percentage was 100% when the carbon substrate was totally
exhausted. We have made exactly the same correction in the recent paper of Cornet and Albiol
(2000) for kinetic moddling of Rs. rubrum under light limitation only, and dso in Table 4 of TN 49.1
(Favier et al., 2000).

13
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One of the am of this work was aso to determine the Monod saturation constant K¢
(equation 5) for each of the five main carbon substrates consdered. Clearly, as it was aready
demongtrated on Spirulina platensis sudies (eg. for nitrate limitation), it is only a preiminary
asessment of this congtant on batch experiments; the exact vaue needing to be determined in
continuous culture mode. 1t appeared from this preliminary analysis that the same value of K¢
seems to correspond for all the carbon substrates considered in this paper. Consequently,
all the simulations hereafter presented use the value K¢ = 10 g/l for the considered carbon
substrate

Finaly, as it was dready explained in TN 451 (Cornet et al., 1999), most of the
experiments performed in TN 37.81-37.82 presents lag phases, corresponding to more or less
understood phenomena (pigment content modifications?). The proposed modd of course is unable
to take into account such non-reproducible features and the experimenta data consdered for this
study correspond only to growth phases. Moreover, for few experiments, the initial value of carbon
subgirate concentration measured was not in agreement with the other data time course; in this case,

this vaue was identified in order to obtain abest resulting smulation.

4.1- Acetate as Carbon Substrate

For acetate as main carbon source, the following stoichiometric equations were obtained in

the light zone (Favier et d.,1999):

CH,0 +0.2058 NH, +0.01495 H,PO, +0.0033 H,SO,

14
FL® 0.9275 CH, 004 N 36210 0036 Po.oier +0-0725 CO, +0.5922 H,O (14

and in the dark operétive zone (Favier et d., 2000):

CH,0+0.1065 NH,+0.007/5 H,PO, +0.00175 H,SO,

P®  0.4803 CH 60N g 3621Sh 0035 Pocuer + 04285 CH 50,5 + 0.0912 CO, +0.4663 H,0
(15)

leading to the following vaues of yieds

14
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Yoxy = 1408 16)
Yoixay = 1477

Numerical smulations obtained with these theoretica yields, together with equations (5,6 and
13), and with K¢ = 10 g Acetatell are given with experimental data on Figures 3a and b for high
and low incident light fluxes.

——Biomass Model
—— Acetate Model
e Biomass (g/l)

o Acetate (g/l)

CONCENTRATION (g/l)
N

TIME (h)

Figure 3a: Time course for total biomass and acetate concentrations in rectangular PBR illuminated
on one Sde with an incident flux Fo = 420 W.m%. Comparison with the proposed stoichiometric and
kinetic modd.

15
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Figure 3b: Time course for total biomass and acetate concentrations in rectangular PBR illuminated
on one side with an incident flux Fo = 45 W.n% Comparison with the proposed stoichiometric and
kinetic modd.

Clearly, the Figures show a good agreement between modd and experiment, vaidating the
meass acetete converson yieds given by eg. (13, 16), in arange of incident light fluxes varying by a
factor 10.

4.2- Propionate as Carbon Substrate

For propionate as main carbon source, the following stoichiometric equations were obtained

in the light zone (Favier et d.,1999):

CH,O, e +0.2400 NH, +0.01743 H,PO, +0.00387 H,SO, +0.0821 CO,

1
3;/4® 10821 CH 1.6004N 0.362180.0036 PO.OlGl + 05242 H ZO ( 7)

and in the dark operétive zone (Favier et d., 2000):

16



TN. 45.5 - Kinetic and Soichiometric Analysis of Rs. rubrum Growth in Rectangular PBR

CH,O,4; +0.0857 NH, +0.00623 H,PO, +0.0014 H,SO, +0.0531 CO,

18
$l4® 03864 CH1.6004N0.362180.0036 F)0.0161 + 06667 CH 1.50500.5 + 03284 HZO ( )

leading to the following vaues of yidds

Yoxy = 0971

19
Yorx ) = 1061 (19)

Numericd smulations obtained with these theoreticd yields, together with equations (5,6 and
13), and with K¢ = 10" g Propionate/l are given with experimental data on Figures 4a and b for high
and low incident light fluxes.

— Biomass Model
—— Propionate Model
e Biomass (g/l)
o Propionate (g/l)

CONCENTRATION (g/l)
N

TIME (h)

Figure 4a: Time course for total biomass and propionate concentrations in rectangular PBR
illuminated on one side with an incident flux Fo = 420 W.m%. Comparison with the proposed
goichiometric and kinetic modd!.

17
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—— Biomass Model
—— Propionate Model
e Biomass (g/l)

o Propionate (g/l)

CONCENTRATION (g/)

TIME (h)

Figure 4b: Time course for totd biomass and propionate concentrations in rectangular PBR
illuminated on one Sde with an incident flux Fo = 45 W.m% Comparison with the proposed
soichiometric and kinetic modd.

Clearly, the Figures show a good agreement between model and experiment, vaidating the
mass propionate converson yields given by eg. (13, 19), in arange of incident light fluxes varying by
afactor 10.

4.3- Butyrate as Carbon Substrate

For Butyrate as main carbon source, the following stoichiometric equations were obtained in

the light zone (Favier et d.,1999):

CH,O,; +0.2572 NH, +0.0187 H,PO, +0.004125 H,SO, +0.1594 CO,

(20)
??ZA® 1 1594 CH 1.6004 N 0.3621SO.OO36 I:)0.0161 + 04902 H 2 O

and in the dark operative zone (Favier et d., 2000):

18
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CH,O,; +0.0753 NH, +0.00548 H,PO, +0.00123 H,SO, +0.1253 CO,

21
$l4® 03395 c:Hl.6004N0.362180.0036 PO.OlGl + 07857 CHl.SOSOO.S + 02594 HZO ( )

leading to the following vaues of yidds

Yo = 0820

22
Yoix () = 0889 (22)

Numericd smulations obtained with these theoreticd yields, together with equations (5,6 and
13), and with K¢ = 10™ g Butyrate/l are given with experimenta deta on Figures 5a and b for high
and low incident light fluxes.

AN

Biomass Model
—— Butyrate Model
e Biomass (g/l)

o Butyrate (g/l)

CONCENTRATION (g/l)
N

0 10 20 30 40 50
TIME (h)

Figure 5a: Time course for total biomass and butyrate concentrations in rectangular PBR illuminated
on one sidewith an incident flux Fo = 420 W.m2. Comparison with the proposed stoichiometric and
kinetic modd.

19
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Figure 5b: Time course for total biomass and butyrate concentrations in rectangular PBR illuminated
on one sSde with an incident flux Fo = 45 W.m%. Comparison with the proposed stoichiometric and
kinetic modd.

Clearly, the Figures show a good agreement between modd and experiment, validating the
meass butyrate conversion yidlds given by eq. (13, 22), in arange of incident light fluxes varying by a
factor 10.

4 .4- | sovalerate as Carbon Substrate

For Isovalerate as main carbon source, the following stoichiometric equations were obtained
in the light zone (Favier et d.,1999):

CH,O,, +0.2675 NH,+0.01944 H,PO, +0.0043 H,SO, + 0.2057 CO,

23
F® 1.2057 CH, 004N 3601500036 Pp.0161 +0-4698 H,O (23

and in the dark operative zone (Favier et d., 2000):

20
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CH,0,, +0.1087 NH, +0.0079 H,PO, +0.00176 H,SO, +0.1760 CO,

24
3/8'(4® 04902 CH1.6004N0.36ZlSO.0036P0.0161 +06856 C:H1.50500.5 +02684 HZO ( )

leading to the following values of yidds:

Yo =0735

25
Yo (@ = 0783 (29

Numerical smulations obtained with these theoretica yields, together with equations (5,6 and
13), and with K¢ = 10" g Isovaeratell are given with experimental data on Figures 6a and b for high
and low incident light fluxes.

3
= °
D
zZ
S 21
I;: — Biomass Model
|D_: —— Isovalerate Model
E 1 ? 0 e Biomass (g/l)
®) L o Isovalerate (g/l)
zZ
@)
©)
0 I i i I O—0—
0 20 40 60 80 100
TIME (h)

Figure 6a: Time course for totd biomass and isovaerate concentrations in rectangular PBR
illuminated on one sde with an incdent flux Fo = 420 W.m% Comparison with the proposed
stoichiometric and kinetic modd.
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Figure 6b: Time course for totd biomass and isovaerate concentrations in rectangular PBR
illuminated on one Sde with an incident flux Fo = 45 W.m% Comparison with the proposed
stoichiometric and kinetic modd.

Clearly, the Figures show a good agreement between model and experiment, vaidating the
meass isova erate conversion yields given by eg. (13, 25), in arange of incident light fluxes varying by
afactor 10.

4.5- |sobutyrate as Carbon Substrate

As previoudy explained (Favier et al., 1999 and 2000), isobutyrate presents the same global
stoichiometric formula as butyrate. The two stoichiometric equations in light and dark zones, and the
two mass conversion yidds are then given by equations (20-22); only the maximum specific growth
rate is strongly affected (Tablel). Moreover, because this substrate seems to lead to a
photoinhibition phenomenon at high fluxes (Lenguaza et al., 1998a), experimenta results were
obtained only at low flux (Lenguaza et al., 1998b).
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Numericd smulation at light flux of 45 W.m? and with the same previous vaue for K¢ is

given on Figure 7.
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Figure 7: Time course for total biomass and isobutyrate concentrations in rectangular PBR
illuminated on one Sde with an incident flux Fo = 45 W.m% Comparison with the proposed
goichiometric and kinetic modd.

The Figure gill shows a good agreement between moded and experiment, vaidating the mass
isobutyrate conversion yields given by eqg. (13, 22).

Generdly, one observes a close agreement between experimentd data and stoichiometric
and kinetic model for each carbon subdrate investigated. This is not so surprisng for two man
reasons:

- The kingtic modd was previoudy vdidated under light limitation only on the same
experiments but on the first growth phase, before carbon limitation appearance (Cornet et al., 1999;
Cornet and Albiol, 2000);

- The goichiometric andys's from metabolic engineering (Favier et al., 1999 and 2000)

approach proved that the mass conversion yields for carbon substrate were very insengtive to the
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culture conditions and PHB accumulaion (many different metabolic hypotheses leed to the same
yidds). It iseasly verified in this study thet the vaues of Ygxy and Ysx(q) are quite close.

As a consequence of this last remark, it must be emphasized that the good
agreement obtained here from carbon substrate to total biomass conversion does not be
considered as a validation of the zone model and of the stoichiometric equations
established for the short residence time of cells at obscurity (Favier et al., 2000). It will be
clearly feasble only by complete analysis of the biomass quality produced in continuous culture
conditions (and especidly from the accurate knowledge of the PHB content), coupled with the
knowledge of kinetic rates and volume fractions (illuminated, dark efficient and dark inoperative) in
the PBR.

Continuous cultures under light and carbon limitations will be aso necessary to investigate
with accuracy the Monod constant for carbon substrates. The constant value of 10™ g/l proposed in
this TN, determined in batch functioning, clearly corresponds to a maximum vaue, but the actua
vaue could be consderably lower (as an example, the nitrate Monod congtant for S platensis
determined from many accurate batch experiments has been proved ten times higher that the actua

one determined later & UAB in continuous cultures).
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Conclusions and Perspectives

A kinetic and stoichiometric zone model for photoheterotrophic growth of micro-organisms
has been proposed in this Technica Note, with atrangent and specific metabolism in adark efficient
zone. Indisputably, it is anew and origind gpproach. It has been vdidated firgt under light limitation
only from total biomass growth rate measurements, and second from coupling with rates for the five
main carbon substrates of Rs. rubrum in batch cultures and in rectangular PBRs. Very good
agreement has been obtained between model and experiments but the strong weakness of this study
relies on the lack of knowledge in the quality composition of the produced tota biomass. Clearly,
investigate short transent metabolism in such micro-organisms is a quite fundamentd task, far from
the engineering gpproach of the MELISSA team. The sole possibility to macroscopicdly validate this
hypothesis is to measure with accuracy the rates of PHB accumulation corresponding to Situations in
which the different zones (i.e. the incident light flux and the biomass concentration) are known and
controlled. It is then only feasble in continuous culture conditions, and such a considerable work
remains to be performed, fird in vaidating the approach under light limitation only, and second in
adding effects of carbon limitations.
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Notations

Cc  Carbon substrate concentration (kg.m or g.I™)
Cx  Tota biomass concentration (kg.m* or g.I')
Ea  Mean Schuster mass absorption coefficient (nf.kg")
E Mean efficient intensity (W.ni?)
Es  Mean Schuster mass scattering coefficient (nf.kg™)
fs [lluminated surface fraction for the PBR (dimensonless)
fv Volume fraction for the PBR (dimensonless)
Fo Meen incident light flux (W.m?)
s Mean locdl available radiant light energy (W.m?)
Ke  Haf saturation constant relative to the carbon substrate (kg.m® or g.I)
K,  Haf sauration constant relative to the mean incident light (W.m?)
L Length of the photoreactor (m)
g=L./L3 Proportionality constant between illuminated and dark operative volumes
(dimensionless)
I's Local volumetric carbon source consumption rate (kg.m®.h®)
Ix Local volumetric biomass growth rate (kg.mi>.h?)
t Time (h)
\Y Volume (nT)
Ysx  Mass carbon subgirate to biomass conversion yield (dimensionless)
1

>=g andV Mean volumetric integral quantity (dimensionless)
\%
Greek letters
b Dark operative volume fraction (dimensionless)
g Working illuminated volume fraction (dimensonless)

m Specific growth rate (%)
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my  Maximum specific growth rate (%)

Subscripts

()] Rdative to the illuminated zone volume in the PBR
(d) Redive to the dark efficient zone volumein the PBR
1 For dark zone with no metabolic activity in the PBR
2 For dark operative intermediate zone in the PBR

3 For working illuminated zonein the PBR
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