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Effect of design dark fraction on the loss of biomass productivities

in photobioreactors

Antoinette Kazbar'3 - H. Marec’ - H. Takache? - A. Ismail?® - J. Pruvost’

Abstract

Design dark fraction reflects the unlit part of a microalgal culture system, as for example a hydraulic loop used for temperature
or pH regulation, or a circulating pump for mixing purposes. This study investigates the impact of design dark fraction on
photosynthetic biomass productivity of the eukaryotic microalgae Chlorella vulgaris. The effect of the volume of the dark
fraction and the residence time spent in this dark fraction was investigated with two different nitrogen sources (N-NH,*, N—
NO;™). Results showed a decrease of biomass productivity when the volume of the dark fraction and the dark residence time
increased. Up to 47% loss of biomass productivity could be reached for a design dark fraction f;=30% of the total culture
system volume. This loss was explained as a result of metabolic reactions related to an increase of respiration activity or a

decrease of photosynthetic activity in the cells.

Keywords Design dark fraction - Respiration - Microalgae - Photosynthesis

Introduction

It is known that optimizing performances of a given micro-
algal culture system consists of enhancing environmental
conditions and operation parameters such as pH, tempera-
ture, dissolved oxygen concentration, residence time, mixing
and light attenuation conditions. Nonetheless, the engineer-
ing itself plays also a key role. Pruvost et al. [16] studied
in detail the effect of relevant engineering parameters on
photobioreactor (PBR) performances. In their study, they
emphasized the role of engineering parameters affecting
the ability of the PBR to collect light, like its specific illu-
minated area gy, The role of the design dark fraction fy
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that can be encountered in some cases was also mentioned.
The design dark fraction reflects here the unlit fraction of a
culture system, as obtained when adding for example, a dark
tank in the hydraulic loop for temperature or pH regulation,
or a pump for mixing purposes. AlgoFilm© technology [14],
and several industrial systems like horizontal photobioreac-
tors (Algatechnologies, Israel, www.algatech.com and A4f,
Portugal, www.a4f.pt) present in their design a design dark
fraction (Fig. 1). In some cases, this could represent more
than 20% of the PBR illuminated volume.

Torzillo and Seibert [25] underlined the impact of the
design dark fraction for an optimal PBR design. Accord-
ing to their study, unlit parts of the culture cause additional
light/dark (L/D) cycles with low frequency, which reduce the
performance of the PBR. Therefore, it is advisable that the
ratio of dark-to-total culture volume should be kept as small
as possible (f; <0.05). Pruvost et al. [16] hypothesized that
a dark fraction volume of 20% can decrease PBR productivi-
ties by a factor of 2 for Chlorella vulgaris. To explain these
losses of productivity, co-authors mentioned two effects,
namely (i) the impact of the design dark fraction itself with
a decrease of light-activated volume, and (ii) the additional
loss due to an increased respiration activity.

PBR modelling is useful to relate engineering and operat-
ing parameters to culture system performances. One of the
key elements is to have a kinetic growth model to predict
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Fig.1 Examples of lab scale and industrial photobioreactors presenting a design dark fraction. The latter is used for recirculating or degassing

purposes as shown in the different photobioreactors geometries

biomass growth rate as a function of culture conditions [15,
20, 22]. This is well known that for microalgae cells, pho-
tosynthetic activity is highly related to the light received,
which is not homogeneously distributed in the culture vol-
ume due to the light attenuation that can occur. The general
approach is then to model radiative light transfer, so as to
predict light attenuation increase with biomass concentra-
tion. But this was not validated for geometries presenting
design dark volumes, where full darkness occurs, independ-
ent of the biomass concentration (i.e., unlighted volume),
and where cells can spend few seconds to several minutes
in the dark volume. In the lit part of the PBR, even if a dark
zone occurs due to light attenuation along the culture depth,
a low light absorption is still present [20]. In addition, due
to mixing, the residence time in that zone is usually around
few seconds or a less [8]. As a result, the heterogeneous
light radiation field in the PBR can be related to a local
photosynthetic growth rate, as represented for example by
the local specific rate of oxygen production or consumption
Joz, which depends on the light received [22] . This value
can finally be used to determine resulting growth and then
biomass productivity of the culture system.

This study investigates the impact of the design dark frac-
tion on the biomass productivity of the eukaryotic microal-
gae C. vulgaris by introducing a dark recirculation loop in
an airlift PBR. The effect of the volume of the dark loop and
the residence time spent in this dark fraction is investigated.
Because of its direct influence on respiration activity, the
influence of different nitrogen source (ammonia N-NH,* or
nitrate N-NO; ") on C. vulgaris growth is also characterized.
Finally, a kinetic growth model adapted to PBR presenting
dark fraction is proposed. It allowed determining the specific

rate of oxygen production and consumption due to photo-
synthesis and respiration activity respectively in the entire
system (i.e., lit and unlit part). Our results tend to prove
the hypothesis of the contribution of respiratory activity on
the loss of biomass productivity. Details about L/D cycles
contribution will be emphasized in the discussion part of
the paper, giving then another possible metabolic response
implication.

Methodology
Photobioreactor setup

Figure 2a presents the experimental setup of the photobio-
reactor presenting a design dark fraction: it consists of a
1-1 Flat Panel Airlift (FPA) photobioreactor which has been
modified to add a dark recirculation loop with known vol-
ume and circulation velocity. The system is composed then
of two parts: (i) the airlift photobioreactor which is always
illuminated with continuous light (V; =107 m®) and (ii)
the dark fraction (non-illuminated volume) constituted of
black tubes connected to the back of the photobioreactor to
create a dark loop. The volume of the dark loop was modi-
fied by changing the length of the tube leading to different
values of the dark fraction (f};). Mixing in the FPA part was
ensured by the airlift system (bubbling air in the system).
A pump was used for tricking out microalgae from the FPA
to the dark loop. The flowrate in the dark recirculation loop
was modified to generate different residence time (¢;) in the
dark fraction.
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Fig.2 Experimental setup of the photobioreactor presenting a design dark fraction (a) and schematic representation of the system with the flat
panel photobioreactor (FPA) as the illuminated volume and f; the dark volume (b)

As a first step, microalgae were grown in continu-
ous mode with constant photon flux density (PFD) of
250 umol m~2 s~! and a dilution rate D of 0.02 h™!. Once
steady state was reached, samples were taken and dry bio-
mass concentration was determined in addition of the total
pigment contents. Inorganic carbon was also measured. Then
the dark loop was connected. In this case, microalgae experi-
ence an illuminated period (in the FPA) for a while and dark
period (in the dark loop) with a known residence time (#;).
Once steady state was again reached, same measurements as
described above were done.

Strain and culture medium

Chlorella vulgaris CCAP 211-19 [2] is the eukaryotic micro-
algae cultivated in this study. Its optimal culture parameters
are well known and vastly studied [17]. It can be cultivated
in different media with different nitrogen source. In this
study, C. vulgaris was cultivated in two different auto-
trophic media: the Sueoka [21] medium using NH,* as
nitrogen source, and Bold Basal Medium (BBM) [3] using
NO;™ as a nitrogen source. Sueoka medium was composed
of (g/L): NH,CI 1.45, MgSO,, 7H,0 0.281, CaCl,, 2H,0
0.05, KH,PO, 0.609, NaHCO; 1.68 and 1 mL of Hutner’s
trace element solutions. Bold Basal Medium (BBM) was
composed of g/L: NaNO; 0.75, MgSO,, 7H,0 0.225, CaCl,,
2H,0 0.025, KH,PO, 0.123, K,HPO, 0.15, FeSO,, 7H,0
0.014, EDTANa,, 2H,0 0.05, NaHCO; 1.68 and 2 mL of
oligoelements solutions.

Determination of biomass dry weight concentration

Depending on the cell concentration, 0.4—10 mL of algal
suspension was filtered through a pre-dried pre-weighed
glass fiber filter (Whatman GF/F, 0.7 pm). Biomass con-
centrate was washed with distilled water to eliminate min-
erals. The filter was dried at 110 °C for 24 h, cooled in a

desiccator and reweighed. The final value was the average
of three replicates.

Determination of pigment contents

Culture samples of volume V,, were centrifuged (13,000g,
10 min, 4 °C). The pellet was then suspended in V, (m?) of
methanol and then stored in darkness at 44 °C for 45 min
to allow complete extraction. The cell fragments were then
separated by centrifugation (13,000g, 10 min, 4 °C) and
the optical density of the supernatant containing the pig-
ments dissolved in methanol was measured with a spectro-
photometer at 480, 652, 665 and 750 nm (Jenway, England
or Safas MC2, Monaco). Three replicates were prepared,
and the chlorophyll a, b, and photoprotective carotenoids
(PPC) were determined using the following relationships
[18]:

Conia = [-8.0962(0Dg5, — OD;54) + 16.5169

_ Ve (1)

(OD665 OD750 )] X etha Ol/vculture’

Cenp = [27.4405(0Djg45 — OD54) + 12.1688
_ v, )

(OD665 OD750 )] X mClhanol/ch]ture’
CPPC = [4(OD480 - OD750)] X Vmethano]/vcmmre_ (3)

Determination of inorganic carbon concentration

Inorganic carbon concentration in the PBR was determined
offline using a COTmeter (SHIMADZU TOC5000A, Japan).
10 mL of a culture sample was taken and filtered with a 0.2-
um Minisart® Syringe Filter. These samples were introduced
via an injector into a combustion tube. Then inorganic car-
bon concentration was measured by the analyzer.



Theory/calculation
Dark fraction and residence time
Figure 2b gives an overview of the experimental setup.

Dark fraction (f;) and residence time (z,) are calculated
as following:

J= v o
_ Y

=g ®)
W

h= 6)

f4 1s the design dark fraction, a ratio expressed in this
study in percentage of the photobioreactor volume. #, (s)
is the residence time spent by the microalgae in the dark
volume V; and is proportional to the dark volume itself and
dependent on the recirculation flow rate Q (m?¥/s) in the
dark recirculating loop. # is the time spent by the micro-
algae in the lit part of the set-up. It is proportional to the
volume of the airlift PBR (V}) and dependent on the recir-
culation flow. Note, however, that this was not possible
to determine accurately #; . The illuminated volume can
indeed be considered as a well-mixed volume, with then a
large set of residence time values. This was not the case in
the dark volume, where the tubing flow can be considered
in first instance as a plug flow with then a homogeneous
residence time, corresponding to t,, the time spent in the
dark loop.

This is also of interest to introduce the specific illumi-
nated surface-to-volume ratio (aj;,) given as follow:

Slight 1
Glight = —,— = 7> 7N
L

where S, represents the illuminated area of the PBR (m?)
and V|, the volume of the illuminated photobioreactor (m?).
L represents the depth of the photobioreactor (m) (Fig. 2b).

Volumetric and surface biomass productivities

In the case of a culture system operated in continu-
ous mode and with constant light, a steady state can be
achieved. Thus, the volumetric biomass productivity (Px)
is equal to the biomass volumetric growth rate (ry):

dCx

1
F=O_’<rx>=D'CX=;'CX=PX’ 8

where D is the dilution rate (h™"), Cx is the biomass con-
centration in kg/m? and Py is the volumetric productivity
inkgm™hL.

The volumetric productivity (Py) is related to surface
productivity (Pg) by the illuminated surface-to-volume ratio
djigh; (Eq. 7) as followed:

Px

Py = . 9
s Aight ©)

The effect of design dark fraction on the PBR biomass
productivity was introduced by Cornet and Dussap [5] who
propose an engineering formula to calculate maximal per-
formances of any PBR:

Pxmax = alight(l —fa)®'x - pMAX'MXlz_i__aaKln [1 + %]
(10)
In this equation, ax’ Pvax- K, and a represent parameters
related to the cultivated species (details will be given later).
ajigne and fy represent parameters related to PBR geometry.
The influence of the design dark fraction f; is then consid-
ered in Eq. 10. But, according to this rule, the productivity
loss is fully proportional to the non-productive dark volume
(i.e., a value fy=30% for example should lead to 30% loss
in biomass productivity). Note that, even if an additional
loss of performance is induced by for example increasing
respiration rates (as shown later), this equation is still valid
as its aim is indeed to estimate maximal performance of any
culture system.

Light-limited growth and the concept of working
illuminated volume fraction

Several authors introduced the concept of illuminated vol-
ume fraction y as a simple way to relate the light absorption
conditions to resulting PBR biomass productivity [5, 9, 22].
It is a dimensionless quantity that can be expressed as:

y = , (11

where z(A, ) is the depth at which the rate of photon absorp-
tion, RPA, noted (A) in the PBR is equal to the one achieved
at the compensation point of photosynthesis of the species,
named A_. The latter corresponds to the minimum amount
of energy that is necessary to balance cell respiration or cell
maintenance by the photosynthetic activity (i.e., Jo, =0).
Souliés et al. [20] reported A, = 1200 pmol,, kg™' s~! for
C. vulgaris.

An illumination fraction y = 1 corresponds to the case where
the minimum value of RPA in the culture volume corresponds
to A, (which is generally achieved at the backwall of a flat panel
PBR for example). This is the most efficient case as all the cul-
ture volume received sufficient light energy for positive growth,



without dark zone where respiration activity prevails. As a con-
sequence, this corresponds then to an average biomass growth
rate (or biomass productivity in continuous steady state) of the
culture at its maximum [15]. On the other hand, y < 1indicates
the presence of the so-called dark zone in the culture volume
where A .(z) < A, with then negative values of the local growth
rate. Note that the dark zone related to light attenuation in the
illuminated volume, is different from the design dark fraction.
The latter corresponds to unlit part of the culture system.

Overview of the kinetic growth model

Modelling photosynthetic microalgal growth has been widely
studied [1]. Pruvost et al. [15] proposed a model that relates
light attenuation conditions to photosynthetic growth. It allows
predicting photobioreactor performance or productivity vari-
ation for operating parameters affecting light-limited cultures
(residence time, PFD...). A full description of the model can
be found in many co-authors papers. In this paper, only equa-
tions needed for the interpretation of results are presented.

This model is based on the determination of the local
specific rate of oxygen production J,, as deduced from the
local RPA value (A):

K, — INaDH, Kr
J Y e = ~Jo.
0, Pm KA + Ad) 0, vNADHZ— o, Kr+A Otholo O2resp

(12)
where p is the energy yield for photon conversion of maxi-
mum value py;, &OZ (molg, umol;)) is the molar quantum
yield for the Z-scheme of photosynthesis as deduced from
the structured stoichiometric equations, K, (umol, , kg™ s71)

is the half-saturation constant for photosynthesis, Jg ADH,

(molN ADH, kg™! s‘l) is specific rate of cofactor regeneration
on the respiratory chain in the light, here linked to oxygen
consumption by the stoichiometric coefficient vy py,—o, (the
stoichiometric coefficient of cofactor regeneration on the
respiratory chain), K, (umoly,, kg~!s7!) is the half-saturation
constant describing the inhibition of respiration in light,

O (moly, kg~ s71) is the specific rate of oxygen produc-
tion due to photosynthesis and JOz,esp (molg, kg™!' s71) the
specific rate of oxygen consumption due to respiration.
Local values of oxygen prociilction can be averaged on the
culture volume Vj.

1
Jo, = = /// Jo, dVi. (13)
Ve Mv,

Consequently, the mean volumetric biomass growth rate
rx can be deduced by:

(o) Gy

VOZ

rx (14)

—x

Table 1 Summary of kinetic model parameters of C. vulgaris in both
medium (N-NH,* and N-NO;")

Parameters Values Unit

N-NH,* N-NO3
Pm 0.8 0.8 -
JnapH, 1.8x107° 1.8x107 molyapp, kg™ 57!
Vo,-x 1.13 1.44 molg, pmoly!
o L1x 1077 1.1x 1077 moly, pumoly
My, 0.024 0.024 kg, C-mol !
VNADH, -0, 2 2 -
K 40,000 40,000 pmol,, kg~!s7!
K, 500 500 pmol,,, kg~! 7!
A, 2800 2800 pmol,,, kg™! 7!
Py 2.33%x107° 1.71x107° kgy umolj,!

where My is C-molar mass of the biomass (kg mol™") and
Vo, the stoichiometric coefficient of oxygen production.

Parameters of the kinetic growth model in different
nitrogen source media

The nitrogen source is well known to affect the overall
efficiency of the photosynthetic growth [12]. For ammo-
nium-based medium N—NH4+, kinetic growth model
parameters were determined for C. vulgaris by [20]. For
nitrate-based medium N-NO;~, the molar quantum yield
for the Z-scheme of photosynthesis (502) was recalculated
following Cornet and Dussap [6], based on the stoichio-
metric growth equations.

The stoichiometric equations of biomass synthesis in
nitrate-based medium and ammonium N-source medium
are the following:

N — NO; medium : HCO; + 09942 HyO + 0.17 NO3
+ 0.0078 SOﬁ‘ + 0.0076 Poi_%CHmsOomNo.1750.0078P0.0076 (15)
+ 1.44340, + 1.208 OH.

This equation was determined with reference to experi-
mental determination of the composition of biomass grown
on ammonium medium (experimental determination is not
described in this paper).

N — NH} medium : HCOJ + 0.494 H,O + 1.1590 NH}

+ 0.006 SO}[ + 0.007 Poi_H'CHms00.413N0.159so‘006P0,007 (16)

+ 1.12950, + 0.874 OH™ (Souliés et al. 2016) [20].

Equations 15 and 16 show that for different nitrogen
source the coefficient of oxygen production (v, _,) was not
the same. In the case of N-NO;™ medium, C. vulgaris

produce more oxygen (1.44 moly, mol; ') than in the case
of N-NH,* medium (1.13 mol, mol". As a result. the



quantum yields for the Z-scheme of photosynthesis <502>

for both media were different, and are given in Table 1 as
follows [6]:

X My, (17)

where Wov(mol02 umol;,)) is the molar quantum yield for the
Z-scheme of photosynthesis as deduced from the structured
stoichiometric equations and My is C-molar mass of the
biomass (kg mol ™). The different molar and massic quan-
tum yields for both media will be used for the determina-
tion of respiratory and photosynthetic activities according
to Eq. 12. According to these equations, we can note that a
given amount of absorbed photons is converted to 25% more
biomass in N-NH,* medium (2.33 x 10~ kgy umol;") than
in N-NO;~ medium (1.71 x 10~ kgy umol;!) (Table 1).
This theoretical estimation will be verified experimentally
in the next sections.

Experimental determination of respiration
and photosynthetic terms

In the case of photobioreactors presenting design dark frac-
tion, the overall volume of the PBR (V}) can be divided into
two different volumes, with namely the volume of the lit
PBR (V} ) and the volume of the dark fraction (V). Both are
related to the design dark fraction f; and total culture volume
Ve=Vp+ VL withV = (1 =f;) - Vgand V, =f; - V.

In the illuminated volume V|, local values of the photo-
synthetic growth rate (JOZL) are calculated following Eq. 12.

Therefore,
JOZL = JOtholoL - JOZrespL’ (18)

where local values of the oxygen production rate due to pho-

tosynthesis are given by J, = pMKKﬁ(p'O A and the
A 2

L
2photo
oxygen consumption rate due to respiration at light is given
J K

by J = —"2_ —(Eq. 12).

y Oespl vxapH,-0, Kit+A (Eq )

The corresponding averaged value on the illuminated vol-

ume is then given by:

1
]OZL N V_L /// JOZLdVL - JOthnlnL N JOZTESPL. (19)

Vi

In the dark volume, no photosynthesis will occur with only
a contribution of respiration activity. We can also assume in
first instance a homogenous value of this respiration activity
in the entire dark recirculating loop noted JOZWD (with

Jo,..p > 0). Note that respiratory activity could be different
resp

as the one achieved in the light Jo, _;, as full darkness is here

applied, and then respiration activity at light could then be
different.

Thus, the oxygen production rate could be rewritten to rep-
resent the overall oxygen production rate (J02 ) in the total

culture system Vp=Vp+V;.

Jo, = (1-1) “Jo,L —Ja ‘JOZWD

(20)
(1 _fd) ’ <J02pholoL - JOZrcspL> _fdJOZrcspD.

Same approach can be applied to calculate corresponding
respiration terms. We denote by respiration terms the specific
rate of oxygen consumption (i) in the light so in the illuminated
FPA JOMPL, (ii) in the dark fraction J and (iii) on the

overall culture system J

2resp D

2resp t

Similar to Eq. 20, those terms are related by:

Jolrcsp = ( ! _fd ) Jolrcsp L +fdJOZrc\p D’ (21

where J, s the total respiratory activity on the overall

Dresp
system, that is the result of respiratory activity in the illumi-

nated volume (Jozmp ;) and of a respiratory activity in the

dark fraction (107

2resp

)

Jo. s calculated from the kinetic model. It corresponds
2resp

to the averag;a value in the illuminated volume of local terms
(Jy ,=—=2 L) in the Eq. 18. J,

Oarep L VNADH, -0, K +A
determined directly, but it can be deduced from experimental
data. In steady state, while dark fraction is connected, experi-
mental volumetric productivity Py is measured and corre-
sponding rate of net oxygen production J, can then be
deduced using Eq. 14 (ry = Py at steady state). Once J,

cannot be
2resp D

2resp L

is known, J could then be retrieved from Eq. 20. This

2respD
leads to:
_ 1o PR T _Pxvo,s
JOMPD—fd[(l fi)lJo,r = o, =7 (1=fi)Jo,r Ce My |
(22)

Photosynthetic term in the system presenting a design dark
fraction is calculated as follows:

= ( 1 - A ) JOthmo L +fd]02pho!o D’ (23)

Otho[o t

where J the mean rate of oxygen production in the

D’
unlit part of the system is equal to zero; microalgae are in

total darkness, photosynthesis could not occur. J, s
2photo

calculated following Eq. 1 with the kinetic model parameters
presented in Table 1.

2photo



Results and discussion

Effect of dark fraction on the growth of C. vulgaris
in ammonium medium

Effect of dark fraction on the biomass loss of C. vulgaris

For this study, the two dark fraction volumes investigated
were 10% and 30% of the total volume of the photobioreac-
tor, respectively.

Table 2 shows a clear effect of the dark fraction on the
surface biomass productivity for C. vulgaris in Sueoka
medium (N-NH,"). A loss of 28% and 40% on productiv-
ity was obtained for the same residence time in the dark
loop (t;=45 s) and for f;=10% and 30%, respectively. For a
larger residence time #;=300 s, 37% and 47% of productivity
were lost for a f; =10%, and f; =30%, respectively.

In all cases, a high loss of biomass productivities was
then obtained, higher than the one related to the only
decrease of the photosynthetically active part of the total
culture volume. Increasing the dark fraction leads indeed to
an increase in the loss of productivity, with
Pg < Pgy_g) (1 = fy) (Table 2). Our results confirm then that

a design dark fraction leads to a negative impact on the
microalgae growth due to the decrease of the illuminated
part of the PBR (i.e., 1 —f;, Eq. 10) with an additional meta-
bolic process leading to a more important loss. We suppose
that this process could be an increase of the respiratory
activity. This hypothesis will be further investigated in next
section.

Respiratory activity for different dark fractions

Total respiration rate (oxygen consumption rate due to res-

piratory activity) JOzmp , was calculated for each experiment.

This was obtained from Eq. 21. Respiration rates in the lit

FPA JOzmp ; and in the design dark fraction J; , were cal-

culated following Eqs. 18 and 22, respectively. These rates

oresp

were determined for each design dark fraction volume f; and
residence time in the dark #,.

Table 3 shows a clear relation between the increase of
total respiration activity (JOZ‘_esp .) and the loss of biomass

productivity (Pg). Increasing the residence time in the dark
fraction leads to an increase of the respiration rates, leading
then to a decrease in biomass productivity. For the same

f1=30%, the total respiration rate, JO - increases from
2resp

0.2671 moly, kg™ h™" t0 0.3157 then 0.5435 mol, kg™ h™"
for a £;=45 s and 300 s, respectively. In the dark fraction,
the respiration rate J, increases proportionally to the

D
2resp
dark residence time #;; for a same design dark fraction;
J increases from 2.07 to 3.2 molg, kg™'h7! for a

Ojreqp D
td=£5 s and 300 s, respectively, for a design dark fraction
f1=10%. Following these observations, the passage of cells
from the lit FPA to the design dark fraction can be compared
to light/dark cycles with low frequencies [23, 25]. Our sys-
tem can indeed be represented by two sub-systems; a plug-
flow reactor representing the dark fraction and a continuous
well-mixed stirred tank reactor representing the illuminated
photobioreactor (Fig. 3). Microalgal cells will experience
then paths between light and dark volumes. The light/dark
cycles effect has been discussed in the context of mixing
influence on photosynthetic conversion in fully illuminated
PBR (i.e., no dark fraction) [8, 13, 23]. In this case, because
of high biomass concentrations, a dark zone appears and due
to mixing regime, algae travel through the dark and the illu-
minated zones in the lit PBR but also from the dark fraction
to the illuminated FPA. In Takache et al. [23], the response
of the microalgae Chlamydomonas reinardtii to the light
fluctuations was explained according to Terry [24] by intro-
ducing two main ideal responses; with full integration and
without integration. The former consider that cells are not
sensitive to light variations and the culture only perceives an
average light. Conversely, if the culture instantaneously
responds when moving from illuminated to dark volume, the
response is named without integration, and dark period will
have a proportional negative impact on biomass productivity
occurred (Fig. 3). The explanation of exact effect of L/D

Table 2 Results of different
Ja ta

Nitrogen source Pg

Condition of design dark fraction due to the ~ Experimental

surface prod}lctivities. (gm™2d™") only decrease of illuminated volume (Eq. 10) productivity
of C. vulgaris grown in loss
photobioreactor for two design
dark fraction volum.es (10% 0% N—NH4+ 21 _ _
and 30%) and two different 10%,45s  N-NH,* 15 10% 28%
residence time #, (45 s and
300 s) 30%,45s N-NH,* 12.6 30% 40%
10%,300s N-NH,* 13 10% 37%
30%, 300 s N-NH,* 11 30% 47%

Microalgae was grown in continuous mode for a light-intensity PFD =250 umol m

~2 57! and dilution rate

D=0.02 h~!. Experimental productivity loss in addition of the theoretical loss due to the decrease of pho-
tosynthetically active volume of the PBR are presented



Table 3 Results of surface productivity of C. vulgaris grown in two different media (N-NH," and N-NO;") for different dark fraction volume

(f) and residence time (ty) for both cases

Ja ta(s) Nitrogen J, O ! Oy D JOZMPL J Osphoe L Osgnons ! Pi(gm?day™) v
source (mol, kg™ h™") (molo, kg™ h™") (moly, kg™'h™') (moly kg™ h™') (moly, kg™ h7")

0 0 N-NH,/” 02671 - 0.2671 121 121 21 0.33
30% 45 N-NH,* 03157 1.0122 0.1315 19 1.34 12.6 0.56
30% 300 N-NH* 05435 1.4338 0.1595 2.15 1.48 11 0.7
10% 45 N-NH,* 05291 2.07 0.35 1.63 1.47 15 0.5
10% 300 N-NH,* 073 3.28 045 1.86 1.67 13 0.55
0 0 N-NO;  0.16 - 0.16 1.44 1.44 17 04
10% 40 N-NO;  0.167 0.45 0.14 1.46 1.43 16.3 0.42
20% 30 N-NO; 0.7 0.61 0.06 1.82 1.45 13 0.54
20% 40 N-NO; 026 0.93 0.09 1.92 1.54 12 0.6

Microalgae is grown in continuous mode for a light-intensity PFD =250 umol m~2 s~! and dilution rate D=0.02 h™!. Total respiration rate

JO ,» Tespiration rate in the dark J
thetlc rate J,

The illuminated fraction volume was calculated for each point

Irradiance G

hv

0 2GA)=L

Fig.3 Schematic representation of the light/dark cycles analogy in
the system. The letter is composed of the flat panel Airlift PBR rep-
resenting the illuminated volume and the design dark fraction repre-
senting the dark volume. Microalgae circulate from an illuminated

cycles on the overall metabolism is still unclear. Recently,
Graham et al. [7] investigated the penalty on photosynthetic
growth in fluctuating light. Their study showed that the regu-
lation of photosynthesis imposes a penalty on growth of the
two microalgae Synechococcus elongatus and Chla-
mydomonas reinhardtii when light/dark cycles occured. This
was concluded for low frequencies of fluctuating light
between 0.01 and 0.1 Hz. Authors demonstrated that the
partial activation state of the Calvin cycle is responsible for
the frequency-dependent penalty affecting photosynthetic
organisms. Therefore, our hypothesis about respiratory

p» Tespiration rate in the lit FPA J

e photosynthetic rate in the lit FPA J

O L and total photosyn-

, are calculated thanks to the kinetic growth model by takmg into consideration the massic quantum yield for both media d)’
2phot 0
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volume to a dark volume (a). Different responses of microalgae cells
exposed to different cycle times are presented by Takache et al. [23]

(b)

activity impact is no longer reliable, and since no experi-
mental direct measurement of respiration activity or photo-
synthetic activity was done, interpretations from literature
have been considered. In the case of prolonged dark incuba-
tion, in the order of hours, Blanken et al. [4] found that cel-
lular respiration decreases. Same observations were con-
cluded in the paper of Kliphuis et al. [11] where respiration
of a batch culture of Chlorella sorokiniana was monitored.
Their results showed that while the biomass density and the
dark zone increased, the cellular respiration went down.
These studies contradict our hypothesis of the contribution



of respiratory activity supporting thus another hypothesis of
a decrease of photosynthetic efficiency due to the design
dark fraction, leading then to the loss of biomass productiv-
ity. In Table 3, total oxygen production rate due to photosyn-

thesis was calculated J02 " following Eq. 23. Its values
photo

slightly increased when the design dark fraction was added.
For an f;=30%, it increases from 1.21 (f;=0) to 1.34 to
1.48 mol,, kg™ h™! for a £;=45 s and 300 s, respectively.
Otherwise, the oxygen production rate in the lit FPA J |

2photo L

increased from 1.21 (f3=0) to 1.9 to 2.15 mol, kg™ h~! for
a t;=45 s and 300 s, respectively. This is explained by a
modification of light attenuation conditions because of the
change in biomass concentration, as explained by the direct
effect of both f; and ¢, on resulting overall growth rate.
Lower biomass concentration decreases light attenuation and
then increases resulting photosynthetic rates in the illumi-
nated volume. This modification of attenuation light condi-
tion was confirmed when calculating the illuminated fraction
y by Eq. 11 (Table 3). The illuminated fraction y was found
to increase when the design dark fraction was connected,
confirming an overall decrease of biomass concentration
which resulted in a modification of growing conditions also
in the lit FPA.

All those analyses suggest that improving the model with
experimental measurements can be a track for a better under-
standing. Parameters related to photosynthetic activity (K,
,(p'oz) were probably affected. At this stage, even if an

increase of respiration activity in our model would be suf-
ficient to represent dark fraction effect, this is indeed impos-
sible to confirm that the productivity loss due to the dark
fraction is due to either an increase of respiration activity, or
a decrease of photosynthetic one.

Effect of nitrogen source

Table 3 presents results obtained with nitrate-based medium
(i.e., BBM). Results show that in the case of photobioreac-
tors without dark fraction, a higher productivity for ammo-
nium medium was reached. Biomass productivity Pg was
around 20% higher in ammonium medium than in nitrate
medium. This is indeed well known that ammonium uptake
and assimilation request less cellular energy for its uptake
[12]. When nitrate is used as a nitrogen source, the former is
indeed first reduced to nitrite by an energy-requiring reaction
catalyzed by nitrate reductase followed by the reduction to
ammonium by ATP-dependent or energy-dependent nitrite
reductase where it is finally synthetized into amino-acids
[10, 12, 19]. This requests then more cellular energy than the
direct assimilation of NH,™, resulting finally in a decrease

in biomass productivity of around 20% when compared to
a nitrate source for same illumination conditions. Note that
this is in agreement with the decrease of the quantum yield
of the Z-scheme of photosynthesis as reported in Table 1.
When adding the design dark fraction, it can observed
that with f;=10%, only a limited effect on the growth of C.
vulgaris was obtained in the case of nitrate as nitrogen
source. Experimentally speaking, the initial biomass produc-
tivity was 17 g m~2 day~! without a dark fraction fa=0),
and the loss did not exceed 6% when the design dark fraction
was added to the PBR volume (16 g m~2 day™!). We can
note, however, that for a f;=20%, 28% loss in productivity
occurred for same duration in the design dark fraction. When
comparing total rates of oxygen consumption and oxygen
production, same observations could be drawn comparing

to the case of using nitrate medium. J, and J
Otholn t OZrc.sp t

increased when dark fraction was connected. Regarding
effect of different nitrogen source, a complex effect was
emphasized. When the dark loop was connected, productiv-
ity loss in ammonium medium was found larger than with
nitrate medium. At this stage this result is difficult to explain.
One hypothesis should be a modification of the cellular ener-
getics that could affect directly, or indirectly, the respiration
activity or photosynthetic efficiency. This is indeed also
known that the N-source changes the yield of oxygen pro-
duction per unit of biomass. So, this could also result in a
different influence of the dark fraction on the overall meta-
bolic response.

Conclusion

The negative impact of design dark fraction on the global
performance of a PBR was established (47% productivity
loss for f;=30% and 7;=300 s). While increasing its volume
and the dark residence time, the biomass productivity loss
increased. Our analysis showed that this could be attributed
to an increase of respiratory activity with increased dark
residence time. However, when comparing to some studies
on light/dark cycles effect, photosynthetic activity could also
be affected. Further investigations are then requested for the
complete explanation of the metabolic response implied in
microalgal culture systems presenting design dark fraction.
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