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H I G H L I G H T S

� Nannochloropsis oculata was grown in a flat-plate photobioreactor (PBR) operated in batch mode.
� A model-free optimal search rapidly determined the optimum average fluence rate.
� Feed-forward inversion control continuously adjusted incident irradiance on the PBR.
� Controlling incident irradiance on PBRs enhanced productivity and reduced lag time.
� The procedure presented can be applied to any microorganism species or PBR design.
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a b s t r a c t

This study experimentally demonstrated a feed-forward inversion control scheme for maintaining an
optimum incident irradiance on photobioreactors (PBRs) during batch cultivation. A data-based model-
free optimization using quadratic fit was utilized to rapidly estimate the optimum average fluence rate
set point value that rendered maximum microalgae growth rate. Then, the feed-forward inversion
control scheme adjusted the incident irradiance with respect to the in-process measured mass
concentration to maintain the optimum average fluence rate inside the PBR. Optimization of growth
conditions with respect to light is of prime importance for increasing biomass and lipid productivity in
microalgae cultivation. The present approach can rapidly identify the optimum average fluence rate for
any given species, reduce the lag time, and increase the growth rate and productivity of microalgae. This
was illustrated with Nannochloropsis oculata batch grown in a flat-plate PBR illuminated from both sides.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Due to concerns over the environment and energy security,
biofuels have been tipped as the next generation transportation fuel
to replace gasoline and diesel derived from petroleum (IPPC, 2007).
Production of first and second generation biofuels such as bioetha-
nol from corn, soybean, sugarcane, and jatropha has been optimized
and is currently profitable (Ferrell and Sarisky-Reed, 2010). How-
ever, it only accounts for 1% of the total transportation fuel
production in the United States (Ferrell and Sarisky-Reed, 2010).
Furthermore, it would be unsustainable if large quantities were
produced (Chisti, 2007; Williams and Laurens, 2010; Ferrell and
Sarisky-Reed, 2010; Chen et al., 2011a). Indeed, producing enough
corn to displace 50% of the transportation fuel needs in the U.S.

would require surface area eight times larger than the current U.S.
arable land (Chisti, 2007; Jones and Mayfield, 2012). By contrast,
estimates suggest that lipid producing microalgae would only
require between 1 and 3% of the U.S. cropping area for the same
outcome (Chisti, 2007). Consequently, microalgae are being con-
sidered for producing next-generation biofuels thanks to their large
growth rate and large lipid content (Chisti, 2007; Williams and
Laurens, 2010). However, despite its large photosynthetic efficiency,
microalgae biodiesel remains approximately three times more
expensive to produce than its petroleum counterpart (Jones and
Mayfield, 2012). Chisti (2012) determined that the cost of produc-
tion for biomass composed of 40 dry wt% lipids must be less than
$0.50 for microalgal biodiesel to be economically competitive with
$100 per barrel of crude oil. However, current estimates of dry
biomass production costs range from $5 to $100 per kilogram
(Chisti, 2012, 2013). Alternatively, Stephens et al. (2010) illustrated
that biodiesel production by large-scale (4500 hectare), micro-
algae production systems may be profitable if they were also used
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for co-producing high-value products such as acid-hydrolyzed
vegetable protein (HVP) or beta-carotene which can be sold for
$600/kg.

Furthermore, the Energy Independence and Security Act of 2007
established the renewable fuel standards mandating 36 billion gallons
of renewable biofuels to be blended with transportation fuels sold in
the U.S. by year 2022 (Ferrell and Sarisky-Reed, 2010). At most 15 of
the 36 billion gallons are expected to be bioethanol and the remainder
is projected to come from microalgae-based biodiesel (Ferrell and
Sarisky-Reed, 2010). Microalgae are also sought after for the high value
chemicals and pharmaceuticals they can produce. For example, pig-
ments such as astaxanthin and β-carotene are used as colorants or
antioxidants in the food and pharmaceutical industries (Williams and
Laurens, 2010). These secondary products have a much smaller market
size. However, they command prices per mass three to four orders of
magnitude larger than biodiesel (Williams and Laurens, 2010). In these
different applications, identifying optimum growth conditions and
increasing microalgae biomass productivity are essential.

Microalgae can be produced in large quantities in photobior-
eactors (PBRs) operated in batch or continuous mode. Batch
cultivation is more widely used due to its simplicity and low cost
(Chen et al., 2011b). Optimization of the light available to micro-
organisms in PBRs is a crucial aspect of biomass production and
process productivity (Ferrell and Sarisky-Reed, 2010; Pilon et al.,
2011; Carvalho et al., 2011; VanVooren et al., 2012; Pruvost and
Cornet, 2012). Light is the energy source that enables these
photosynthetic microorganisms to metabolize. Inadequate amount
of light causes a decrease in growth and photosynthesis rates due
to lack of energy necessary to fixate carbon. Similarly, exposing
microalgae to excessively large irradiances causes photo-oxidative
damage in photosystem II units. The cells continuously perform a
damage repair cycle to repair the damaged photosystem II units
(Baroli and Melis, 1996; Neidhardt et al., 1998). However, when the
damage rate exceeds the repair rate, photoinhibition becomes
apparent and the overall cell photosynthetic efficiency decreases
(Baroli and Melis, 1996; Ke, 2001). Identifying the optimum level
of irradiance required for maximum microalgae growth rate and
maintaining an optimum fluence rate in the PBR throughout the
growth phase are necessary to increase biomass productivity.

This study aims to develop a versatile and robust scheme to
control the incident irradiance on PBRs for maximizing microalgae
growth rate and biomass productivity. The method should be able
to rapidly identify the optimum light conditions. It should also be
applicable to any species and/or PBR without prior knowledge of
the culture growth kinetics.

2. Background

2.1. Radiative transfer model

In order to predict the light intensity distribution in PBRs, it is
necessary to solve the steady-state radiative transfer
equation (RTE) in homogeneous absorbing, scattering, but non-
emitting media given by (Modest, 2003)

ŝ �∇Iλ ¼ �κλIλðr̂ ; ŝÞ�σs;λIλðr̂ ; ŝÞþ
σs;λ

4π

Z
4π
Iλðr̂ ; ŝ iÞΦλðŝi; ŝÞ dΩi ð1Þ

where Iλðr̂ ; ŝÞ is the spectral radiation intensity in direction ŝ at
location r̂ (in W/m2 nm sr) while κλ and σs;λ are the absorption
and single scattering coefficients (in 1/m), respectively. The
scattering phase function Φλðŝi; ŝÞ represents the probability that
radiation traveling in the solid angle dΩi around direction ŝ i will
be scattered into the solid angle dΩ around direction ŝ. The local
spectral fluence rate Gλðr̂Þ and the fluence rate GPARðr̂Þ averaged
over the photosynthetically active radiation (PAR) region, defined

as the spectral region between 400 and 700 nm (McCree, 1981), at
location r̂ are defined, respectively, as (Modest, 2003)

Gλðr̂Þ ¼
Z
4π
Iλðr̂ ; ŝÞ dΩ and GPARðr̂Þ ¼

Z
PAR

Gλðr̂Þ dλ ð2Þ

Several methods of solution for the RTE exist (Pilon et al., 2011;
Dauchet et al., 2013; Lee et al., 2014; Kong and Vigil, 2014). Pottier
et al. (2005) derived an analytical solution to the one-dimensional
RTE using the Schuster–Schwarzschild two-flux approximation in
order to model light transfer through a well-mixed algal cultures
in vertical flat-plate PBRs. The local spectral fluence rate GλðzÞ in
such PBRs with (i) normally incident light at z¼0 and (ii) perfectly
transmitting back wall at z¼L was given by Pottier et al. (2005) as

GλðzÞ
Gin;λ

¼ 2
ð1þαλÞeδλXðL� zÞ �ð1�αλÞe�δλXðL� zÞ

ð1þαλÞ2eδλXL�ð1�αλÞ2e�δλXL
ð3Þ

where Gin;λ is the spectral irradiance incident on the surface of the
PBR. Here, X is the dry mass concentration of microalgae (in kg/m3)
and L is the PBR thickness (in m). The coefficients αλ and δλ are
expressed as (Pottier et al., 2005)

αλ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Aabs;λ

Aabs;λþ2bλSsca;λ

vuut and δλ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Aabs;λðAabs;λþ2bλSsca;λÞ

q
ð4Þ

where Aabs;λ and Ssca;λ (in m2/kg) are the average mass absorption
and scattering cross-sections of the microalgae suspension, respec-
tively. They are related to the absorption and scattering coefficients
by (Pilon et al., 2011)

κλ ¼ Aabs;λX and σs;λ ¼ Ssca;λX ð5Þ
In addition, bλ is the backward scattering fraction defined, for
axisymmetric scattering, as (Cornet and Albiol, 2000; Pottier et al.,
2005)

bλ ¼
1
2

Z π

π=2
ΦλðθÞ sin θ d θ ð6Þ

where θ is the scattering angle between directions ŝi and ŝ.
Similarly, the volume-averaged fluence rate Gave in a one-

dimensional PBR of thickness L over the PAR region can be
estimated from the local spectral fluence rate as (Molina Grima
et al., 1996; Acien Fernandez et al., 1997)

Gave ¼
1
L

Z L

0
GPARðzÞ dz ð7Þ

2.2. Growth model

The time rate of change of the microorganism mass concentra-
tion X(t) can be predicted by the exponential growth equation:

dX
dt

¼ μX ð8Þ

where μ is the specific growth rate expressed in h�1. Despite the
presence of fluence rate gradient in the PBR, growth kinetics
models often use the average fluence rate Gave (Sukenik et al.,
1991; Molina Grima et al., 1996; Acien Fernandez et al., 1997; Chen
et al., 2011b). This approach is valid for optically thin PBRs where
the fluence rate does not significantly vary within the PBR
(Fernandes et al., 2010; Lee et al., 2014; Kong and Vigil, 2014). A
more general approach is to relate the growth rate μðzÞ to the local
fluence rate GPAR(z) and average it over the volume of the PBR
(Cornet and Dussap, 2009; Murphy and Berberoğlu, 2011; Takache
et al., 2012; Lee et al., 2014).

Finally, the daily volumetric productivity Pv (in kg/m3 day) and
the daily areal productivity PA (in kg/m2 day) of a PBR, defined as
the average biomass produced daily per unit volume and per unit
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surface area of PBR exposed to the light source, can be defined as

Pv ¼
Xf �X0

τ
and PA ¼ Pv

L
2

ð9Þ

where τ (in days) is the duration needed to reach the saturation
mass concentration Xf from an initial mass concentration X0.

2.3. Nannochloropsis oculata

In the present study, the marine eustigmatophyceae N. oculata
was selected for its relatively large biomass growth rate and its
large lipid content. In fact, it can contain up to 45% of triglyceride
lipids by dry weight (VanVooren et al., 2012; Kandilian et al., 2014)
and its daily biomass productivity can reach up to 3 kg/m3 day
(Briassoulis et al., 2010; Chen et al., 2011a). It can also be cultivated
in seawater thus eliminating competition for freshwater for
human consumption or agricultural use.

Various studies have aimed at finding the optimum operating
conditions for growing N. oculata In closed PBRs in batch mode. For
example, Chiu et al. (2009) grew N. oculata in modified f/2 medium in
batch mode in a vertical tubular PBR 7 cm in diameter exposed to
300 μmolhν/m

2 s fluorescent light. The PBR was sparged with air or
with 2 vol.% CO2 in air mixture and the biomass concentration reached
a maximum of 0.26 kg/m3 and 1.28 kg/m3, respectively. In addition,
N. oculata cultures aerated with CO2 concentrations larger than 5 vol%
did not show any significant growth (Chiu et al., 2009). Spolaore et al.
(2006) estimated the optimum conditions based on response surface
optimization method for N. oculata grown in batch mode in a 2.5 l
bubble column PBR with f/2 medium. These conditions were 21 1C, pH
of 8.4, and incident irradiance of 52 μmolhν/m

2 s resulting in a
maximum value of specific growth rate μ of 0.036 h�1. Converti
et al. (2009) reported a maximum specific growth rate μ of 0.005 h�1

for N. oculata cultivated in f/2 medium in 2 l flasks injected with 0.03
vol.% CO2/air mixture exposed to incident irradiance of 70 μmolhν/m

2 s
at 20 1C. These studies demonstrate that for a given microalgae species
and strain, PBR geometry, temperature, nutrient availability, and
spectral light quality determine the optimum average fluence rate.
The latter must be experimentally identified in order to maintain
optimum conditions in the PBR and maximize its productivity.

2.4. Microalgae cultivation techniques

Light is one of the main limiting factors of microalgae cultivation
and growth kinetics models are often used to predict the optimal
operating conditions for maximum biomass or lipid productivity
(Cornet and Dussap, 2009; Chen et al., 2011a; Takache et al., 2012).
In fact, optimum cultivation conditions depend on microalgae species,
strain, growth media, and PBR geometry (Sukenik et al., 1991; Acien
Fernandez et al., 1997; Barbosa et al., 2003; Williams and Laurens,
2010). These conditions are unique for each cultivation system and can
only be reliably obtained experimentally. Accurate estimation of the
optimum average fluence rate is essential for optimizing PBR
productivity.

Furthermore, the average fluence rate in the PBR decreases as the
microalgae mass concentration increases. Therefore, to maintain a
constant average fluence rate in the PBR throughout the duration of
the cultivation, one must keep the cell concentration constant by
diluting the culture (continuous mode) or by increasing the incident
irradiance over time (batch mode). Several cultivation techniques such
as the acceleration-stat and the lumostat have been developed to
address this problem. For example, the aim of the acceleration-stat
cultivation is to maintain a pseudo-steady state in the PBR by
controlling the biomass concentration. Barbosa et al. (2003) cultivated
Dunaliella tertiolecta in a 65 l bubble column PBR in continuous mode
with a variable dilution rate. This method was successful at maintain-
ing a relatively constant microalgae growth rate and PBR productivity

for 500 h. Similarly, Cuaresma et al. (2011) designed a system that
changed the concentration of Chlorella sorokiniana in real time in a
flat-plate PBR to maintain a predetermined optimal optical transmit-
tance. The authors simulated diurnal light conditions using a LED
panel to demonstrate the feasibility of such strategy.

On the other hand, the lumostat cultivation technique relies on
direct adjustment of the incident irradiance to maintain a constant
growth rate and productivity in a batch cultivation (Chen et al., 2011b;
Cuaresma et al., 2011; Melnicki et al., 2013). Chen et al. (2011b)
measured microalgae concentration every six hours and adjusted the
incident irradiance according to an empirical correlation relating the
cell number density and the optimum incident irradiance. The latter
was determined by first performing a series of batch cultivation
experiments using Chlorella sp. in draft-tube PBR. The authors
hypothesized that batch culture's optimum average fluence rate
corresponded to its maximum chla concentration. After 300 h, the
PBR operated with a controlled irradiance achieved a biomass
concentration 25 and 74% larger than those using constant irradiances
of 82 and 590 μmolhν/m

2 s, respectively.
Similarly, Melnicki et al. (2013) grew the cyanobacteria Cyanothece

sp. and Synthecoccus sp. in a 7.5 l cylindrical PBR with an inner
diameter of 13.4 cm illuminated by variable intensity LEDs at wave-
lengths 630 and 680 nm. The PBR was equipped with light transmis-
sion sensors and could be utilized as both an acceleration-stat or a
lumostat. The authors demonstrated the system's ability to maintain a
pre-determined optical transmittance through the culture by
feedback-control of the LED light source. The feedback control scheme
was very similar to the system developed by Cuaresma et al. (2011).
Note that such system is very cost prohibitive due to the necessity to
custom construct a PBR to accommodate the various sensors and
actuators of the control system. It is not widely available in practice.

The main shortcoming of previous studies lies in the fact that
they required extensive and time consuming experiments in order
to identify the optimum average fluence rate. For example, Chen
et al. (2011b) performed 4 batch cultivation experiments collecting
in excess of 300 data points. In addition, previous studies relied on
indirect method of identifying the optimum average fluence rate
(Chen et al., 2011b). For example, a batch culture's optimum
average fluence rate generally does not correspond to its max-
imum chla concentration (VanVooren et al., 2012; Kandilian et al.,
2013; Heng and Pilon, 2014). Moreover, the system presented by
Melnicki et al. (2013) did not feature a method for estimating the
optimum average fluence rate and was very cost prohibitive.

The present study aims to develop a novel, low-cost, robust, and
model-free method to estimate the optimum average fluence rate in
the PBR and use feed-forward inversion control to continuously adjust
the incident irradiance on the PBR operated in batch mode. Marine
microalgae N. oculata were used to experimentally demonstrate the
approach. The biomass concentration, growth rate, and productivity of
the microalgae grown under controlled irradiance were compared
with those grown using constant incident irradiance.

3. Experiments

3.1. Materials and methods

3.1.1. Apparatus and sensors
The microalgae species N. oculata UTEX 2164 were purchased

from UTEX, Austin, TX. They were cultivated in artificial seawater
medium. The latter had the following composition: NaCl 0.31 M,
MgSO4 �7H2O 10.5 mM, KCl 8 mM, NaNO3 11.8 mM, CaCl2 �2H2O
2 mM, KH2PO4 0.37 mM, NH4Cl 0.5 mM, Na2EDTA �2H2O 0.27 mM,
H3BO3 1.84 mM, FeCl3 �6H2O 0.018 mM, MnSO4 �H2O 0.097 mM,
ZnSO4 �7H2O 0.007 mM, CoCl2 �6H2O 0.002 mM, Vitamin B12
0.1 μM.
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Figs. 1a and b show a photograph and the schematic of the
experimental apparatus, respectively. It consisted of (i) a flat-plate
PBR operated in batch mode, (ii) two custom made LED panels,
(iii) a custom concentration sensor, and (iv) a controller. Measure-
ments were performed in duplicates in identical PBR 1 and PBR
2 placed immediately adjacent to each other and operated simul-
taneously. Each PBR was a 1 cm thick flat-plate container made of
acrylic filled with 70 ml of artificial seawater medium. It was
continuously aerated with a mixture of air and CO2 injected at a
rate of 7.5 ml/min via a needle through a septum cap. The
microalgae were kept in suspension using an orbital shaker
rotating at 100 rpm. The pH was measured daily with a 70.01
accuracy electrode (PHB-213 Omega Engineering, CT) and main-
tained between 7.7 and 8.0 by adjusting the CO2 flow rate once a
day as necessary. The temperature was approximately 22 1C for all
experiments. Finally, all experiments started with an initial mass
concentration X0 of 0.02 kg/m3. The LED panel consisted of 390
discrete low-power red LEDs (C503B-RAN Cree, NC) with peak
emission at 630 nm and 30 nm spectral bandwidth. These LEDs
were as effective in growing N. oculata as white fluorescent light
(Kandilian et al., 2013). They were spaced 2.25 cm apart resulting
in a spatial variation of less than 10% in the irradiance incident on
the PBR located 11.5 cm from the LED panels. A buck-boost LED
controller (LUXdrive by LEDdynamics, VT) was used to vary the
intensity of the LED panels. The incident irradiance of the LED
panels was adjusted by an analog voltage input to the LED
controller. Fig. 1c shows a schematic of the concentration sensor
assembly consisting of an infrared (IR) LED (OSRAM SFH4550,
Osram-Sylvania, MA) emitting at 808 nm with a beam divergence
angle of 61. A second identical diode was placed on the other side
of the PBR to sense the IR beam attenuation through the PBR.
Fig. 1d shows the electrical circuit and the operational amplifier

(Op-Amp) (OPA606KP Texas Instruments, TX) used to amplify the
photocurrent from the detector diode. The output voltage Vout was
sent to the data acquisition system (USB-1208FS Measurement
Computing Co., MA) to measure the dry mass microalgae concen-
tration based on a calibration curve relating Vout to X.

The controller input voltage Vctrl to the LED panel and the incident
irradiance were calibrated using a LICOR LI-190 quantum sensor.
Fig. 2a shows the calibration of the incident irradiance Gin (expressed
in μmolhν/m

2 s) as a function of Vctrl. The incident irradiance from each
panel varied between 0 and 440 μmolhν/m

2 s. The microalgae dry
mass concentration X was determined using a calibration curve
relating X to the optical density (ODλ) of the microalgae suspension
at 750 nm. Note that at 750 nm, N. oculata do not absorb and only
scatter (Kandilian et al., 2013). The calibration curve was obtained by
relating the normal-normal transmittance Tλ and the corresponding
optical density ODλ ¼ � ln Tλ at 750 nm for several mass concentra-
tions of microalgae in disposable polystyrene cuvettes with 1 cm
pathlength using a Fourier Transform Infrared (FTIR) spectrophot-
ometer (ThermoNicolet Magna IR-560). The corresponding dry mass
concentration X was measured by filtering the cells through a
previously washed and dried 0.45 nm pore size cellulose membrane
filters (HAWP-04700 by Millipore, MA) followed by drying at 60 1C in
a vacuum oven overnight. The dried filters with the dry cells were
weighed immediately after being removed from the oven using a
precision balance (model AT261 by Delta Range Factory, OH) with a
0.01 mg precision. Fig. 2b shows the calibration curve relating optical
density at 750 nm OD750 and mass concentration X. The resulting
calibration curve was X¼0.207OD750.

Figs. 2c and d show the calibration curves relating the output from
the Op-Amp Vout and the microalgae concentration X for PBR 1 and
PBR 2 sensors, respectively. The output voltage Vout was fitted to a
natural logarithm function at low mass concentrations and to a power
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Fig. 1. (a) Photograph and (b) schematic of the experimental setup used in the study. (c) Mass concentration sensor with IR LED emitter and detector at 808 nm, and
(d) electronic circuit used to amplify the photocurrent from the IR diode.
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law for large concentrations. Good fits were obtainedwith a coefficient
of determination R2 larger than 0.99 for dry mass concentration X in
the range 0.01–1.5 kg/m3. Each sensor for PBR 1 and PBR 2 was
calibrated individually to ensure better accuracy and reliability of the
results. The two calibration curves for PBR 1 sensor formed a
continuous function while those for PBR 2 featured slight offset at
X¼0.3 kg/m3. Finally, for dry mass concentration exceeding 1.5 kg/m3,
0.250 ml of microalgae culture was physically sampled from each PBR
and diluted by adding 2.750 ml of medium to a 1 cm pathlength
polystyrene cuvette before measuring the optical density OD750.

3.2. Analysis

3.2.1. Light transfer model
The two-flux approximation of the RTE, given by Eq. (3), can be

further simplified in the case of strongly forward scattering
microalgae when bλ approaches 0 resulting in αλ reaching unity.
Then, the local fluence rate, for the PBR shown in Fig. 1 with
irradiation incident on both sides, can be expressed as

GλðzÞ ¼ Gin;λ½e�δλXzþe�δλXðL� zÞ� ð10Þ
This expression is similar to Beer–Lambert's law (Modest, 2003).
However, the arguments in the exponential functions are signifi-
cantly different. In fact, Beer-Lambert's law is not appropriate for
predicting the local fluence rate in a PBR due to strong forward
and multiple scattering by microalgae (Berberoğlu and Pilon,
2007).

The total irradiance Gin incident on one side of the PBR over the
PAR (in W/m2) can be written as

Gin ¼
Z 700

400
Gin;λ dλ¼ Gin;λm

Z 700

400
Nλ dλ ð11Þ

where Gin;λm is the maximum spectral incident irradiance at
wavelength λm between 400 and 750 nm and Nλ is the normalized
spectral distribution of the incident irradiance. Here, λm was
630 nm for the LED light source used. Combining Eqs. (7) and (10),
the total irradiance Gin on each side of the PBR to achieve a desired
average fluence rate Gave in the PBR with microorganism concentra-
tion X can be written as

Gin ¼ Gave

R 700
400 Nλ dλ

2
R 700
400

Nλ

δλXL
ð1�e�δλXLÞ dλ

¼ Gave

f ðXÞ ð12Þ

where f(X) is, for all practical purposes, a function of X(t), for a given
PBR description and a light source. Note that the factor 2 present in
the denominator of Eq. (12) was due to the fact that irradiance was
incident on both sides of the PBR. Furthermore, in the asymptotic
limits of δλXL51 and δλXLb1, 1=f ðXÞ can be simplified as

1
f ðXÞ ¼

1
2

for δλXL51

qXL
2

for δλXLb1
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>>:

ð13Þ
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where q is a constant defined as q¼ R 700
400 Nλ dλ=

R 700
400 ðNλ=δλÞ dλ.

Finally, the average absorption and the scattering cross-sections Aabs;λ
and Ssca;λ of N. oculata, needed to compute δλ, were reported by
Kandilian et al. (2013) between 400 and 700 nm with 1 nm spectral
resolution. In addition, the scattering phase function was measured
at λ¼ 632:8 nm and was shown to be nearly constant over the PAR
region. The backward scattering coefficient bλ was 0.002 according to
Eq. (6). Note that for δλXL51, Eq. (12) can be approximated as
Gin � 1

2Gave. On the other hand, for δλXLb1, the feed-forward gain
1=f ðXÞ is bounded since XL is bounded.

3.2.2. Control scheme
Figs. 3a and b show the proposed feed-forward inversion and

optimal search diagrams, respectively. The controller consisted of the
radiation transfer model [Eq. (12)] and a zero-order-hold which
operated at time interval Δt1 equals to 5 min. The controller was
fed with the optimum average fluence rate Gpeak and the measured
mass concentration of the microalgae X(t). Then, it generated the
optimum incident irradiance GinðkΔt1Þ necessary to achieve Gpeak

where kΔt1 corresponded to kth mass concentration sampling time.
Similarly, the plant model, corresponding to the PBR, consisted of the
radiation transfer model [Eq. (12)], the microalgae growth kinetics
model relating the average fluence rate Gave to the growth rate μ and
the microalgae growth equation [Eq. (8)]. Note that, experimentally,
the mass concentration X(t) was the only plant output parameter
measured for the control system. The feed-forward controller is
bounded-input-bounded-output stable since the feed-forward gain
1=f ðXÞ is bounded, as previously discussed. One of the benefits of
using such feed-forward control in microalgae cultivation lies in the
fact that it does not suffer from instabilities. However, it requires
accurate modeling of the system being controlled (Svrcek et al., 2007).

Moreover, the optimum average fluence rate in the PBR Gpeak

must be estimated before the beginning of the feed-forward
control. It corresponded to Gave that yielded the largest microalgae
growth rate μ. To estimate Gpeak, an optimal search procedure was
devised to empirically correlate the average fluence rate in the PBR
Gave to the microorganism growth rate μ. Brent's method is an
inverse parabolic interpolation method that estimates the abscissa
corresponding to the maximum of a function (Press et al., 2007). In
the optimal search diagram (Fig. 3b), the radiation transfer model
[Eq. (12)] in the feed-forward controller (Fig. 3a) inverted the
radiation transfer model in the plant [Eq. (12)] allowing the

omission of both and facilitating the simple search method. The
optimal search scheme required the input of several test values of
average fluence rate Gn

ave to determine the optimum average
fluence rate Gpeak using Brent's method. The latter enabled the
estimation of Gpeak without requiring a model relating incident
irradiance to growth rate. The only assumption made was that the
growth rate μ was a convex function of the average fluence rate
Gave. The use of such a model-free optimal search algorithm
increased the versatility and the applicability of the control
strategy developed to any microorganism species or to other
photochemical processes.

In practice, the optimal search, illustrated in Fig. 3b, preceded
the feed-forward control of incident irradiance on the PBR
(Fig. 3a). First, the PBR was exposed to three different irradiances
Gin on each side, namely 30, 63, and 132 μmolhν/m

2 s. The
corresponding average fluence rate test values Gn

ave were estimated
using Eq. (12), for a duration Δt2 ¼ 3 hours, as 59, 125, and
265 μmolhν/m

2 s. Note that Eq. (12) simplifies to Gave � 2Gin at
the beginning of the growth stage, since δλXL51. This suggests
that the model f(X) is not necessary to determine the optimal
average fluence rate Gpeak. This is a great feature of the present
optimal search method. However, as the mass concentration X(t)
increases, the condition δλXL51 is no longer valid and the feed-
forward controller has to rely on f(X) to set the incident irradiance
Gin. Then, the control performance relies on the closeness of the
model f(X) to the actual system. The sensitivity analysis for the
present experimental system is discussed later in Section 4.2.
However, the control system is robustly stable with respect to
uncertainties/modeling error of f(X), since the feed-forward gain
1=f ðXÞ is bounded by the linear dependency of the function f(X)
with respect to X as the latter increases. The test values for the
average fluence rate Gn

ave were chosen to fall in the photolimited
and the photoinhibited regions based on growth kinetics data
reported by Huertas and Lubián (1998). Note that this was
performed for convenience and it was not essential to the
implementation of the optimal search. The average growth rate
during each period of constant irradiance was estimated in two
different ways. It was first estimated by fitting the mass concen-
tration to Eq. (8), assuming μ to be constant and equal to μ such
that

X ¼ X0eμt ð14Þ

Growth kinetics
Gave

G*
ave=Gpeak

t1

Gin(k t1) Gave

Feed-forward controller

dX/dt X(t)

Plant (PBR)

G*
ave i

xGin =
1
f (X)

Gave
* Gave = f (X)Gin

Growth kinetics

i

G*
aveGpeak

μ

μ

μ
μΔ

Δ

Fig. 3. (a) Diagram of the proposed feed-forward control scheme illustrating the controller and the plant and (b) the optimal search control diagram used to estimate Gpeak

using Brent's method.
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Alternatively, the growth rate was estimated at regular time
intervals Δt3 according to

μi ¼
1
Δt3

ln
XðtiþΔt3Þ

XðtiÞ

� �
ð15Þ

Here, Δt3 was set to 30 min to maximize signal to noise ratio.
Smaller values of Δt3 resulted in large fluctuations in μi. Then, the
average growth rate μave for each period was estimated according
to

μave ¼
1
n

∑
n

i ¼ 1
μi ð16Þ

where n is the number of growth rate estimates. It was equal to 24
calculated from 36 mass concentration samples XðtiÞ at sampling
interval Δt1 of 5 min per fitting period Δt2 of 3 h. If the growth
rate is constant during this period, μ and μave should be identical.
The estimated average growth rates μave or μ for each of the three
periods as functions of the corresponding average fluence rate Gave

were then fitted to a second order polynomial. Based on Brent's
method, the abscissa corresponding to the maximum of this
polynomial was identified as the estimated optimum average
fluence rate Gpeak. Note that Δt2 needed to be large enough so
that the signal to noise ratio of the mass concentration measure-
ments did not introduce an error in the estimated growth rate. It
also had to be small enough so that changes in the operating
conditions could be ignored during the optimal search period.

Once the optimum average fluence rate Gpeak was obtained, the
feed-forward control scheme (Fig. 3a) adjusted the incident
irradiance Gin estimated using Eq. (12) every 5 min based on
(i) the optimum average fluence rate Gpeak, (ii) the mass concen-
tration X(t) measured by the sensor, and (iii) δλ calculated from the
measured radiation characteristics of N. oculata (Kandilian et al.,
2013). Note that in this experiment, the optimal search took place
in the initial stage where δλXL was significantly smaller than unity
thus simplifying Eq. (12) to Gave ¼ 2Gin. Therefore, mass concen-
tration measurements were not necessary for the radiation trans-
fer model. If the optimal search is set active during the process, the
mass concentration dependent nonlinear gain must be applied so
that a varying incident irradiance Gin will render a constant
average fluence rate Gave.

4. Results and discussion

4.1. Optimum average fluence rate

Fig. 4a shows the temporal evolution of microalgae dry mass
concentration X(t) for each incident irradiance Gin on each side of
the PBR for the 9 h of the optimal search. It indicates that the
microalgae concentration increased under all three different
values of Gin imposed. The average growth rate μ was retrieved
by fitting the mass concentration X(t) to Eq. (14).

Fig. 4b shows the growth rate μ estimated by fitting the
experimental data to Eq. (14) as a function of the duration of the
fitting period ranging from 15 to 180 min for each value of Gin

imposed. The results indicate that the growth rate μ correspond-
ing to Gin ¼ 63 and 132 μmolhν/m

2 s converged to a constant value
for fitting periods longer than 120 min. On the other hand, 150 min
were required for the value of the growth rate μ to converge when
Gin was 30 μmolhν/m

2 s. This can be attributed to an initial lag
period observed after transferring the culture to the PBR. Overall,
the average growth rate μ was found to be 0.008, 0.038, and
0.060 h�1 for Gin equal to 30, 63, and 132 μmolhν/m

2 s, respec-
tively. The corresponding average fluence rate Gn

ave was estimated,
based on Eq. (12), as 59, 125, and 261 μmolhν/m

2 s, respectively.

Furthermore, Fig. 4c shows the growth rate μi calculated using
Eq. (15) for Δt3 ¼ 0:5 h. The growth rates estimated by this
method were noisy and scattered. However, the average growth
rate μave [Eq. (16)] for each period fell within 5% of the fitted
average growth rate μ plotted in Fig. 4b. These results provided
confidence in the estimated value of the average growth rates
μ and μave.

Finally, Fig. 4d shows the function μðGn

aveÞ fitted to a second
order polynomial. The fitting polynomial intercepted the x-axis
(i.e., μðGn

aveÞ ¼ 0) for Gn

ave ¼ 45 μmolhν=m2 s corresponding to
Gin ¼ 23 μmolhν=m2 s for a mass concentration X(t) equal to
0.02 kg/m3. This offset compensated for the energy required for
respiration or biomass maintenance. The ability of the model-free
optimal search to identify respiration and the respiration com-
pensation point of the species further demonstrates its versatility
and value. Note that the respiration compensation point was
similar in magnitude to 10 μmolhν/m

2 s reported by Takache
et al. (2012) for Chlamydomonas reinhardtii grown in a 1.5 l torus
PBR 3 cm in thickness and illuminated from one side by
250 μmolhν/m

2 s white LEDs. The difference in the respiration
compensation point obtained from the two experiments can be
attributed to the different light sources and microalgae species.

Moreover, the optimum average fluence rate Gpeak was identi-
fied as 236 μmolhν/m

2 s by Brent's method from the three points
relating the average growth rate μ and the average fluence rate
Gn

ave. This significantly differed from the values of 52 μmolhν/m
2 s

reported by Spolaore et al. (2006) and 72 μmolhν/m
2 s used by

Converti et al. (2009) for N. oculata. The optimum incident
irradiance depends on PBR geometry, operating conditions, and
the spectral quality of the light source. Differing experimental
conditions may explain the differences in the reported optimum
average fluence rate Gpeak. Here, the latter could be achieved by
imposing Gin ¼ 120 μmolhν=m2 s on both sides of the PBR for
initial mass concentration X0 ¼ 0:02 kg=m3, according to Eq. (12).

The optimal search method implemented here can be applied
to other microorganism species, PBR geometries, and operating
conditions. It has the advantage of rapidly identifying the opti-
mum incident irradiance for maximum growth rate. Furthermore,
the optimal search procedure can be repeated during subsequent
growth under feed-forward control to adjust for changes in the
optimum average fluence rate due to changes in pigment concen-
tration (Takache et al., 2012) and/or metabolic activity (Williams
and Laurens, 2010).

4.2. Biomass concentration

Fig. 5a compares the temporal evolution of biomass concentration
for N. oculata obtained under controlled incident irradiance with that
obtained by exposing the PBR to a constant incident irradiance of 90
and 165 μmolhν/m

2 s. The associated error bars were estimated from
duplicate experiments and corresponded to 95% confidence interval.
The microalgae culture exposed to constant irradiance of 90 μmolhν/
m2 s featured a short lag phase and reached a saturation mass
concentration of Xf¼1.48 kg/m3 after 168 h. The culture grown under
constant incident irradiance of 165 μmolhν/m

2 s had the longest lag
time due to photoinhibition. However, it reached a saturation con-
centration of Xf¼2.08 kg/m3. In fact, microalgae cultures that are
photolimited or exposed to lower irradiance are typically characterized
by shorter lag times but reach lower saturation mass concentrations
than those under higher irradiance (Chen et al., 2011a; Kandilian et al.,
2013). The cultures grown in the PBR exposed to controlled incident
irradiance not only had a short lag time but also reached the largest
saturation mass concentration at Xf¼2.25 kg/m3 after 185 h. In fact,
the mass concentration X(t) of microalgae exposed to controlled
irradiance was similar to those in PBR exposed to 90 μmolhν/m

2 s for
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approximately the first 50 h. Note that the optimal search period was
relatively short and did not significantly delay the biomass growth.

Furthermore, the average volumetric batch productivity Pv
(Eq. (9)) over 180 h of operation was 0.326 kg/m3 day when
exposed to controlled incident irradiance compared with 0.216
and 0.264 kg/m3 day when exposed to a constant incident irra-
diance of 90 and 165 μmolhν/m

2 s, respectively. These corre-
sponded to areal productivities PA of 1.63, 1.08, and 1.32 g/
m2 day, respectively. This corresponded to a relative increase of
51% and 26% in daily volumetric or areal productivity, respectively.
These results demonstrate the advantages of controlling the
incident irradiance during microalgae growth in batch mode.

Fig. 5b shows the incident irradiance Gin imposed on each face
of the PBR as a function of time during the different experiments.
It ranged from 120 to 270 μmolhν/m

2 s during the control stage
compared with the constant incident irradiance of 90 μmolhν/m

2 s
and 165 μmolhν/m

2 s. Note that for XZ1:5 kg=m3 the concentra-
tion signal from the sensor was noisy, as previously discussed.
However, it was still used in the feed-forward control as the
microalgae were reaching their saturation mass concentration.
This resulted in noisy incident irradiance Gin estimated using
Eq. (12). This issue could be overcome by using an array of sensors
operating over complementary concentration ranges (Sandnes
et al., 2006). The PAR averaged fluence rate GPAR(z) in the PBR
varied by less than 15% with depth for biomass concentration
up of 2.5 kg/m3. This observation confirmed the use of the
average fluence rate Gave to couple growth rate μ to the incident

irradiance Gin. Finally, to apply this method of cultivation to PBRs
other than flat-plate PBRs, it is necessary to substitute Eq. (3) with
the appropriate expression of the fluence rate relevant to the
specific PBR geometry. Note however that the validity of the two-
flux approximation and Eq. (3) has been established for open
ponds and vertical flat-plate PBRs (Lee et al., 2014). In addition,
Cornet (2010) derived an analytical expression for the local fluence
rate in tubular PBRs, such as those described by Olivieri et al.
(2014), based on the two-flux approximation. Alternatively, the
RTE can be solved numerically thus removing any restrictions on
PBR geometry albeit with added complexity (Lee et al., 2014).

To determine the sensitivity of the feed-forward control
scheme, the effects of uncertainty in the measured mass concen-
tration were assessed with respect to the optimum incident
irradiance set by the controller and the growth rate of the
microorganisms. Underestimating the measured mass concentra-
tion of X¼2 kg/m3 by 10%, for example, would result in (i) an
incident irradiance 6% smaller than its optimum value according to
Eq. (12) and (ii) an average fluence rate Gave 6% smaller than the
optimum average fluence rate Gpeak. Then using the parabolic
relationship obtained between growth rate μ and Gave (Fig. 4d), the
10% uncertainty in X would result in up to 1.5% decrease in the
growth rate μ relative to its maximum value. This relatively small
decrease in growth rate illustrates the robustness of the feed-
forward control method proposed in this study.

Fig. 5c shows the growth rate μave as a function of time for
the three different experiments. Under constant irradiance
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Gin¼90 μmolhν/m
2 s, the growth rate reached its peak of 0.032 h�1

after 1 h and steadily decreased thereafter. On the other hand, under
Gin ¼ 165 μmolhν=m2 s the growth rate reached a maximum at
0.042 h�1 after approximately 80 h of operation. This was a signifi-
cantly longer lag time compared with other illumination conditions
and was evident in the corresponding mass concentration (Fig. 5a). By
contrast, under controlled irradiance, the growth rate fluctuated
between 0.05 and 0.03 h�1 for up to 120 h of operation. These
oscillations could be due to fluctuating pH and dissolved CO2

concentration. In addition, the signal to noise ratio from the mass
concentration sensors was too low to accurately estimate the growth
rate for concentrations larger than 1.5 kg/m3. Finally, at the end of the
growth phase, the nutrients in the medium may have been depleted
resulting in nutrient-limited growth conditions leading to a decrease
in growth rate that could not be compensated by adjusting the
incident light. In fact, nutrient availability in the medium can be
estimated by stoichiometric calculation similar to that reported by
Kandilian et al. (2013). It was assumed that N. oculata cells were
elementally composed of 8% nitrogen and 1% phosphate by dry mass
(Williams and Laurens, 2010). This suggests that the culture experi-
enced phosphate limitation at a biomass concentration of 1.2 kg/m3

and a nitrogen limitation at around 2.1 kg/m3.
Fig. 5d shows the temporal evolution of the pH of the growth

medium averaged between duplicates PBR 1 and PBR 2 and sampled
once a day for all experiments. The relative difference in pH between

PBR 1 and PBR 2 was negligible at all times. The pH varied between
7.7 and 8.0 and was maintained in the desired range by increasing the
CO2 flow rate as the microalgae mass concentration increased. Here,
the microalgae N. oculata showed the largest growth rate in the
7.7–8.0 range, despite conflicting literature reports (Huertas and
Lubián, 1998; Spolaore et al., 2006; Converti et al., 2009; Chiu et al.,
2009). Note that no effort was made to continuously maintain a
specific pH in the PBR other than daily adjustment of the CO2 flow
rate. Nevertheless, further increase in microalgae growth rate could be
achieved by applying the same optimal search methodology based on
Brent's method to the CO2 concentration and continuously adjusting
the CO2 injection rate. Further improvements may also require
controlling the dissolved concentrations of individual nutrients in
the growth medium to avoid inhibition or limitation by one or several
nutrient ingredients.

5. Conclusion

This study developed a versatile and general control methodol-
ogy consisting of (i) a model-free optimal search based on Brent's
method and (ii) a feed-forward inversion control of incident
irradiance based on continuous mass concentration measure-
ments. For demonstration purposes, marine microalgae N. oculata
was grown in batch mode in 1 cm thick flat-plate PBRs exposed to
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red light from both sides. The optimal search successfully esti-
mated the optimum average fluence rate as 236 μmolhν/m

2 s
corresponding to a specific growth rate of 0.06 h�1. The micro-
algae exposed to controlled incident irradiance had a very short
lag time and reached saturation mass concentration of 2.25 kg/m3.
This should be compared with 1.48 and 2.08 kg/m3 for microalgae
grown under 90 and 165 μmolhν/m

2 s, respectively. This corre-
sponded to an average productivity of 0.326 kg/m3 day compared
with 0.216 and 0.264 kg/m3 day, respectively. The method demon-
strated in this study can be used for any microorganism species
and PBR design, as well as for operating parameters other than
incident irradiance such as the pH and the medium composition.
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