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A dynamic model for the photoautotrophic growth of microalgae in photobioreactor that describes the main variables of
the system and allows the precise prediction of the pH in the culture was proposed and validated. The dynamic behavior
of the biological system was expressed through a multistate model in continuous-time formulation, based on mass-
balance equations and local photosynthetic responses of the anisotropic medium, further associated with a set of alge-
braic equations that describes the thermodynamic properties of the ammonia—carbon dioxide—water ternary solute sys-
tem. The global photoautotrophic growth model was validated on experimental data acquired from a torus reactor
inoculated with Chlamydomonas reinhardtii cells. The model response was studied in simulation for all identified input
variables (dilution rate, incident light intensity, temperature, and flow rates of input gases). VC 2013 American Institute

of Chemical Engineers AIChE J, 60: 585–599, 2014
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Introduction

Microalgae caught the attention of scientists and industri-
alists due to their simple growth requirements which make
them potentially attractive for a wide range of applications.
Species such as Arthrospira and Chlorella are already widely
used in human and animal nutrition.1 Microalgae can be
metabolically redesigned as cell factories, thus proving use-
ful in the biotechnological production of therapeutic and
industrial metabolites such as long chain polyunsaturated
fatty acids, pigments, polycarbohydrates, vitamins, and vari-
ous biologically active compounds.2,3 They can also be used
in environmental applications such as greenhouse gas biomi-
tigation, wastewater treatment processes, and biosorption of
heavy metals.4,5 The biomass resulted can be used in the
production of biofuels (e.g., biodiesel, biohydrogen, bioetha-
nol, and biogas),6–9 an application that received increased
attention for the past years.

Many of the algal groups are photoautotrophs, that is, they
rely entirely on their photosynthetic apparatus to comply
with their metabolic requirements. This type of organisms

uses light, as source of energy, to convert CO2 into organic
substances. On the other hand, there is a large number of
algal groups that contain photoheterotrophic species, able to
acquire organic carbon from the external environment. How-
ever, only the photoautotrophs will be considered for model-
ing in this study, being of particular interest in the context in
which the CO2 production derived from human activities is
increasing.

The sustainable development of pilot and industrial photo-
bioreactors requires reliable monitoring and control tools to
support the development of accurate operating protocols and
achieve stable performance and process traceability. To this
end, regarding the physicochemical and biological processes
within the facility, quantifiable advanced knowledge is
required.

The dynamic models which describe the behavior of
microalgae cultures are usually a set of nonlinear differential
equations mainly deduced from mass-balance considerations
on both liquid and gaseous phases.

The light-driven processes of microalgae growth result in
using a particular class of models yielding local photosyn-
thetic responses by expressing the specific growth rate as a
function of local irradiance for any depth of the culture.
Thus, the radiative models, which express the light attenua-
tion inside a culture of microalgae, are fundamental in
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photobioreactor studies. The coupling between radiative
models and growth kinetics is an active research theme
approached by various authors.10–19

The present research takes the mathematical modeling of
the photoautotrophs’ growth a step further by considering
the chemical equilibria inside the culture broth, to allow an
accurate prediction of pH under the influence of some of the
most influential operating variables: CO2 feeding, culture
media feeding, culture media composition, incident light
intensity, and temperature.

The photoautotrophic microorganisms are cultivated in
aqueous solution in which the inorganic carbonaceous sub-
strate is supplied through the dissolution of CO2 gas in water
or through the speciation of carbonates from the culture
media. The dissolved carbon dioxide reacts with the water,
forming ionic species such as bicarbonate (HCO 2

3 ) and car-
bonate (CO22

3 ) among which dynamic equilibria are estab-
lished. The dissolved ammonia (NH 3) from the culture
media reacts in its turn with the HCO 2

3 ions to form carba-
mate ions (NH 2COO 2), thus composing a NH 32CO22

H2O ternary solute system. Most of the studies documented
in the field of microalgae cultivation consider only the
CO22H2O solute system, even though the thermodynamic
properties of the NH 32CO22H2O ternary solute system
have been extensively studied during the last decades due to
their potential use in industrial and environmental applica-
tions such as urea and melamine production or CO2 removal
from flue gas in postcombustion carbon capture proc-
esses.20,21 The ternary solute system is also considered for
the aquaculture recycling installations.22

The present study proposes a global photoautotrophic
growth model in which a radiative-transfer model, a biologi-
cal model and a thermodynamic model are coupled. To this
end, the article describes in detail the global model followed

by validation on experimental data. The discussion focuses
on model behavior emphasizing its usefulness as a tool for
the monitoring and control of photobioreactors.

Materials and Methods

Biological agent and culture medium

In the experiments conducted for model validation, a wild
type of Chlamydomonas reinhardtii strain 137AH was used,
from a culture collection of the French Atomic Energy Cen-
ter (Cadarache, France). Precultures were obtained incubat-
ing microalgae cells in conical flasks at 25�C and 100 mmol
m22 s21 in standard Tris-acetate-phosphate medium with
constant stirring. The inoculum for each experiment was
obtained through centrifugal separation (2000 rpm, 5 min at
25�C) of precultures, the cell mass being resuspended in
fresh autotrophic medium. The culture medium used for the
photosynthetic growth of green algae in photobioreactor was
an autotrophic minimum growth medium consisting of:
NaHCO 3 (1.68 g L21), NH 4Cl (1.45 g L21), MgSO 4 �
7H2O (0.28 g L21), CaCl 2 � 2H2O (0.05 g L21), KH 2PO 4

(0.61 g L21), and Hutner’s trace elements (1 mL L21).

Photobioreactor

The photobioreactor used in experiments is a lab-scale
torus-shaped reactor, developed by the GEPEA laboratory,
with a working volume of 1.47 L and a thickness of 4 cm. It
has been described in detail elsewhere,8 with the mention
that, for this study, the incident light flux was provided by
an electroluminescent diode panel calibrated with a LI-
CORVR light meter LI-1400 (Figure 1).

The incident light flux falls perpendicularly on one side of
the reactor. The other side is made of polished stainless steel
giving a mirror effect. The torus geometry associated with a

Figure 1. Torus photobioreactor.

The torus-shaped photobioreactor (left), developed by GEPEA Laboratory, was used in the experiments conducted for the valida-

tion of the global photoautotrophic growth model. The reactor, made of stainless steel, has a working volume of 1.47 L and a thick-

ness of only 4 cm. It is lit on one side by means of an electroluminescent diode panel (right), whereas the back side is polished,

giving a mirroring effect. The LED panel was conceived by attaching 750 white and 750 far-red diodes on a printed circuit. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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marine impeller confers a three-dimensional (3-D) vortex
flow, adequate for the access of algae to the available light,
ensuring a thorough homogenization of the medium.23 This
geometry allows considering that light attenuation is 1-D,
facilitating the modeling of the light transfer attenuation.15

For the addition of gasses (CO2, N2, or air), the reactor is
provided with a microinjection system on the bottom.

Online measurements

The pH was measured with a Mettler ToledoVR Inpro
3253SG/120/Pt100 electrode connected to a Mettler ToledoVR

pH2050e transmitter which gives an analog signal of 4–20
mA. The pH electrode is of gel-electrolyte type with an inte-
grated Pt100 temperature sensor for automatic compensation.

The flow rates of the input (CO2 and N2) and the output
gases were measured with three Bronkh€orstVR HIGH TECH
EL-FLOW mass flow meters working at a maximum pres-
sure of 2 bars:

1. Input mass flow meter calibrated for N2 with the meas-
uring range 0–100 mL min21,

2. Input mass flow meter calibrated for CO2 with the
measuring range 0–3 mL min21,

3. Output flow meter calibrated for CO2 with the meas-
uring range 0–100 mL min21.

The input mass flow meters are equipped with propor-
tional control valves whose apertures are linearly dependent
on their measuring range.

The composition of the output mixture of gases was deter-
mined by means of a QMS 200 PFEIFFER VACUUMVR

mass spectrometer calibrated for N2, CO2, O2, and H2. The
measurement frequency of the gas samples requires a vol-
ume of 3–4 mLn min21, which can be achieved by adding a
vector gas (N2).

Offline measurements

The dry matter of the culture was measured once a day,
filtering a known volume of sample and weighing it before
and after 24-h drying, in an oven, at 110�C. The fresh cul-
ture medium did not contain suspended solids and, therefore,
the dry matter was associated with the biomass concentra-
tion. The total inorganic carbon (TIC) was measured on the
supernatant with a ShimadzuVR TOC-5000A analyzer. The
preparation of the samples involved a centrifugation at 5000
rpm for 5 min and filtering when necessary.

Experimental protocol

The experiments were carried out at two different constant
incident light intensities (100 and 300 mmol m22 s21,
respectively) operating the photobioreactor in discontinuous
mode (dilution rate, D 5 0). The CO2 gas was bubbled into
the culture at 3-h intervals, in pulses modulated to maintain
a pH below 7.5. The temperature was kept constant at 25�C
by means of an on-off controller that actuated a fan installed
at the rear of the reactor. The signals transmitted by the
components of the experimental assembly were acquired on
a process computer which hosts the piloting program devel-
oped in LabVIEWVR . The experimental data thus acquired
were superimposed on simulations of the global photoauto-
trophic growth model computed with MatlabVR .

The model was integrated with the experimental values of
the feeding gas, the composition of the feeding gas and the
corresponding experimental time, as input variables. The
results obtained are presented graphically.

Bioprocess Modeling

Biological processes

The photoautotrophic microalgae are able to absorb CO2

as major carbonaceous substrate and to generate O2 as resi-

due in the water oxidation reaction induced by light as

source of energy. This type of organisms is cultivated in
aqueous solution in which case the inorganic carbonaceous

substrate is provided exclusively through CO2 gas injection

into the reactor or through carbonates addition into the cul-

ture medium. In water, the CO2 gas forms other species such
as dissolved carbon dioxide (CO2;aq ), carbonic acid

(H2CO3), bicarbonate (HCO 2
3 ), and carbonate (CO22

3 ),

whose sum is termed TIC. The ionic species represent poten-

tial sources of CO2;aq for photosynthesis as a result of their
interconversion through a series of reactions such as hydra-

tion, dehydration, and protonation. The carbonates, usually

used in research studies (e.g., sodium hydrogen carbonate—

NaHCO 3, used in this case), have a similar behavior with

respect to dissolution, forming the same species. The phase
equilibrium (Eq. 1) is governed by Henry’s law and is deter-

mined by the molality of the molecular solute. The vapor-

phase dissociation of CO2;aq is significant only at very high

temperatures and, therefore, can be neglected (P and T stand
for pressure and temperature, respectively).24

CO2;gas  !
f ðP;TÞ

CO2;aq (1)

The weak electrolyte CO2;aq reacts with water, establish-
ing the following chemical equilibria

CO2;aq 1H2O$ H2CO3 $ H11HCO 2
3 $ 2H11CO22

3

(2)

As it is hard to distinguish between CO2;aq and H2CO3,
the two species will be referred to as a single dissolved
gas.22 The ratio between CO2;aq and HCO 2

3 closely depends
on pH, bicarbonate being the dominant species in solutions
with pH above 6.3. The conversion of HCO 2

3 into CO2;aq is
very slow, being rapidly outrun by the photosynthetic con-
sumption of CO2;aq . Thus, when CO2;aq is removed from the
medium, the equilibrium (Eq. 2) will shift to the left and the
pH will increase. Many species of microalgae developed
mechanisms that enable both CO2;aq and HCO 2

3 to support
photosynthesis,25 but they still require CO2;aq which is
obtained splitting the bicarbonate inside the cell (HCO 2

3 $
CO2;aq 1OH 2), a reaction that releases hydroxyl ions
(OH 2) causing an increase in pH. The culturing techniques
of microalgae imply the pH control by means of CO2 gas
bubbled into the reactor. This fresh supply of CO2 will shift
the equilibrium back to the right, lowering the pH.

Besides the bicarbonate buffer system, the pH is also
influenced by the ammonium ions (NH 1

4 ) present in the cul-
ture medium, which are in dynamic equilibrium (Eq. 3) with
molecular ammonia (NH 3). The ratio of NH 1

4 to NH 3

closely depends on pH, ammonia being dominant in solu-
tions with pH above 9.3. The selfionization of water must
also be considered here (Eq. 4).

NH 31H2O$ NH 1
4 1OH 2 (3)

H2O$ H11OH 2 (4)

NH 3 interferes with the HCO 2
3 ions in solution forming

carbamate. Thus, an additional equilibrium equation must be
considered
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NH 31HCO 2
3 $ NH 2COO 21H2O (5)

The sum of NH 3, NH 1
4 , and NH 2COO 2 molar concen-

trations is termed total inorganic nitrogen (TIN).

Model structure and assumptions

The photosynthetic growth of microalgae under light-
limiting conditions, along with the quantitative description of
the chemical species described above, have been modeled
associating three submodels briefly depicted in Figure 2,
namely a radiative-transfer model, a biological model, and a
thermodynamic model of the multicomponent system. The
process being photoautotrophic, all biological phenomena
described above are driven by the light available inside the
culture (G) and, therefore, a radiative-transfer model is
required to express its attenuation. As the culture is hetero-
geneous in terms of light availability, it is treated as a sys-
tem with uniformly distributed parameters along its depth
(zÞ. The radiative-transfer model coupled with a kinetic law
will provide local photosynthetic responses, lG G zð Þð Þ, based
on the input values of photon flux density, q0, biomass con-
centration, X, and optical properties of the cultivated micro-
organism. However, the culture is considered well stirred
and, therefore, homogeneous in terms of concentrations. As
a result, the local photosynthetic responses are integrated to
calculate the average photosynthetic response all over the
volume of the reactor.

The biological model describes the time variation of main
state variables of the system balancing kinetics of production
or consumption and gas-liquid mass transfers. The state vec-
tor xT5 X cTIN cTIC cO2

yCO2
out yO2

out

� �
integrates six variables,

namely biomass concentration, TIN concentration, TIC con-
centration, dissolved oxygen concentration, and CO2 and O2

molar fractions in the outlet gas; the first four are character-
istic for the liquid phase, the last two being specific for the
gaseous phase.

The thermodynamic model is a computational package
that enables the quantitative description of dissolved molecu-
lar and ionic species of the NH 32CO22H2O multisolute
system and provides values of activity coefficients. The ter-
nary solute system has been extensively studied over the last
decades, the literature offering several models dedicated to

the mathematical description of electrolyte solutions. A com-
parative study of thermodynamic electrolyte models was
published by Jaworski et al.,26 for the same system. Pitzer’s
ionic model,27 which is a complex expansion of the excess
Gibbs free energy that characterizes interactions among ions
and solvent, was considered for this study. The thermody-

namic model gives the vector of internal variables wT5

½cCO2
cHCO 2

3
cCO22

3
cNH 3

cNH 1
4

cNH 2COO 2 cOH 2 cH1 pH �, variables

which are functions of states (c is the concentration of chem-
ical species i).

The vector of inputs uT5 q0 D GCO2

in GO2

in GN2

in T
� �

includes some variables (i.e., q0, D, and GCO2

in ) with strong
influence over the system that can be designated as control
variables (with Gi

in being the input flow rate of gaseous
component i—carbon dioxide, oxygen, and nitrogen).

p (as reported in Figure 2) is the set of model parameters
which will be presented in the sections to follow.

Based on its geometry, it is safe to say that the reactor is
perfectly stirred, and consequently the suspended algae can
access the inorganic substrate and the dissolved gases
equally to synthesize new cell mass. The nutrients (C, N, S,
P sources) are considered to be in excess, but below inhibi-
tion levels, to express the specific growth rate as a function
of light and not of chemical substrate, light being considered
the limiting “substrate” that regulates the growth of
photoautotrophs.

Radiative-transfer model

To determine the attenuation of light inside a photosyn-
thetic culture, a radiative-transfer model (Eq. 6), designed
for rectangular reactors lit on one side, was adopted. This
model will determine the value of irradiance, G, for any
depth, z, of the culture, through the following analytical
solution

G zð Þ52q0

11að Þed L2zð Þ2 12að Þe2d L2zð Þ

11að Þ2edL2 12að Þ2e2dL
(6)

with d5X
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ea Ea12bEsð Þ

p
the two-flux extinction coefficient

and a5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eað Þ= Ea12bEsð Þ

p
the linear scattering modulus. Ea

Figure 2. Structure of the global photoautotrophic growth model.

The global model that describes the photosynthetic growth of microalgae associates three models: a radiative model, a biological

model, and a thermodynamic model. The radiative model describes the attenuation of light (G) along the culture depth (z) which,

coupled with a kinetic expression, provides local photosynthetic responses, lG G zð Þð Þ. The biological model balances kinetics of pro-

duction (rx and rO2
) or consumption (rTIN and rTIC) and gas-liquid mass transfers (NO2

and NCO2
) to describe the six state variables

of the system: biomass concentration, TIN concentration, TIC concentration, dissolved oxygen concentration, and CO2 and O2

molar fractions in the outlet gas. The thermodynamic model describes quantitatively the dissolved molecular and ionic species of

the NH3ACO2AH2O multisolute system and provides values of activity coefficients. xT5 XcTINcTICcO2
yCO2

out yO2

out

� �
is the state vector,

uT5 q0DGCO2

in GO2

in GN2

in T
� �

is the vector of inputs, wT5 cCO2
cHCO-

3
cCO2-

3
cNH3

cNH1
4

cNH2COO-cOH-cH1 pH
h i

is the vector of internal varia-

bles and p is the set of model’s parameters.
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and Es are the mass absorption and the mass scattering coef-
ficients and b is the backward scattering fraction (dimension-
less). q0 represents the hemispherical incident light flux or
photons flux density (PFD). X represents the biomass con-
centration inside the photobioreactor and L is the depth of
the photobioreactor. The optical parameters can be deter-
mined spectrophotometrically for any given photosynthetic
organism. This model is well documented, its parameters
being identified for various microalgal species such as Chla-
mydomonas reinhardtii, Spirulina platensis, Neochloris
oleoabundans, and so forth.11,15–17,28

Biological model

Photoautotrophic Growth Kinetics. The algal growth
results from the difference between the anabolic and cata-
bolic processes, in other words, the biomass increase through
photosynthesis and the partial degradation through respira-
tion. The global volumetric growth rate of photoautotrophs
is expressed as follows

rx5rxp
2rxs

5 lG2lsð ÞX (7)

with: rxp
—the volumetric growth rate as a result of photo-

synthesis and rxs
—the volumetric decline rate as a result of

respiration. The specific growth rate related to photosynthe-
sis, lG, is a function of the available light inside the culture
and, therefore, a function of the local value of irradiance,
G zð Þ. A Monod type model was used to represent the growth
rate dependency on light

lG5lmax

G

KI1G
(8)

where KI is the half-saturation constant and lmax is the max-
imum specific growth rate. The average photosynthetic
response, hlGi, calculated for the entire volume of the reac-
tor, is obtained by integrating the local photosynthetic
responses along the culture depth, z

hlGi5
1

L

ðL
0

lG G zð Þð Þdz (9)

where: h i denotes spatial averaging.
ls is a kinetic parameter related to the respiration process,

described here as a constant maintenance term.

TIC Kinetics. The TIC consumption rate, hrTIC i, is pro-
portional to the global volumetric growth rate, hrxi. The bio-
mass is synthesized exclusively from inorganic carbon (1
mol of CO2 fixed leads to 1 C-mol biomass)

hrTIC i5
1

Mx
hrxi5

hlGiX2lsX

Mx
(10)

where Mx is the C-mole mass.29

Stoichiometry of Photosynthetic Growth. The metabolism
of photoautotrophic organisms is extremely complex and it
is, therefore, difficult to derive kinetic equations for each
substrate or product involved in the process. Whenever these
components (e.g., nitrogen, phosphorus, oxygen, etc.) are
neither limiting nor inhibiting the growth, the model can be
reduced using a single stoichiometric equation and a single
kinetic law that describes only the influence of light.

The overall stoichiometry of Chlamydomonas reinhardtii
photosynthetic growth, which characterizes the yields of con-
version of substrates into biomass and other products, based

on the elemental conservation relationships (C, H, O, N, S, P),
knowing that 1 mol CO2 fixed leads to 1 C-mol biomass, is30

CO210:576 H2O10:181 NH 310:006 H2SO 410:021 Pi !
CH 1:771O0:472N0:181S0:006P0:021 biomassð Þ11:107 O2 (11)

After carbon, the TIN is considered to be the second
main substrate that limits the photosynthetic growth of
microalgae. Using an overall stoichiometric equation of the
system, the TIN consumption rate hrTIN i can be computed
as follows

hrTIN i5
YN=X

Mx
hrxi (12)

where YN=X is the yield of TIN conversion which represents
the rate of TIN uptake per unit of biomass produced.

The oxygen is produced through water photolysis and is
partially consumed through respiration; its kinetic rate hrO2

i
is, therefore, proportional to the growth rate, as follows30

hrO2
i5 QP

Mx
hrxi (13)

where QP is the photosynthetic quotient which represents the
number of moles of O2 produced divided by the number of
moles of CO2 (see Eq. 11).

Gas-liquid Mass Transfer. The gas-liquid mass transfer
is modeled using the two-film theory, assuming that the gas
phase is in plug flow and the liquid phase is well stirred.
The volumetric mass-transfer rate for oxygen, NO2

, can then
be expressed as follows

NO2
5 KLað ÞO2

c�O2
2cO2

� �
5 KLað ÞO2

ylm
O2

P

HO2

2cO2

 !
(14)

where c�O2
and cO2

are the saturation and the actual concentra-
tions of dissolved oxygen in the liquid phase. KLað ÞO2

is the
overall volumetric mass-transfer coefficient for oxygen, ylm

O2
is

the logarithmic mean (lm) between inlet and outlet oxygen
molar fractions, and P is the total pressure in the gas phase. The
Henry’s constant, HO2

, is estimated using the method given by
Schumpe,31 taking into account the decrease in solubility of
gases determined by electrolytes in the culture medium.

In the same way, the volumetric mass-transfer rate for car-
bon dioxide NCO2

is given by

NCO2
5 KLað ÞCO2

ylm
CO2

P

cCO2
HCO2

2cCO2

 !
(15)

where KLað ÞCO2
, ylm

CO2
, HCO2

, and cCO2
have the same mean-

ing as above except that they are expressed for CO2.
KLað ÞCO2

is determined from the molecular diffusivities of
carbon dioxide and oxygen (DCO2

and DO2
) by

KLað ÞCO2
5 KLað ÞO2

DCO2

DO2

(16)

Thermodynamic Model—Multisolute System

In the NH 32 CO22H2O multisolute system, nine distinct
species occur: NH 3 (molecular), NH 1

4 , NH 2COO 2, CO2

(molecular), HCO 2
3 , CO22

3 , H2O (molecular), OH 2 and H1,
resulting in 17 unknowns (ci and ci for all species except
water which is expressed in terms of activity, aw). To solve
these unknowns, 17 independent equations are needed:
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1. Five chemical equilibria

K15
aH1 aHCO 2

3

aCO2
aw

K25
aH1 aCO22

3

aHCO 2
3

K35
aNH 1

4
aOH 2

aNH 3
aw

K45
aNH 3

aHCO 2
3

aNH 2COO 2 aw

Kw5
aH1 aOH 2

aw

(17)

where ai5ci ci is the activity of component i, ci is the molal
activity coefficient of component i, and ci is the concentra-
tion of component i. The equilibrium constants K1, K2, K3,
K4, and Kw in relation with temperature are available in
literature.24

2. Two mass balances

cTIC 5cCO2
1cHCO 2

3
1cCO22

3
1cNH 2COO 2 (18)

cTIN 5cNH 3
1cNH 1

4
1cNH 2COO 2 (19)

3. Electroneutrality relation:
The concentration of anions weighed by their charges
must equal the concentration of cations weighed
likewise.

cNH 1
4
1cH1 1cNa 15cHCO 2

3
12cCO22

3
1cNH 2COO 2 1cOH 2 1cCl 2

(20)

The electroneutrality is written for the main species pres-
ent in the culture medium. The molar concentrations of the

associated counterions Na 1 and Cl 2 can be considered con-
stant in the given experimental conditions.

4. In addition, Eq. 21 is used to calculate eight activity
coefficients, one for each species except for water.
Finally, Eq. 23 is used for the activity of water.

Inci52A/z2
i

ffiffi
I
p

111:2
ffiffi
I
p 1

2

1:2
ln 111:2

ffiffi
I
p� �� �

12
X

j 6¼w
mj b0

ij1
b1

ij

2I
12 112

ffiffi
I
p� �

exp 22
ffiffi
I
p� �h i( )

2
z2

i

4I2

X
j 6¼w

X
k 6¼w

mjmkb
1
jk (21)

where I5 1
2

X
j
z2

j mj, is the ionic strength of the solution.

The parameters, b0
ij and b1

ij, are molecule–molecule, mole-

cule–ion, and ion–ion interaction parameters, given in
Edwards et al.24 A/ (Debye–H€uckel constant) can be

expressed for temperatures ranging from 0 to 100�C with the
following relation32

A/5261:44534 exp
T2273:15

273:15

	 

12:864468

exp
T2273:15

273:15

	 
� �2

1183:5379 ln
T

273:15

	 


20:6820223 T2273:15ð Þ10:0007875695 T22 273:15ð Þ2
� �

158:95788
273:15

T

	 

(22)

The activity of water is determined from the Gibbs–Duhem
equation

Inaw5Mw

�
2A/I

3
2

111:2
ffiffi
I
p 2

X
i 6¼w

X
j 6¼w

mimj

b0
ij1b1

ijexp 22
ffiffi
I
p� �h i�

2Mw

X
i 6¼w

mi (23)

Finally, the pH can be calculated with the following
relation

pH 52log aH1ð Þ (24)

Mass-Balance Model

The mass-balance model groups two types of components:
conversion terms (which describe the kinetics of various bio-
chemical reactions of the process and conversion yields of
various substrates in terms of biomass and products) and
terms for the dynamics of transport (which group transit of
matter within the process in liquid or gaseous form, and
transfer phenomena between phases).33

Liquid phase

The characteristic states for the liquid phase (X, cTIN ,
cTIC , and cO2

), which describe the photoautotrophic growth
process, are expressed in terms of mass-balance equations as
follows

dX

dt
5hrxiðtÞ2DðtÞXðtÞ (25)

dcTIN

dt
52hrTIN i tð Þ1DðtÞ cTIN ;i2cTIN ðtÞ


 �
(26)

dcTIC

dt
52hrTIC i tð Þ1NCO2

tð Þ1DðtÞ cTIC ;i2cTIC ðtÞ

 �

(27)

dcO2

dt
5hrO2

i tð Þ1NO2
tð Þ2DðtÞcO2

ðtÞ (28)

where D represents the dilution, cTIN ;i and cTIC ;i represent
the concentration of TIN and TIC, respectively, in the liq-
uid feed. The rates hrxi, hrTIC i, hrTIN i, and hrO2

i are given
by Eqs. 7, 10, 12, and 13. The volumetric mass-transfer
rates NO2

and NCO2
are given by Eqs. 14 and 15.

The biological model uses as input the dissolved carbon
dioxide concentration—cCO2

(required for the computation of
NCO2

) given by the thermodynamic model and determined
through the mass balance Eq. 18. The concentration of
ammonia, cNH 3

, is also determined using a mass balance Eq.
19. Water is expressed in terms of activity through Eq. 23.
The concentrations of ionic species (cHCO 2

3
, cCO22

3
, cNH 1

4
,

cNH 2COO 2 , and cOH 2 ) present in the NH 32CO22H2O ter-
nary solute system can be computed from the chemical equi-
libria (17). The hydronium ions concentration, cH1 , results
from the electroneutrality Eq. 20 whose logarithm gives the
pH (Eq. 24).

Gaseous phase

Based on the ideal gas law and gas balance equations,
the molar fractions of the output gases can be computed,
assuming that the flow and concentration of all inlet gases
are known and measurable. Thus, the time variation of the
specific states for the gas phase, yCO2

out and yO2
out , is expressed

by
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dyCO2
out

dt
5

RT

PVg
yCO2

in tð ÞGin tð Þ2yCO2
out tð ÞGout tð Þ2VlNCO2

tð Þ

 �

(29)

dyO2
out

dt
5

RT

PVg
yO2

in tð ÞGin tð Þ2yO2
out tð ÞGout tð Þ2VlNO2

tð Þ

 �

(30)

where R is the universal gas constant, T is the temperature,
and Vg and Vl are the gas and liquid volumes. Gin and Gout

are the inlet and the outlet total flow rates.
A vector gas N2 was present in the inlet gas and also in

the outlet gas. N2 gas has a lower solubility in water than
CO2 and O2, and its volume is assumed to remain
unchanged. It does not contribute to any consumption or pro-
duction processes during the photoautotrophic growth. The
N2 molar fraction in the outlet gas, yN2

out , is given by

yN2

out 512yCO2

out 2yO2

out (31)

All molar fractions in Gin are known

yCO2

in 5
GCO2

in

Gin

; yO2

in 5
GO2

in

Gin

; yN2

in 5
GN2

in

Gin

(32)

where GCO2

in , GO2

in , and GN2

in are the feeding flow rates of CO2,
O2, and N2. Gin is the input gas flow rate and the sum of all
input gases. The same relations can be written for the output
gases; Gout can be calculated based on known input and out-
put molar fractions of N2

Gout 5
yN2

in

yN2
out

Gin (33)

Model Parameters

The parameters considered for the global photoautotrophic
growth model presented above were already published in lit-
erature, most of them being identified on Chlamydomonas
reinhardtii cultures. The model parameters can be divided
into six groups:

1. Optical parameters (Ea, Eb, and b) used in the radiative
model, measured in a previous study15,17;

2. Kinetic parameters (lmax , KI , and ls), identified
through multiparameter regression on experimental data
in Fouchard et al.17;

3. Yield conversion coefficients (YN=X and QP), resulting
from the stoichiometry equation;

4. Mass-transfer and diffusion coefficients: ( KLað ÞO2
,

DCO2
, DO2

)—the overall volumetric mass-transfer coef-
ficient for oxygen KLað ÞO2

was determined in a previ-
ous study by Fouchard et al.,17 for the same type of
reactor, and the diffusion coefficients can be found in
Denny34;

5. Parameters characterizing the reactor geometry (Vl, Vg,
and L), which are measurable;

6. Phase and chemical equilibria parameters (HCO2
, HO2

,
K1, K2, K3, K4, and Kw)—Henry’s constants are esti-
mated through the method of Schumpe,31 and the equi-
librium constants are found in Edwards et al.,24 at
25�C.

The parameters’ values used in the numerical simulations
of the photoautotrophic growth model are summarized in
Table 1.

The global photoautotrophic growth model is highly sensi-
tive to three parameters: lmax , Vg, and KLað ÞO2

. lmax was

confirmed on offline experimental values of biomass, X, and
incident light flux, q0, and Vg was estimated by measuring
the empty volume on the head of the reactor and on the gas
lines, leaving KLað ÞO2

the single parameter used to fit the
model with the available experimental data. It is known that
KLað ÞO2

depends on a series of parameters related to the
liquid-phase properties, the reactor’s geometry, and the oper-
ating conditions. As the hydrodynamic conditions, the feed-
ing gas flow rate, and the culture medium are the same in all
experiments conducted for the validation of the global photo-
autotrophic growth model, KLað ÞO2

was considered constant
throughout this study. In addition, the culture medium prop-
erties remain unchanged under photoautotrophic conditions
because the biomass concentration, the main component that
modifies throughout the batch, does not alter the viscosity of
the liquid and, therefore, the KLað ÞO2

.
The model and the experimental values achieved the best

fitting for KLað ÞO2
5 0.9 h21, a value that is not far from the

one measured by Fouchard et al.,17 namely 0.46 h21 (for an
air flow of 10 mLn min21), for the same type of reactor and
culture medium.

Yet, an empirical correlation (Eq. 34) that relates KLað ÞO2

to UG (superficial gas velocity) can be used instead, to
increase the model predictability for a wider range of gas
flow rates

KLað ÞO2
5mUn

G (34)

where m is a constant strongly affected by the gas injection
system and the liquid medium. The exponent n can take val-
ues between 0.78 and 0.82 as presented in Shah et al.35

Nevertheless, when transferring the global photoautotrophic
growth model on other reactors with different geometries,
especially when scaled-up, complex models are recommended
rather than empirical correlations. The substantial knowledge

Table 1. Model Parameters

Group Parameter Value Unit

Radiative model Ea 172 m2�kg21

Eb 870 m2�kg21

b 0.0008 –
Kinetic model lmax 0.16 h21

KI 120 mmol�m22�s21

ls 0.013 h21

Stoichiometric values YN=X 0.181 –
Mx 27.8�1023 kg�C-mole21

QP 1.107 –
Mass transfer and

diffusion
coefficients

KLað ÞO2
0.9 h21

DCO2
1.92�1029 m2�s21

DO2
2.38�1029 m2�s21

Photobioreactor
geometry

Vl 1.47�1023 m3

Vg 0.12� Vl m3

L 0.04 m
Phase and chemical

equilibria
HCO2

2903.8 Pa�m3�mol21

HO2
8.385�104 Pa�m3�mol21

K1 4.38�1027 –
K2 4.65�10211 –
K3 1.76�1025 –
K4 3.09 –
Kw 10214 –

Other parameters P 1.013�105 Pa
T 298.15 K
R 8.3145 J�mol21�K21

ct 7.3�103 mol�L21

AIChE Journal February 2014 Vol. 60, No. 2 Published on behalf of the AIChE DOI 10.1002/aic 591



regarding the gas-liquid mass transfer inside bioreactors can
be easily adapted to photobioreactors. Mir�on et al.,36 for
example, obtained good results on bubble column and airlift
photobioreactors with an expression that relates KLað ÞO2

to
the superficial gas velocity, the overall gas holdup and the
mean bubble diameter.

Results and Discussion

Model validation on Chlamydomonas reinhardtii
photoautotrophic growth

Two experiments were conducted to validate the model
described above, carried out at two different incident light
intensities (110 and 300 mmol m22 s21). The other culture
conditions (e.g., substrate composition, temperature, stirring
velocity, and feeding gas flow rate) were maintained identi-
cal in both experiments which ran for 200 h in discontinuous
mode (D50). It must be mentioned that the parameters that
did have to be identified from the current experimental data
were inferred from the data set acquired from the first
experiment (Figures 3A, 4, and 5), whereas data set acquired
from the second experiment (Figures 3B and 6) was used for
model validation. As shown in Figures 3A and B, the micro-
algal culture presented a lag phase during the first 2 days.
This behavior is also confirmed by the output O2 gas dynam-
ics, depicted in Figures 4C and 6C, respectively. To obtain a
proper fitting of the global photoautotrophic growth model
on experimental data, lmax was considered equal to 0.09 h21

during the first 40 h of cultivation for the first experiment

and 48 h for the second one. However, from a technological
point of view, low concentrations of biomass are of no inter-
est and the accommodation phase is frequently neglected on
the evidence that it is a short transitory phase and, therefore,
zonal modeling oriented on the exponential growth phase is
usually aimed. Implementing this model on other types of
reactors and other species of photosynthetic organisms
requires the reidentification of the optical and kinetic
parameters.

To evaluate the pH response and the gas dynamics, the
CO2 was bubbled into the reactor by means of a pulse width
modulation controller to maintain pH around 7.5. The ampli-
tude of each CO2 pulse corresponded to 100% aperture of
the CO2 proportional valve.

The input CO2 gas (Figures 4A and 6A) was used as input
variable in the global photoautotrophic growth model along
with its corresponding acquired experimental time. The CO2

used for this purpose was found to be impure, 2.8% being
identified as O2, which was also used as input variable in the
model.

The input N2 gas was also measured, and known to be con-

stant at 10 mL min21. The volumetric flow rate of the output

mixture of gases, Gout , was continuously measured, and the

molar fractions of each component were analyzed through

mass spectrometry. Thus, the partial volumes of each gas

(except for GN2

in known to be constant) are available.
Figures 4B and 6B show that the values predicted by the

global model for the output rate of CO2 are in good agree-
ment with the experimental values acquired online for both
experiments.

The output rate of O2 (Figures 4C and 6C) was satisfacto-
rily predicted in both experiments. The high values of output
O2 gas observed at the beginning of both experiments corre-
spond to the air in the head of the reactor, which requires a
certain time for complete depletion.

To implement the gas balance model on other types of

reactors, it is necessary to adapt the liquid volume Vl, the

gas volume Vg, and the volumetric mass-transfer coefficient

KLað ÞO2
to the new technological conditions. The Vl=Vg ratio

has a strong influence on the gaseous phase—output CO2

and O2 gas dynamics—and no influence on the liquid phase,

as Vl is always constant (for both batch and continuous cul-

tures). A higher ratio (thus, a higher Vg) tends to predict

lower output gas values than those in practice. Vg was

approximated to 12% of Vl counting the reactor head and

the gas lines up to the measuring device. The volumetric

mass-transfer coefficient KLað ÞO2
, on the other hand, influen-

ces the variables related to the liquid phase (TIC, CO2;aq ,

O2;aq , and implicitly the pH).
A set of offline measurements for TIC is available only

for the experiment piloted at 110 mmol m22 s21 incident

light intensity. Figure 5 shows a close agreement between

the predicted and the experimental values, with an error of

at most 10% (see error bars). The dominant species of TIC

is the HCO 2
3 which represents approximately 95% at a pH

close to 7.5, thus making the CO2;aq contribution very low,

which is why the TIC expression is insensitive to KLað ÞO2

variations over a broad range. Conclusively, the lack of data

for CO2;aq and O2;aq narrowed the reidentification of

KLað ÞO2
solely based on the pH dynamics (known to depend

closely on CO2;aq ).
The model tends to predict higher values for the pH dur-

ing the first hours of cultivation (Figures 4D and 6D,

Figure 3. Biomass dynamics in photoautotrophic batch
cultures.

The dynamics of the biomass concentration at (A) 100

mmol m22 s21 and (B) 300 mmol m22 s21 incident light

intensity, measured offline (black dots), was compared

with the response of the global photoautotrophic growth

model (black line). Two growth phases with lmax 50:09

h21 (during the first two days) and lmax 50:16 h21 were

identified. The model was initialized with the values pre-

sented in Table 2 and its parameters are rendered in

Table 1.
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respectively) when the biomass concentration is very low.
The thermodynamic model which predicts the pH is very
sensitive and needs to be properly initialized. A proper initi-
alization of the thermodynamic model, along with an accu-

rate photosynthetic growth model, will result in an excellent
capacity of prediction.

One particular incident is noteworthy and took place dur-
ing the third day of operation (approximately between the

Figure 4. Dynamics of the variables measured online in a photoautotrophic batch culture operated at 110 lmol
m22 s21 incident light intensity.

The input CO2 gas was bubbled into the reactor to regulate the pH by means of a pulse width modulation controller, its flow rate

(A) being measured by a dedicated flow meter. The output CO2 gas flow rate (B—gray line) and the output O2 gas flow rate (C—

gray line) are the product of their output molar fraction, measured with a mass spectrometer, and the total output gas measured

with a dedicated gas flow meter. The pH was measured online with a specific electrode (D—gray line). The pulsed signal of GCO2

in ,

together with its corresponding experimental time, was used as input in the global model whose response was overlapped on the

experimental data (B, C, and D—black line). The model was initialized with the values presented in Table 2 and its parameters

are rendered in Table 1.
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50th and 70th h). As shown in the detail of Figure 6A, the
input CO2 gas lost its periodicity for a sufficient time to
allow the prediction accuracy of the gas balance and pH
models to be examined.

The output CO2 gas (Detail 2, Figure 6B) and the output
O2 gas (Detail 2, Figure 6C) were very well predicted by the
gas balance model, all the more so as the incident was pro-
jected on the exponential growth phase. The thermodynamic
model was able to predict the pH (Figure 6D) over a wide
range of operating points. From a biological point of view,
the optimal pH for the growth of Chlamydomonas reinhardtii
is 7.5,37,38 and therefore, a pH controller needs to reject vari-
ous disturbances rather than to work on other pH regimes;
an important aspect to be considered for control purposes.

Model behavior

The pH is given by the quotas of the nine chemical species
that form the NH 32CO22H2O multisolute system, which, in
their turn, are implicit functions of the state variables. The
global photoautotrophic growth model is sensitive to a series
of inputs, namely q0, D, GCO2

in , GO2

in , GN2

in , and T, which affect
the radiative, biological, and thermodynamic models, and con-
sequently the pH. To investigate the response of the global
photoautotrophic growth model to these input variables, a
series of scenarios were considered for numerical simulation.
The global photoautotrophic growth model was initialized
with the values presented in Table 2.

The simulations were run for a period of 30 days, of
which 10 days were assigned to batch regime (D 5 0 h21)
and the remaining 20 days to continuous regime (D 5 0.05
h21). The value assigned to dilution in continuous mode cor-
responds to the maximal productivity of microalgal biomass
that could be obtained in the photobioreactor under study, as
shown in Ifrim et al.39

Various laboratory studies have been conducted on artifi-
cially lit photobioreactors, where the values assigned to the
incident light intensities are constant. However, a sustained
effort is now being made to operate the photobioreactors
under solar light and, therefore, the mathematical models

must give accurate predictions even when the incident light
intensity, q0, varies. Thus, q0 varied between 0 and 1000
mmol m22 s21 throughout the entire simulation period, as
illustrated in Figure 7. The light profile corresponded to the
positive alternation of a sinusoidal signal with 700 mmol
m22 s21 amplitude, 24-h period, 22.1 rad phase angle, and
300 mmol m22 s21 reference line. The signal is describing a
summer day with approximately 15-h daylight at a latitude
around 45 degrees north. The day/night cycle also causes
temperature variations of up to 20�C as illustrated in Figure
7.40 However, most of the simulations were run at a constant
temperature of 25�C, unless explicitly stated otherwise.

Figure 8 displays the time evolution of biomass in both
batch and continuous regimes under solar light conditions.
From a mathematical point of view, the biomass concentra-
tion is altered only by two inputs, namely q0 and D, as the
specific growth rate (9) is expressed as a function of irradi-
ance while other nutrients (e.g., TIC, TIN, etc.) are consid-
ered nonlimiting. To describe nutrient limiting phenomena or
temperature effect on the growth kinetics, the model has to
be enriched without needing to modify its structure. As it
can be seen in Figure 8, under solar light conditions, the bio-
mass concentration reaches approximately 2 g L21 after 10
days of batch cultivation, and stabilizes at approximately 0.3
g L21 in open loop, after a transitory phase of about 80 h.
However, if closed loop control is aimed at, D can be upper
bounded to shorten the transitory phase at positive steps and
lower bounded to avoid the reactor’s washout. A broader dis-
cussion on the response of the system to various dilution
rates can be found in Ifrim et al.39

Even though the biomass growth is governed exclusively

by irradiance, its dynamic expression is central to the global

photoautotrophic growth model, whereas the consumption of

TIC and TIN, and the production of O2, are functions of the

volumetric growth rate (7) and the rest of the variables are

explicit functions of these states. The pH is thus sensitive to

D and q0, but is also strongly affected by the CO2 feeding

flow rate, GCO2

in , as described previously. Inorganic carbon is

also provided through the culture media, representing a

known disturbance. GCO2

in was maintained at 0.0037 mol h21

(50% aperture of the proportional valve) throughout the

batch regime and half of the continuous regime, and reduced

to 0 mol h21 during the last 10 days of continuous cultiva-

tion, to examine the magnitude of the disturbance caused by

the culture medium (Figure 9). In batch mode, the pH

decreases because the biomass reaches a stationary phase

and the amount of CO2;aq required for growth diminishes. In

continuous mode, the system is maintained in a quasi-steady

state at a pH of around 7. During the last 10 days, when no

CO2 was added to the culture broth, the pH increased, as

expected, to around 9. The concentration of TIC in the cul-

ture medium was of 0.02 mol L21, but it can be enriched (to

�0.06 mol L21) so that the pH to be neutral in open loop

without further CO2 addition. The disadvantage of this type

of auxostatic pH control is that the inorganic carbon from

the culture medium is only partially consumed. On the other

hand, the CO2 is not completely dissolved in water and a

significant amount is retrieved in the output gas. The pH var-

iation over a day/night cycle is of approximately 0.5 units,

but optimized protocols can be applied to reduce the CO2

addition during the night.
TIC and TIN kinetics, which are inversely related to X,

are displayed in Figures 10A and 11A. The addition of both

Figure 5. TIC consumption in a photoautotrophic batch
culture operated at 110 mmol m22 s21 inci-
dent light intensity.

The concentration of TIC was measured offline by

means of a specific analyzer (black dots). The response

of the global photoautotrophic growth model (black

line), integrated with the pulsed input CO2 gas flow rate

values and its corresponding experimental time, was

compared with the offline measured values. The error

bars were set to 10%. The model was initialized with the

values presented in Table 2 and its parameters are ren-

dered in Table 1.
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HCO 2
3 from fresh culture medium and gaseous CO2 (Figure

10A) has the effect of maintaining the initial concentration
of TIC unchanged. The TIC system depends on pH and
below values of �6.3 pH units the dominant species is

CO2;aq , between �6.3 and �10.3 HCO 2
3 is the dominant

species, whereas above �10.3 CO22
3 will become dominant.

At a pH higher than �8.2, no CO2;aq is present in the culture
broth, but many species of microalgae are able to consume

Figure 6. Dynamics of the variables measured online in a photoautotrophic batch culture operated at 300 mmol
m22 s21 incident light intensity.

The input CO2 gas was bubbled into the reactor to regulate the pH by means of a pulse width modulation controller, its flow rate

(A) being measured by a dedicated flow meter. The output CO2 gas flow rate (B—gray line) and the output O2 gas flow rate (C—

gray line) are the product of their output molar fraction, measured with a mass spectrometer, and the total output gas measured

with a dedicated gas flow meter. The pH was measured online with a specific electrode (D—gray line). The pulsed signal of GCO2

in ,

together with its corresponding experimental time, was used as input in the global model whose response was overlapped on the

experimental data (B, C, and D—black line). The model was initialized with the values presented in Table 2 and its parameters

are rendered in Table 1.
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HCO 2
3 for growth. Figure 10B shows the proportion of each

inorganic carbonaceous species of TIC in the culture condi-
tions described above.

The TIN system also depends on pH, and above values of
�9.3, the dominant species is NH 3. Figure 11B illustrates
the proportion of each inorganic nitrogenous species of TIN,
in the culture conditions described above. NH 2COO 2 is
part of both TIC and TIN systems, but is present in the cul-
ture broth in extremely low concentration. Its concentration
is �0.01% of TIC at neutral pH and increases to �0.3% of
TIC at pH values higher than 8, as a result of NH 3 accumu-
lation (5).

Temperature is another input that influences the global
photoautotrophic growth model, the equilibrium constants,

the activity coefficients and the gas balance model being
functions of temperature. Nevertheless, a 20�C temperature
variation (Figure 7) leads to negligible changes in the chemi-
cal species of the NH 32CO22H2O multisolute system,
which, expressed in terms of pH, give mismatches of up to
0.3 units, especially at high pH (Figure 9—gray line).

Activity coefficients and water activity account the devia-
tion from the ideal behavior of the chemical species concen-
tration in the mixture, being complex functions of ionic
strength and temperature, and therefore, not constant in time.
However, their variation is extremely low and can be

Table 2. Initial Conditions Used for the Numerical

Simulation of the Global Photoautotrophic Growth Model

Variable at t 5 0a Value Unit

Biomass conc. – X(0) 0.200 g�L21

TIN conc. – cTIN (0) 0.027 mol� L21

TIC conc. – cTIC (0) 0.020 mol� L21

Dissolved O2 conc. – cO2
(0) 0.000 mol� L21

Output CO 2 molar fraction – yCO 2
out (0) 0.005 –

Output O2 molar fraction – yO2
out(0) 0.005 –

Output N2 molar fraction – yN2
out(0) 0.990 –

Output gas – Gout(0) 0.2452 mol� h21

Dissolved CO 2 conc. – cCO 2
(0) 1.32E-2 mol� L21

Bicarbonate conc. – cHCO 2
3

(0) 1.11E-3 mol� L21

Carbonate conc. – cCO 22
3

(0) 5.69E-3 mol� L21

Ammonia conc. – cNH 3
(0) 6.98E-3 mol� L21

Ammonium conc. – cNH 1
4

(0) 2.00E-2 mol� L21

Carbamate conc. – cNH 2COO 2 (0) 1.71E-5 mol� L21

Hydroxyl conc. – cOH 2 (0) 8.24E-6 mol� L21

Hydrogen conc. – cH1 (0) 3.16E-8 mol� L21

pH – pH(0) 7.500 -

aThe initial values used for numerical simulations represent the real experi-
mental concentrations used also for the above-described validation of the
global photoautotrophic model with experimental data, thus cTIN ;i � cTIN 0ð Þ
and cTIC ;i � cTIC 0ð Þ.

Figure 7. Day/night variation of incident light intensity
and temperature.

To investigate the behavior of the global model under

solar light, q0 was varied between 0 and 1000 mmol m22

s21 throughout the entire simulation period. The inci-

dent light profile corresponds to the positive alternation

of a sinusoidal signal with 700 mmol m22 s21 amplitude,

24-h period, 22.1 rad phase angle, and 300 mmol m22

s21 reference line. The signal describes a summer day

with approximately 15-h daylight at a latitude around

45 degrees north. The day/night cycle also causes tem-

perature variations of up to 20�C. The sinusoidal signals

of q0 and T (only for the cases explicitly mentioned) are

inputs for the global model.

Figure 8. Numerical simulation of biomass dynamics in
solar photobioreactors.

Numerical simulations were run for a period of 30 days,

of which 10 days were assigned to batch regime (D 5 0

h21) and the remaining 20 days to continuous regime

(D 5 0.05 h21). The model that uses as inputs sinusoidal

signals for q0 and T (Figure 7) and step signals for D
was initialized with the values presented in Table 2. The

parameters of the model are listed in Table 1.

Figure 9. Numerical simulation of pH dynamics in solar
photobioreactors.

Numerical simulations were run for a 30 days period

under various operating conditions to analyze the

dynamics of the pH. In addition to q0 and D, a step sig-

nal was associated to GCO2

in , thus GCO2

in was maintained at

0.0037 mol h21 (50% aperture of the proportional valve)

throughout the batch regime and half of the continuous

regime, and reduced to 0 mol h21 during the last 10

days of continuous cultivation, to examine the magnitude

of the disturbance caused by the culture medium con-

taining NaHCO3 (black continuous line). The latter, run

at constant temperature, was compared with a simula-

tion with varying day/night temperature (gray continu-

ous line). As GN2

in has a stripping effect over the CO2, a

third simulation was run at GN2

in 5 0 mol h21 (black dash

line). The parameters of the model and the initial values

of its variables are listed in Tables 1 and 2.

596 DOI 10.1002/aic Published on behalf of the AIChE February 2014 Vol. 60, No. 2 AIChE Journal



expressed as average values (Table 3). Whether they are
recalculated for each integration step or used as average val-
ues, the pH profiles have very low mismatches of at most
0.02 pH units—@ pH 5 6 4 10 and T 5 15 4 35�C.

If the thermodynamic model is to be reduced, the activity
coefficients can be neglected (i.e., ci 5 1), working directly
with concentrations, case in which the mismatch is of at
most 0.1 pH units—@ pH 5 6 4 10 and T 5 15 4 35�C.

When the temperature is an unknown disturbance and the
activity coefficients are ignored, the mismatch could be
higher than 0.5 pH units, and therefore, besides a good
growth model, it is necessary to have a good thermodynamic
model to precisely predict the pH.

The output molar fractions yCO2
out , yO2

out , and yN2
out are dis-

played in Figure 12. CO2 is partially dissolved in water and,
although it is consumed by microalgae during the day, more
than 50% is found in the output gas. On the other hand, dur-
ing the night, the CO2 is found entirely in the output gas. O2

is produced during water photolysis and, whether it is dis-
solved or in gaseous form, it is an excellent indicator of the
photosynthetic growth. Thus, yO2

out is null during the night,
when rx is negative because the microalgae consume energy
for respiration, the peak being at midday. N2 has a lower
solubility in water, its flow remaining unchanged throughout
the entire simulation period.

The dynamics of the gases also influence the pH in the
sense that N2 and O2 are less dissolved in water, and have a
stripping effect on CO2. Stripping CO2 from the culture
causes the pH to increase. In the experimental installation
presented here, the N2 is used as vector gas, the mass spec-
trometer requiring a specific gas flow to measure its compo-
sition. When the reactor is mechanically stirred and
measurement of the gas composition is not required, pure
CO2 can be bubbled into the culture. To investigate the mag-
nitude of the stripping effect on the pH, the simulations ran
at a constant temperature of 25�C and GN2

in 5 0.0245 mol h21

were iterated for the same temperature and GN2

in 5 0 mol h21

Figure 10. Numerical simulation of TIC dynamics in
solar photobioreactors.

Numerical simulations were run for a 30 days period

under various operating conditions to investigate the

dynamics of (A) the TIC, which represents the sum of

(B—red line) CO2,aq, (B—orange line) HCO2
3 , (B—pur-

ple line) CO22
3 , and NH2COO2 (not displayed because

it is present in extremely low concentrations). The con-

tribution of each inorganic carbonaceous species to TIC

is expressed in percents to relate them with the dynam-

ics of the pH. The parameters of the model and the ini-

tial values of its variables are listed in Tables 1 and 2.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 11. Numerical simulation of TIN dynamics in
solar photobioreactors.

Numerical simulations were run for a 30 days period

under various operating conditions to examine the

dynamics of (A) the TIN, which represents the sum of

(B—cyan line) NH3, (B—dark blue line) NH4 and

NH2COO2 (not displayed because it is present in

extremely low concentrations). The contribution of

each inorganic nitrogenous species to TIN is expressed

in percents to relate them with the dynamics of the

pH. The parameters of the model and the initial val-

ues of its variables are listed in Tables 1 and 2. [Color

figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table 3. Activity Coefficients

Activity
coefficient

Recommended
average values

for pH< 6

Recommended
average values
for pH 6 4 10

cNH 3
1.00 1.00

cNH 1
4

0.94 0.88
cNH 2COO 2 0.94 0.88
cCO 2

1.00 1.00
cHCO 2

3
0.93 0.86

cCO 22
3

0.76 0.57
aw 1.00 1.00
cOH 2 0.94 0.88
cH1 0.93 0.87
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(Figure 9—black dashed line), the result showing that the
pH decreases with almost 2 units.

Other operating protocols require CO2 enriched air, which
plays an additional role in the homogenization of the culture.
In this case, the pH is expected to be higher because the
CO2 stripping effect is even more intense. GO2

in and GN2

in are
thus inputs with increased influence over the entire system
and hence over the pH.

It can be concluded that all identified inputs (i.e., q0, D,
GCO2

in , GO2

in , GN2

in , and T) have a strong influence over the sys-
tem and ultimately on the pH. Some of them can be desig-
nated as control variables (i.e., q0—only for artificially lit
photobioreactors, D and GCO2

in ), whereas others can be treated
as known disturbances (i.e., GO2

in , GN2

in , and T).

Conclusions

A global photoautotrophic growth model was developed
and experimentally validated on a laboratory pilot plant,
together with an analysis in simulation to demonstrate its
applicability for monitoring and control purposes. In addi-
tion, the coupling between a radiative model, a biological
model, and a thermodynamic model led to an accurate pre-
diction of the dynamic evolution of the pH which is a key
feature in microalgae culture. This allows its use for design-
ing valuable model-based control strategies.39

The model was validated on a torus reactor inoculated
with Chlamydomonas reinhardtii cells, but it can be used for
other devices or organisms on condition that the optical and
kinetic parameters are reidentified, together with some trans-
fer parameters that depend strictly on the shape of the reac-
tor ( KLað ÞO2

and HO2jCO2
).

The model presented here accurately describes the
dynamic evolution of the pH in nonlimiting conditions with
respect to nutrients (TIN, TIC), being validated at constant
temperature and incident light flux. Yet, it returned good
results in simulation even when the temperature and the inci-

dent light flux varied. The studies carried out in practice and
in simulation emphasized that the pH is equally governed by
the biological activity of microalgae, the dynamics of the
gases and also the chemical properties of the culture broth.
The influences of nutrient concentration as well as the tem-
perature effect on the microorganism growth are crucial for
extending the model to solar photobioreactors and these are
topics of ongoing research.
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