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Abstract² In the framework of environment preservation, 

microalgae biotechnology appears to be a promising 

alternative for CO2 mitigation. Implementation of advanced 

control strategies can be further considered to improve 

potential performances of these organisms. In this context, 

this paper proposes the implementation of predictive control 

combined with an on-line estimation of the Chlorella 

vulgaris biomass, using Total Inorganic Carbon 

measurements. The elaboration of interval observers for 

biomass estimation is first detailed. This estimation is further 

included in a Nonlinear Model Predictive Control (NMPC) 

framework considered to regulate the biomass concentration. 

Finally experimental results are presented which validate the 

proposed theoretical developments. 

I. INTRODUCTION 

s a consequence of global warming and greenhouse 

effect, research on CO2 mitigation technologies has 

been investigated in order to reduce carbon dioxide emission 

into the atmosphere [1]. Biological carbon dioxide 

sequestration, especially using microalgae biotechnology, 

has received renewed attention and is believed to be a 

significant and economically viable CO2 bio-fixation 

technology. These microorganisms are able, through photo-

synthesis process, to convert carbon source into biomass.  

Chlorella species are considered very promising candidates 

for the CO2 fixation, converting significant levels of carbon 

dioxide in the airstream of photobioreactors into biomass. In 

this context, the implication of the green unicellular species 

Chlorella vulgaris for the CO2 sequestration technology has 

been highlighted [2], [3].  

The optimization of this biological process is related to the 

implementation of an effective control strategy based on a 

reliable model that can effectively describe the biochemical 

dynamics of microalgae. Since the cellular concentration (or 

biomass) is an important parameter for CO2 bio-fixation by 

microalgae, a general objective of the process control is to 

guarantee that the process will yield the desired amount of 

biomass along the cultivation period. The regulation of the 

biomass density can be done by appropriately changing the 

medium flow rate in the photobioreactor. This study propo-
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ses a nonlinear model predictive control (NMPC) strategy 

for regulation of biomass concentration around a reference 

value, where the solution of the optimization problem is 

performed by means of Control Vector Parameterization 

(CVP) techniques. Moreover, in order to overcome the lack 

of physical biomass sensors, the control strategy must be 

coupled to an observer providing reliable biomass estima-

tion. Among several approaches available in the literature, 

such as the extended Kalman filter [4], asymptotic [5] and 

interval [6] observers, the latter has been selected here. 

The paper is organized as follows: Section II describes the 

experimental bioprocess on a laboratory-scale bioreactor. 

Section III introduces the process dynamics and the selected 

modeling structure for Chlorella vulgaris. A robust biomass 

estimation strategy based on an interval observer is 

described in Section IV. Then, Section V describes the 

general structure of the proposed NMPC strategy and the 

optimization approach via CVP techniques. Experimental 

validation of this control strategy is presented in section VI 

for a specific reference biomass profile and including 

disturbances due to environmental factors. Concluding 

remarks and perspectives are stated in the last section. 

II. PHOTOBIOREACTOR DESCRIPTION 

A. Microorganisms and culture medium 

The green unicellular microalga Chlorella vulgaris AC 149 

strain are cultured and maintained in a 1 L Erlenmeyer flasks 

with the Bristol 3 N medium. Theses flasks are continuously 

agitated, illuminated under irradiance of 70 µE m
�2 

s
�1

 and 

aerated with air containing 1% (v/v) CO2 into an incubator. 

The sterilization of the medium is achieved by a thermal 

treatment at 121°C during 20 min. These inoculums are 

refreshed every two weeks and used to start a culture in the 

photobioreactor. 

B. Description of the photobioreactor equipment and 

operating mode 

Experimental campaigns of the Chlorella vulgaris culture 

are developed in a bubble column photobioreactor with an 

illuminated area of 0.31 m² and a total culture volume of 

9.6 L illustrated in Fig. 1. Chlorella vulgaris species is 

cultivated under an optimal value of surface irradiance of 90 

µE m
�2 

s
�1

 and a constant temperature of 25°C, which is 

maintained by a water circulation system with a transparent 

jacket connected to a thermostat unit. A filtered gas mixture 

of air containing 5 % (v/v) CO2 is continuously supplied 

with a flow rate of 2.5 V.V.H. (gas volume per liquid culture 
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volume per hour) at the bottom of the reactor providing the 

agitation of the culture by an air-lift system. The regulation 

of the gas flow rate is achieved by two mass flow meters.  

The photobioreactor is equipped with two sensors: a pH 

sensor connected to a multi-parameter data acquisition 

Consort D130 and a CO2 sensor (YSI 8500) connected to a 

monitor (BIOVISION 8500 type). An arrangement of four 

OSRAM white fluorescent tubes (L30W/72) and four 

OSRAM pink ones (L30W/77) around the bubble column is 

used as an external light source. The carbon dioxide supply 

is introduced progressively in order to avoid any growth 

limitation by an important acidification of the medium.  

This reactor presents one sampling port at the bottom of the 

column. In the continuous mode, a sterilized Bristol 3 N 

medium is supplied thanks to a peristaltic pump through an 

input situated at the top of the reactor. The supply flow rate 

is controlled by a NATIONAL INSTRUMENTS board, 

which manages the rotation speed of the pump through the 

imposed voltage. The effluent is collected as an overflow at 

the top of the reactor connected to a bottle, which is placed 

on a balance in order to check the flow outlet of the culture. 

 

Fig. 1: Schematic representation of the photobioreactor in continuous mode.  

C. Available measurements 

As mentioned before, several quantities are measured, with 

samples collected at regular intervals through a sampling 

port at the bottom of the reactor. In particular, pH is 

measured every 2 minutes whereas dissolved CO2 concen-

tration is measured every 5 minutes. The incident light 

intensity over the reactor surface is measured using a flat-

surface quantum sensor LI-COR. The average irradiance is 

obtained from 6 measurements performed distinctly on the 

total reactor surface. Finally, biomass concentration is 

measured off-line by a granulometric method based on the 

principle of analyzing the spot of diffraction of a beam 

resulting from the interaction of set of microalgae particles 

with the incident laser beam [7]. An experimental study has 

quantified the mean error of this measurement methodology, 

which is equal to 3.44%.  

III. MICROALGAL BIOREACTOR MODEL 

To accurately describe the growth behavior of Chlorella 

vulgaris in a photobioreactor, a mathematical model is 

developed in this section, based on the one proposed by 

Nouals, [8], [9]. Assuming that the photobioreactor is in 

perfectly-stirred conditions under continuous mode (CSTR), 

the evolution of the cellular concentration is given by the 

following standard mass balance equation: 

DXX
dt

dX
� P  (1) 

where µ (h
�1

), X (in billion cells per liter) and D (h
�1

) are 

respectively the specific growth rate, the cell number of 

PLFURDOJDH�RU�³ELRPDVV´ and the dilution rate, i.e. the ratio 

of medium flow rate F to culture volume in the reactor. In 

continuous mode, the effective volume of the culture 

remains constant as the inlet and outlet flow rate are equal.  

In this study, the carbon source is illustrated by the Total 

Inorganic Carbon parameter (denoted TIC, in mmol per 

liter). The dynamics behavior of TIC consumption in the 

aqueous solution is given by the following mass balance:  
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where Yr and kLa are the biomass conversion yield (the ratio 

of the amount of biomass produced to the amount of 

consumed TIC) and the gas-liquid transfer coefficient of 

carbon dioxide in the reactor, respectively. In this equation, 

the equilibrium carbon dioxide concentration is defined by 

the Henry law in the liquid phase, as follows: 
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where 
2COP  represents the partial pressure of carbon dioxide 

(0.05 atm under our experimental conditions) and H denotes 

the Henry constant for Bristol 3 N medium at 25°C.  

The carbon dioxide concentration in the culture is derived 

according to the chemical equilibrium of the carbon dioxide 

in the aqueous solution, by the following expression: 
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where K1 (pK1 = 6.35 at 25°C) and K2 (pK2= 10.3 at 25°C) 

are the dissociation constants of the chemical equilibriums 

between (CO2/HCO3
�
) and (HCO3

�
/CO3

2�
)

 
respectively. [H

+
] 

represents the concentration of hydrogen ions in the 

medium, expressed as follows: 

pH
H

��
 10][  (5) 

The specific growth rate model for Chlorella vulgaris is 

influenced by the light intensity and the TIC limitation 

effects. During this study, the inhibition effect of TIC is 

neglected, since working around the optimal operating 

condition does not require modeling this phenomenon. By 
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