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ABSTRACT 
 

A transient mathematical model for managing 

microalgae derived hydrogen production as a source of 

renewable energy is developed for large scale compact 

photobioreactors (PBR). The model allows for the 

determination of microalgae and hydrogen mass fractions 

produced by the PBR with respect to time. The so called 

indirect biophotolysis process was used. Therefore, a 

singular opportunity was identified to optimize the aerobic 

to anaerobic stages time ratio of the cycle for maximum H2 

production rate, i.e., the process rhythm. Experiments were 

conducted in the laboratory for the wild species microalgae 

to assess H2 production model numerical results, which are 

in good qualitative agreement with the measured data. With 

the experimentally validated model, the system 

thermodynamic optimization pinpoints the process rhythm 

for maximum H2 production rate. The maximum is sharp, 

i.e., the hydrogen production rate varies substantially 

around the optimal anaerobic stage time, which highlights 

the importance of system operation in optimal rhythm.  
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obliquus, biohydrogen, sustainable energy, microalgae food 

biophysics 

 

1 INTRODUCTION 
 

Energy production and environmental concerns are 

amongst the mostly cited significant issues in the 21st 

century [1]. In this context, hydrogen seems to be an ideal 

synthetic energy carrier due to its lightweight, exclusive 

abundance and environmentally benign oxidation product 

[2]. Analytical results reveal that biohydrogen and 

biobutanol can replace fossil fuels with high economic 

feasibility. Biohydrogen has the largest flexibility under 

variation in the production cost of biomass feedstock [3].  

Although H2 production has been demonstrated only at the 

laboratory scale, the optimization of design and operating 

parameters for maximum H2 production is a possible 

direction to address the issue of increasing hydrogen 

production rate [4]. Microalgae possess the genetic, 

enzymatic, metabolic, and electron-transport machinery to 

efficiently photoproduce H2 gas [5]. Biohydrogen can be 

produced by direct or indirect biophotolysis, photo or dark 

fermentations and hybrid biological hydrogen production 

by electrochemical processes [6].   

The biophotolysis process is catalyzed by hydrogenase, 

a latent enzyme derived from a common base set of 

enzymes that emerged early in eukaryotic evolution with 

subsequent losses in some organisms [7]. The well-known 

H2-producing green algae, Chlamydomonas reinhardtii, 

under anaerobic conditions, can either generate H2 or use 

H2 as an electron donor [8, 9]. The generated hydrogen ions 

are converted into hydrogen gas in the medium with 

electrons (donated by reduced ferredoxin) by hydrogenase 

enzyme present in the cells. Light energy absorbed by 

photosystem II generates electrons which are transferred to 

ferredoxin using light energy absorbed by photosystem I. A 

reversible hydrogenase accepts electrons directly from the 

reduced ferredoxin to generate H2 in presence of 

hydrogenase. This enzyme is very sensitive while suffering 

irreversible inactivation by O2 [10]. Sulfur deprived 

cultures of microalgae perform temporal separation of 

oxygen and hydrogen production, thus allowing activation 

of hydrogenase. Fundamental mechanisms of this process 

are under active investigations [11].  

Hydrogenase activity has also been observed in other 

green algae like Scenedesmus obliquus [8], Chlorococcum 

littorale [3], Platymonas subcordiformis [9] and Chlorella 

fusca [8]. On the other hand, there are several green algae 

types that do not have hydrogenase activity such as 

Dunaliella salina and Chlorella vulgaris [9]. For algae with 

hydrogenase activity, previous authors suggested that the 

combination of specific hydrogenase and chloroplast 

mutations can result in a more efficient strain for hydrogen 

production [12].  

Stoichiometry analysis of the balanced indirect 

biophotolysis equations results in production of 12 moles of 

hydrogen from 12 moles of water, with the following steps: 

(i) biomass production aerobic stage: microalgae glucose 

production by photosynthesis, (ii) biomass concentration, 

(iii) dark aerobic fermentation stage: production of both 4 

moles of hydrogen and 2 moles of acetate per each mole of 

glucose-biomass, and (iv) conversion of 2 moles of acetate 

into 8 moles of hydrogen [1]. 

Hydrogen production rate depends mainly on the 

microalgae strain, concentrations of the dissolved gases 

CO2, SO4, and O2, nutrients and geometrical conditions that 

ultimately reflect the gases mass transfer rate and the 

amount of solar energy captured and distributed for the 

microalgae. Since the indirect biophotolysis comprises two 

stages (aerobic and anaerobic), and each one has its own 

importance, being the aerobic stage important for biomass 

production, and the anaerobic stage important for hydrogen 
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production (using the biomass previously produced on the 

aerobic stage), the following natural questions emerge: Is 

there an optimized production rhythm? 

Simulations have the advantage to: (i) compress a time 

frame, thus allowing the user to quickly investigate the 

effects of a change in a real life situation that takes place 

over several months or years, (ii) study complex geometries 

that would otherwise be difficult and expensive to be built 

for investigation, and (iii) be used in engineering and 

product design to investigate the effect of changes without 

producing a physical prototype [13]. Hence, predictive 

validated mathematical models could be used to verify the 

optimized combination of nutrients and gases 

concentrations against the multiple idealized geometrical 

systems, such as photobioreactors, in order to acquire the 

optimized rhythmic conditions of H2 and biomass 

production rate prior to its material implementation, 

ultimately answering the question if there is an optimum for 

rate maximization versus the duration of anaerobic stage. 

 

2 MATERIALS AND METHODS 
 

In this section, a mathematical model based on a 

Michaelis-Menten type expression is proposed for 

modeling the rate of hydrogen production, which introduces 

a mathematical expression to calculate the resulting effect 

on H2 production rate after genetically modifying the 

microalgae species.  

 

2.1 Mathematical Model 

The indirect biophotolysis process is shown 

schematically in Fig. 1.  

 

 
Figure 1: Indirect biophotolysis – aerobic (a) and 

anaerobic (b) stages [14]. 

 

The species conservation balance equations for the mass 

fraction (y) of algae biomass (alga) and hydrogen (H2) in a 

PBR are written as follows: 

 

    


 
alga

)j(
alga

)j()j(
alga

)1j(
alga

)j(
alga)j( yVyy

m

dt

dy
V


  (1) 



 4SO2
2O1

2

y-Ky-K

algaHT
)j( ee  y V   (2) 

 
12

yy
m

dt

dy
V )j(

H
)1j(

H

H)j(

22

2





 
         (3) 

n
avg

n

0k

0max,k

n
avgimax,

i

I
I'I

II

I  















  with i=alga or H2       (4) 








 







 

 RT

E

2
RT

E

1algamax,

2a1a

eAeA         (5) 

 

  b
2

210ptt YC.bC.bb.Y.Cr

0avg e.II


         (6) 

)tt(y

y
 

1alga

end,H

H
2

2 
 ,

21

)tt(H

tt

t

H
21

H
tt

y
dtr

tt

1
r 22

21

1

22 









   (7) 

Microalgae growth is assessed by Eqs. (1) and (2) [15]; yalga 

is the microalgae specific production rate, s-1; t the time, 

and α the specific maintenance rate, which was 

experimentally determined as -16 s 10069.1   [16]; γ 

accounts for microalgae biomass consumption when 

producing H2; m the PBR mass flow rate; ρ the medium 

density; Eq (3) the equation for hydrogen production, 

2H
y the hydrogen mass fraction, which depends on the 

specific production rate of hydrogen,
2H  , on the amount 

of biomass, algay , on a genetic gain factor, T  [4] and on 

inhibition constants K1 for O2 and K2 for sulfur; Eq (4) 

shows that the the maximum specific hydrogen production 

rate herein estimated based on experimental data [17]; I the 

specific specular radiation, and subscripts k and avg 

indicate the affinity with solar radiation and an average 

value, respectively; Eq (5) shows the maximum production 

rate as a function of medium temperature [18]; Eq (6) 

relates the average illumination inside the PBR containing 

microalgae, which is calculated according to the microalgae 

concentration, distance that the light beam travel inside de 

medium and on the extinction coeficient that can be 

calculated according to the Lambert–Beer law for a 

participating medium [15, 19]; Eq (7) defines the hydrogen 

biomass conversion efficiency [4], in which yH2,end is the 

hydrogen mass fraction at the end of the anaerobic period, 

and yalga (t=t1) is the biomass mass fraction at the end of the 

aerobic period, and also defines the objetive function for the 

optimization problem [4]; 
2Hr and 

2Hr are the average and 

instantaneous H2 production rate; t1 is the aerobic, and t2 is 

the anaerobic stage times. If t2 tends to zero, there won’t be 

enough time to produce H2 from the biomass generated in 

the t1 period. Conversely, if t2 is large, all the biomass will 

be consumed at some point, so no more biomass will be 

available for H2 conversion. Thus, an intermediate optimal 

t2 is expected for maximum H2 production. 

 

2.2 H2 production and model adjustment 
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In order to adjust and validate the indirect biophotolysis 

hydrogen production model in a PBR, experiments were 

conducted in Erlenmeyers in the laboratory. Microalgae 

was grown in the aerobic stage in CHU medium [20] up to 

steady biomass production. After reaching the plateau, 

microalgae was cultivated in sulfur-free Tris–acetate–

phosphate medium (TAP-S) [17] in the anaerobic stage, 

under continuous light, for assessing microalgae derived 

hydrogen production. Hydrogen concentrations (g m-3) and 

cell density (cel mL-1 ) measurements were performed.  

The H2 production results presented in Fig. 2 show the 

anaerobic stage of experimental H2 production by indirect 

biophotolysis of Acutodesmus obliquus, an indigenous 

microalgae strain robust under different weather conditions. 

This strain was identified through rDNA sequence analysis, 

ITS1, 5.8S and ITS2 (Internal Transcribed Spacer). The 

strain showed complete sequence identity with 

Acutodesmus obliquus by ITS analysis. The initial 

microalgae concentration was -15 mL cells 1013.016.8  , 

and the final -15 mL cells 1008.083.3  . 

The values obtained in different experiments were used 

to adjust the mathematical model with proper parameters to 

obtain the H2 specific production rate 

)s1097778.4( 16
H2

 . 

 

 
Figure 2: Experimental H2 production and mathematical 

model adjustment. 

 

2.3 Numerical method  

The PBR system was divided in 6048 volume elements 

(5m x 2m x 8m), as shown in Fig. 3, and each with two 

ordinary differential equations defined by Eqs. (1) and (3). 

The variables to be numerically solved are the microalgae 

mass fraction )y( alga and the hydrogen mass fraction 

)y(
2H , which are time and PBR space dependent (volume 

elements). The system is integrated in time from the initial 

conditions explicitly, using an adaptive time step 4th/5th 

order Runge–Kutta–Fehlberg method [21]. 

 

3 RESULTS AND DISCUSSION 
 

After the proper development of a fortran code based on 

the model developed in the previous section, the equations 

solved with constants estimated for microalgae species S. 

almeriensis [4, 18] and with parameters from Table 1. Fig. 

4 shows the microalgae growth for 20 days, in a cycle of  

10 days for the aerobic and anaerobic stages. The sawtooth 

shape is due to day/night cycles, which show high biomass 

consumption and minimal H2 production at night. It also 

shows the hydrogen production, with H2 generation in the 

anaerobic stage and no H2 production in the aerobic stage. 

Fig 5 shows the H2 production rate maximization of 
2Hr , 

and H2 mass production efficiency, 
2H  , with respect to 

the duration of the activity (anaerobic) stage, 2t . 

 

 
Figure 3: Final mesh with 6048 volume elements. 

 
The maxima rate is found with 11 days and 13 hours of 

anaerobic stage, with an optimal rhythm efficiency for 

biomass conversion of 9.27%, showing meaningful 

variation in hydrogen production rate around the optimal 

anaerobic stage time, which highlights the importance of 

system operation in optimal rhythm. Therefore, the model is 

expected to be useful to investigate microalgae growth 

biophysics aiming at biofuels, food, pharmaceuticals and 

other high valued bioproducts, and also for design, control 

and optimization of hydrogen large scale production as a 

source of renewable energy. 
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Table 1: Initial values and simulation parameters. 
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Figure 4: Microalgae and Hydrogen mass growth. 

 

 
Figure 5: H2 rate maximization and production 

efficiency and versus the duration of anaerobic stage. 
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