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Abstract 

Photobioreactor (PBRs) are being used for growing microalgae under controlled conditions. Light distribution in PBR is a critical 

design parameter. A conservative variant of discrete ordinate model has been used to solve the radiative transport equation. 

GAMBIT 2.3.16 was used to mesh photobioreactor geometry. FLUENT 6.3.26, a CFD solver, has been used to simulate light 

intensity distribution within microalgal culture. It has been found that the required light intensity of  200 μmol m-2s-1 in 

photosynthetically active region for Chlorella sp. is available  only up to a depth of 12.05 cm for density of 3.8985 x1011cells/m3,  

14.35 cm for  3.1771 x1011cells/m3  and 16.3 cm for  2.9153 x1011cells/m3 on a peak summer day June 21 at 13:00 hrs. The non-

gray nature of solar radiation and differential wavelength absorption by microalgae has been taken into account. To validate the 

simulation results, light distribution in photobioreactor has been calculated analytically using Cornet’s model and compared with 

simulation results. There was a good agreement between the Cornet’s model and simulation results. 
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Introduction 

Photobioreactor is a reactor in which biological reactions 

take place due to absorption of photons. The biological 

system is usually microorganisms. Many strains of 

photosynthetic microalgae produce lipids which can be 

converted into various types of biofuel, such as biodiesel 

(e.g.) Chlorella sp. The potential of using photosynthetic 

microalgae to produce biofuels is of particular interest at 

present. Because it absorbs more CO2 besides fuel 

production, otherwise increasing CO2 emissions may 

promote climate change. Rising demand for energy from 

developing countries threatens the availability of 

sustainable energy for future generations. Commercial 

biofuel production using algae could mitigate all of these 

energy and environmental issues. Photobioreactors are of 

two types open and closed systems. Cultivation of algae in 

open ponds has been extensively studied (Ugwa et al., 

2008). The most commonly used systems include shallow 

big ponds, tanks, circular ponds and race way ponds. The 

major advantages of open pond system are easier to 

construct and operate than most closed systems. Light 

intensity decreases with increase in depth, causing large 

land area requirement for open pond. This problem could 

be overcome by providing sufficient light intensity at more 

depths, which requires the study of light distribution inside 

the open pond at different algae concentration. The 

limitation includes poor light utilization by the cells, 

evaporative losses and diffusion of CO2 to the atmosphere, 

contamination, poor temperature, pH control and 

requirement of large areas of land. Design of 

photobioreactor still remains a challenge to engineers. 

Important design aspects of PBR include lighting, mixing, 

volume of water and CO2 concentration, O2 removal, 

nutrient supply, temperature, and pH. 

Light is the most important factor affecting 

biomass composition, growth rate and product formation. 

Microalgae require CO2 as carbon source, light, in 

photosynthetically active radiation region (PAR, 400-

700nm), as energy source and water as electron source to 

fix CO2 by photosynthesis. Unfortunately more than 50% 
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of the incident solar radiation from natural light cannot be 

used by photosynthesis (Pulz and Scheibenbogen, 1998). 

Typical light intensity requirements of microalgae are 

relatively low and also have greater photosynthetic 

efficiency than higher plants (Bolton and Hall, 1991). The 

wavelength of light used to cultivate algae is also a design 

factor because some experiments have shown that cultures 

grow differently when exposed to different colors of light. 

An efficient PBR should be in a way to deliver only the 

photons required for the microalgae to fix CO2 molecules. 

No such efficient system is developed so far. The 

maximized productivity of an efficient system requires 

more land area for supply of photons. Hence, the design of 

PBR is still an art not science. Open pond system and 

closed system are the two ways of producing microalgae. 

The closed systems are not economical and scaling of such 

is also extremely difficult. Hence open pond system is the 

only economical way of microalgae production.  

Volumetric productivity decreased with increase 

in depth of the open pond system (Lee, 2001). To overcome 

this problem mixing is adopted which will increase the 

reactor volume and also deliver essential photons. But 

again it is energy intensive and also damages the cell. Light 

penetration is dependent on cell culture density (Bannister, 

1988; Geider and Osborne, 1992). Light is attenuated inside 

the bioreactor. Previously, it has believed that attenuation is 

mainly due to absorption of photons by the biomass. 

Hence, Lambert Beers law which is extensively used in the 

field of photometry is used to find the attenuation inside the 

reactor. The basic assumptions such as unidirectional 

radiation, monochromatic and nil scattering effect were 

blindly applied. Later, discrepancy due to scattering of light 

by biomass has been accounted by Cornet and co-workers 

(1992a; 1994). They developed a model which deals with 

absorption and scattering separately. On the other hand, 

selective light absorption had also been referenced as a 

source of deviations from Lambert-Beer’s law when 

working with average coefficients. Fernandez et al. (1997) 

proposed a mathematical model to estimate the irradiance 

profile and the average irradiance inside an outdoor tubular 

photobioreactor. Yun and Park (2001) gave a theoretical 

approach to obtain light attenuation coefficients from the 

light absorption spectra of microalgae and the spectral 

irradiance of light sources.  

Biomass density affects both light intensity and 

light penetration (Lee, 2001). Optimal cell density is 

specific to each strain (Richmond, 2004). Thus radiation 

attenuation phenomena is function of absorption due to 

photosynthesis, accessory biomass pigments, by biomass 

itself of specific wavelength absorption (Molina Grima     

et al., 1994), scattering (Cornet et al., 1992) and 

preferential absorption of selective wavelength (Fernandez 

et al., 1997). Among the models that consider absorption 

and scattering separately, model proposed is the simplest 

and will best suitable to estimate light attenuation in the 

outdoor microalgal culture (Cornet et al., 1992a). The strict 

application of cornet’s model requires sophisticated 

numerical tools. Computational Fluid Dynamics (CFD) is 

the analysis of system by means of computer based 

simulations. The technique is very powerful and spans a 

wide range of industrial and non-industrial applications. 

More recently the methods have been applied to the design 

of industrial products and process. The main reason why 

simulation has lagged behind is the requirement of accurate 

input data to predict the simulation and tremendous 

complexity of the underlying behavior of the system.  

Very few simulation works are so far reported. 

Zsuzsa et al. (2001) studied a photobioreactor that allows 

controlled cultivation of microalgae at flexible and 

homogeneous light conditions. They made arrangements to 

supply light of desired quality through optical fibers and 

determined light distribution using Monte-Carlo simulation. 

Trujillo et al. (2008) studied enhancement of incident 

radiation due to bursting of the bubbles at the surface of an 

externally irradiated bubble tank photoreactor, 

experimentally and by CFD simulation. For actinometric 

experiment, they measured total light entering at the top of 

the reactor as 124.21 W/m2; surprisingly their CFD 

simulation predicted enhanced intensity at the surface about 

240 W/m2.  Among various proposed simulation methods, 

three have been mostly utilized and studied in the 

simulation of PBRs: the Monte Carlo method, the discrete 

ordinate (DO) method, and the finite volume (FV) method 

(Modest, 2003). In particular, the FV method has been 
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gaining much acceptance due to very favorable 

characteristics. In the FV method, radiation transport 

equation (RTE) is integrated over both the control angle 

and the control volume, which allows for conserving 

radiant energy. The objective of the present work is to find 

light distribution in open pond and to compare the 

simulation output with the light distribution obtained by the 

Cornets model. Thus the present simulation work exhibits 

the light penetration at various depths for different cell 

concentration in the open pond PBR. Depth of PBR 

considered in the present study is relatively high; 0.5 m in 

order to develop optimized design with reduced land area 

requirement. Penetration depth for a particular number of 

photons has been determined for various cell densities of 

Chlorella sp. In this simulation, solar light has been 

modeled as a non-gray radiation and differential 

wavelength absorption by microalgae has been taken into 

account by dividing the PAR region into three bands. 

Theory: Radiative Transport Equation  

RTE is the basic governing equation to describe 

the radiation transfer into the reactor. It comprises of solar 

radiation transfer within absorbing, scattering, and non-

emitting media such as microorganism suspensions in 

PBRs. The general form of RTE considered by Fluent is as 

follows 

 

RTE is a semi-empirical integro-differential 

equation derived from energy conservation considerations. 

The scattering phase function (Ф) represents the probability 

that the radiation propagating in direction Ω be scattered in 

direction Ω’, and is normalized (Berberoglu and Pilon, 

2009).   

Third term in the right hand side of Eq. (1) shows 

the augmentation of intensity due to in-scattering. 

Scattering phase function  determines the 

direction of in-scattered radiation. For isotropic scattering, 

it is unity. In this work linear anisotropic phase function 

was used (Fiveland, 1984). 

Where C is a constant; C= 1 implies forward scattering, C= 

-1 for backward scattering and if C=0 it represents isotropic 

scattering. Scattering phase function for Chlorella sp. peaks 

strongly in forward direction, which can be measured using 

Nephelometer (Berbergolu et al., 2007, 2009). For this 

simulation C = 1 has been taken. Temperature has been 

assumed 1 k throughout the reactor as there is no visible 

light radiation emission inside the photobioreactor. Thus 

the source term (second term in the right-hand side of Eq. 

1) was almost inactivated by setting the computational 

domain temperature to 1 K. This approach can only be used 

for the simulation of systems that can be treated as 

isothermal reactors. 

Monodimensional Cornet model 

Cornet’s model is used to validate the simulation results. 

This is the only model which considers both absorption and 

scattering effects separately and is expressed as 

 

Where α1 and α2 are given as 

 

 

Assumptions of Cornet’s model 

(1) The light field remains isotropic throughout the whole 

culture; and 

(2) Light absorption and scattering are independently 

accounted for by two coefficients Ea and Es respectively. 

Materials and methods 

Organism 

Chlorella sp (UTEX EE90) was used and the radiation 

characteristics of Chlorella sp had been taken (Berberoglu 

et al., 2009). The values of radiation characteristic of 

Chlorella sp were averaged over the specified wavelength 

range (400 - 700 nm) for different concentrations used in 

simulation (Table. 1). In order to eliminate the absorption 

and scattering by the nutrient media, Berberoglu et al. 

(2009) centrifuged the culture at 2000 rpm for 5 minutes, 
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washed and suspended in phosphate buffer saline (PBS) 

solution. 

Simulation 

Computational Fluid Dynamics (CFD) simulation include 

geometry creation, mesh generation, boundary condition set 

up and finally iterative solution of governing RTE 

equation. Open pond system of microalgae growth was 

taken into consideration. For simulation using CFD, PBR 

of dimensions (length 1 m, width 0.5 m, depth 0.5 m) was 

created using GAMBIT version 2.3.16 and meshed. 

Simulation has been carried out using Fluent 6.3.26 for 

three bands of wavelength (400-500, 500 – 650 and 650 – 

700 nm) in PAR region. 

Table 1. Radiation characteristics of Chlorella Sp averaged 

over specified wavelength 

 

 

Boundary conditions 

Sunlight was used as light energy input for simulation. The 

simulation was carried out on a peak summer day of June 

21 at 13.00 hr for Tiruchirappalli location [latitude (10.81° 

N), longitude (78.69° E) and time zone (GMT+5.5)]. The 

top wall was exposed to solar radiation. The simulation was 

carried out assuming fair weather condition with a sunshine 

factor of 0.9. The total solar irradiation at the top wall was 

found to be 989.6417 W/m2 and for convenience it is 

converted into μmol photons m-2s-1. External emissivity and 

diffuse fraction of solar radiation were taken as 0.0001 and 

0.45 respectively. The bottom and side walls had been 

considered as opaque, totally diffuse and highly reflective 

with reflectivity ρ = 0.9 which gives emissivity, ε = 0.1. 

Discrete ordinate (DO) method was employed. Three 

dimensional hexahedral grids were used using 10 theta and 

10 phi divisions with a pixilation of 3x3 and temperature as 

1 K.  

Validation of simulation results 

Monodimensional model of cornet (Cornet et al., 1992a) 

was used for validating the simulation results. For 

validation, simulation had been carried out at a particular 

wavelength of 438 nm and irradiation intensity at top wall 

being 100 W/m2.  Light intensity at various depths for three 

different cell concentrations of Chlorella sp had been 

calculated analytically and results were compared with 

simulation.  

Results and discussion 

Geometrical details 

The geometry of specified dimension is created using 

GAMBIT. Cooper meshing scheme has been employed to 

mesh the PBR geometry. Computational grid formed 

consisted of 15625 hexahedral cells, 48759 faces and 

17576 nodes. 

Boundary conditions 

CFD tool will offer good results only when employing 

appropriate boundary conditions. The top wall being semi 

transparent and is irradiated to solar radiation. Solar 

radiation is a function of three variables: day of the year, 

solar hour and geographic location (Duffie and Beckman, 

1980; Acien Fernandez et al., 1997). Irradiation at the top 

wall on June 21st is found to be 989.64 wm-2. Less than 

50% of this radiation is useful for photosynthesis. 

Percentage of solar energy associated with each band in 

PAR range has been determined from literature (Sukhatme, 

1996). PAR is usually measured in µmol Photons m-2s-1 (or 

Photons).So, in this simulation W/m-2 has been converted 

in Photons. Percentage of solar energy associated with each 

band in PAR region has been determined from the literature 

(Sukhatme, 1996). External emissivity is taken as 0.0001. 

This low emissivity is considered to eliminate the effect  

[Qext = εext σ T4
rad], which is in infrared region (Fluent’s 

user guide, 2006). Discrete ordinate (DO) method is 

employed to solve the RTE equation. The radiation field is 

divided into a number of discrete directions and RTE is 

solved separately for each of these directions. In finite 

volume approach RTE is integrated over both, control 

volumes as well as control angles (Raithby, 1999). Total 

Wave

length 

band 

(nm) 

Absorption coefficient 

(m-1) at concentration  

N х 1011cells  m-3 

Scattering coefficient 

(m-1) at  

concentration  

N х 1011cells  m-3 

N1=

3.9 

N2= 

3.2 

N3= 

2.9 

N1=

3.9 

N2=

3.2 

N3= 

2.9 

400-

500 

9.86 7.77 6.77 29 22 22 

500-

650 

4 3.32 2.67 39 32.4 30.5 

650-

700 

7 5.1 4.57 35 32.7 31 
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incident radiation is calculated at all the nodal points by 

vector summation of all the directional components. The 

number of discrete directions to be used in simulation is 

important in finite volume method. An insufficient number 

of control angles can give rise to ‘ray effect’ due radiation 

concentration in discrete directions. On the other hand if 

control angles are sufficiently large in number, it may give 

rise to the problem of ‘control angle overhang’ (Raithby, 

1999). To minimize the control angle overhang three 

dimensional hexahedral grids were used using 10 theta and 

10 phi divisions with a pixilation of 3x3. 

Table 2. Light distribution with depth for different cell 

number density of Chlorella sp. 

 

Simulation results 

The light intensities within Chlorella sp 

suspension for three different concentrations at various 

depths on June 21st at 13.00 hrs are summarized in Table.2. 

The tabulation depicts that as the cell density increases, the 

light penetration decreases. The saturating light intensity of 

Chlorella vulgaris is 200 μmol photons m-2s-1 (Hanagata   

et al., 1992). It is observed from the simulation that 

required light intensity of 200 μmol m-2s-1 in PAR region is 

available only up to a depth of 12.05 cm for Chlorella cell 

density of 3.8985x1011 cells/m3, 14.35 cm for 3.1771x1011 

cells/m3 and for 2.9153x1011 cells/m3 it is 16.3 cm. It is 

clear that light intensity decrease with respect to depth. 

Below 0.3 m, there is no penetration of light intensity 

irrespective of the cell concentration. Fig. 1(a) is the 

contour plot of light intensity for cell density 

3.8985x10^11 cells/m^3 at plane y = 0.5 m. Fig. 1(b) 

shows the variation in light intensity for various cell 

densities of Chlorella species with depth. As the cell 

density decreases, the availability of light in the deeper 

region inside the culture will increase (Lee, 2001). 

Therefore by maintaining specific cell concentration in the 

reactor will provide sufficient light thus maximizes the 

productivity (Richmond, 2004). 

Fig. 1(a). Light intensity profile for cell density N = 3.8985 

x 1011cells/m3 at y = 0.5 m 

 

To account for the non gray nature of solar 

radiation and differential wavelength absorption by 

microalgae, PAR region of solar radiation has been divided 

into three bands (Band 0 = 400 - 500 nm; band 1 = 500 – 

650 nm; band 2 = 650 - 700 nm). Similarly, Yun and Park 

(2001) have studied the effect of poly chromatic light. 

Since sun and most artificial illuminators are 

polychromatic. The attenuation of polychromatic light was 

not linearly proportional to the cell concentration of 

Chlorella sp. The present work is in good agreement with 

the above.  

Fig.1(b). Variation of light intensity with height for 

different cell densities  

 

Depth 

(in m) 

Light intensity (in photon)  for  Nx1011 

cells/m3 

N = 3.9 N = 3.2 N = 2.9 

0.000 1680 1806.8 1931.3 

0.050 765 900 1035 

0.100 290 390 480 

0.125 185 265 340 

0.150 120 182 240 

0.200 48 84 118 

0.250 21.25 40 62 

0.300 8.50 19 32 

0.400 2.58 4.5 8 

0.500 0.35 1.15 2.58 



  Akhilesh et al., 2011 

Figure 1b is a xy plot obtained from CFD simulation, 

showing spectral distribution of light intensity from bottom 

to top for cell concentration at N=3.8985x1011cell/m3. 

Similar trend is observed for the other two concentrations 

hence it is not reported. It can be observed from Fig. 2 that 

for band 1 (500-650 nm), light attenuation is minimum. 

Similar observations of minimal attenuation at 550 nm are 

reported by Yun and Park (2001). Since C.vulgaris is 

deficient in pigments absorbing light around 550 nm (green 

light region). The PAR region includes different spectral 

composition of various lights (blue, green, yellow and red). 

They reported that C. vulgaris is deficient in absorbing 

pigments of both green and yellow region. The absorption 

spectrum shows peak absorption at near 430 nm and at 650 

nm. It can be observed that light intensity in wavelength 

band 1 (500-650 nm) is maximum and attenuation is 

mainly due to scattering of light. This implies the 

phenomena of differential absorption in which biomass 

absorbs light of different colors in different way. 

Validation of simulation studies  

Lambert-Beer’s model is useful in determining light 

attenuation due to biomass but it does not account for 

attenuation due to scattering by solid particles. Moreover, it 

is valid for monochromatic light source and does not 

consider differential wavelength absorption by microalgae. 

Although hyperbolic model accurately predicts light 

attenuation but it cannot further our understanding of light 

attenuation due to biomass since it has been derived from 

the shape of the curves. On the other hand, Cornet’s model 

considers both, absorption and scattering of light 

separately. Although Cornet’s model cannot predict 

accurate light intensities for all concentrations, yet it gives 

good results for low biomass concentrations. Hence, cornet 

model is employed. To fulfill the assumptions made in 

Cornet’s model, simulations have been carried out for a 

particular wavelength 438 nm. The optical properties at this 

wavelength are interpolated from Berbergolu et al. (2009) 

and are tabulated in Table.3. 

For this comparison, irradiation at the top wall was taken as 

100 W/m2 and converted into μmol m-2 s-1. For validation 

of simulation results, light intensities within Chlorella sp. 

culture at various depths and for three different 

concentrations have been calculated analytically using 

Cornet’s model and compared with simulation results. 

Figure 3 depicts the light intensity variation with respect to 

height for three different cell densities predicted by CFD 

simulation and that from Cornet’s analytical model. The 

analytical data obtained from simulation and Cornet’s 

model for cell densities 3.8985x1011; 3.1771x1011 and 

2.9153x1011 cells/m3 are tabulated in Table 4. 

Table 3. Absorption and scattering coefficients of 

Chlorella sp. at 438 nm 

 

Fig. 2. Spectral light intensity distribution with height for 

N=3.8985x1011cell /m3  

 

Deviations of simulation results from analytical 

results have been shown by error diagram in Fig. 4. It can 

be observed that there is a good agreement between 

simulation results and analytically calculated light 

intensities with a maximum error of ±15%. Light intensity 

distribution in photobioreactors exposed to solar irradiation 

can be predicted for any location of the world at any time 

and day of the year using computational fluid dynamics 

software Fluent 6.3.26. Knowledge on variation of light 

intensity with depth and with different concentrations of 

Chlorella sp. will enhance understanding of growth kinetics 

of microalgae which mainly depends on available light 

energy. 

Cell number 

density 

(cells/m3) 

Absorption 

coefficient 

 (m-1) 

Scattering 

coefficient  

(m-1) 

3.9x1011 11 25 

3.2x1011 8.5 22 

2.9x1011 7.5 21 
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In this simulation selective wavelength 

absorption by microalgae has been taken into account by 

considering three different wavelength bands in PAR 

region, which can be improved by increasing the number of 

wavelength bands but it will increase the computational 

cost. Further simulation in this area will facilitate the 

introduction of optical fibers into the low intensity light 

regions which will maximize the productivity and thereby 

decrease the land area requirement for the bioreactor. 

Hence in near future an efficient PBR could be developed 

to deliver sufficient photons into a higher depth model and 

to achieve higher productivity for a given land area with 

this simulation tool the computational cost. 

 

 

 

 

 

 

 

 

 

Fig. 3. Plot of simulation versus Cornet’s model for various 

cell densities with height      

 

Further simulation in this area will facilitate the 

introduction of optical fibers into the low intensity light 

regions which will maximize the productivity and thereby 

decrease the land area requirement for the bioreactor.  

Hence in near future an efficient PBR could be developed 

to deliver sufficient photons into a higher depth and to 

achieve higher productivity for a given land area with this 

simulation tool. 

  

Fig.4. Error analysis plot of simulation versus Cornet’s 

model 
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