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a b s t r a c t

A numerical study is presented aiming to maximize the solar to hydrogen energy

conversion efficiency of a mixed culture containing microorganisms with different

radiation characteristics. The green algae Chlamydomonas reinhardtii CC125 and the purple

non-sulfur bacteria Rhodobacter sphearoides ATCC 49419 are chosen for illustration

purposes. The previously measured radiation characteristics of each microorganism are

used as input parameters in the radiative transport equation for calculating the local

spectral incident radiation within a flat panel photobioreactor. The specific hydrogen

production rate for each microorganism as a function of the available incident radiation is

recovered from data reported in the literature.

The results show that for mono-cultures, the solar to H2 energy conversion efficiency, for

all combinations of microorganism concentrations and photobioreactor thicknesses, fall

on a single line with respect to the optical thickness of the system. The maximum solar

energy conversion efficiency of mono-cultures of C. reinhardtii and R. spaheroides are 0.061

and 0.054%, respectively, corresponding to optical thicknesses of 200 and 16, respectively.

Using mixed cultures, a total conversion efficiency of about 0.075% can be achieved

corresponding to an increase of about 23% with respect to that of a mono-culture of

C. reinhardtii. It has been shown that the choice of microorganism concentrations for

maximum solar energy conversion efficiency in mixed cultures is non-trivial and requires

careful radiation transfer analysis coupled with H2 production kinetics taking into account

the photobioreactor thickness.

ª 2009 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Photobiological hydrogen production by cultivation of photo-

synthetic microorganisms in photobioreactors offers a clean

and sustainable alternative to thermochemical or electrolytic

hydrogen production technologies [1–3]. However, solar to

hydrogen energy conversion efficiency of photobioreactors

remain a major challenge [4–8].

This technology uses photosynthetic microorganisms such

as green algae, cyanobacteria and purple non-sulfur bacteria

to produce hydrogen from solar energy at mild temperatures

and pressures [1,2]. Depending on the source of electrons,

photobiological hydrogen production is classified under three

categories [1,9–11]. In direct biophotolysis, electrons are

directly derived from water splitting and used to reduce

protons to hydrogen molecule with hydrogenase enzymes. On
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the other hand, in indirect biophotolysis, the electrons from

water splitting are first converted into organic molecules.

These molecules are then degraded and the electrons are used

by the hydrogenase and/or nitrogenase enzymes to reduce

protons to hydrogen. Finally, in photofermentation electrons

are derived from external organic matter found in the

surrounding medium of the microorganisms.

Thus far, research efforts have mainly concentrated on

cultivating single species of microogranisms for photobiolog-

ical hydrogen production. Among these, cyanobacteria and

green algae which utilize solar energy in the spectral range

from 400 to 700 nm to produce hydrogen have been studied

extensively [5,9,12–16]. Purple non-sulfur bacteria have also

been identified as promising hydrogen producers which

mainly use solar energy in the near-infrared part of the spec-

trum from 700 to 900 nm [17–21]. Note that only about 45% of

the total solar radiation is emitted between 400 and 700 nm and

an additional 20% is emitted between 700 and 900 nm [6,22].

Thus, hydrogen production from a mixed culture of green

algae and purple bacteria has the potential to achieve higher

solar to hydrogen energy conversion efficiencies than single

cultures by using solar radiation in the spectral range from 400

to 900 nm representing about 65% of the total solar radiation

[22]. One such mixed system was demonstrated by Melis and

Melnicki [22] where the green algae Chlamydomonas reinhardtii

were co-cultured with the purple bacteria Rhodospirillum

rubrum. The authors suggested that once the photosynthesis

to respiration (P/R) ratio of the green algae was reduced to 1,

such a co-culture could be used for more efficient photobio-

logical hydrogen production. Unfortunately, the purple

bacteria also absorb light in the visible part of the spectrum

due to the presence of bacteriochlorophyll b and carotenoids

[23] and the species may compete for light during hydrogen

production.

The productivity and the solar energy conversion efficiency

of these systems depend on (i) light utilization by the different

microorganisms and (ii) biological interactions between the

two species. Biological interactions in mixed cultures are

complex functions of culture conditions and species. In

addition, photobiological hydrogen production is an enzy-

matic process which depends on temperature, pH, and

composition of the culture medium as well as the concen-

trations of dissolved gas species such as oxygen, hydrogen,

and nitrogen. To the best of our knowledge, no data or model

is available in the literature to fully account for the effects of

all these parameters on the photobiological hydrogen

production rate. Moreover, before experimentally dealing

with these complex biological interactions, the benefits of

mixed cultures over mono-cultures can be assessed numeri-

cally by considering the most favorable biological conditions

Nomenclature

Aabs,l spectral mass absorption cross-section of

microorganisms, m2/kg

Aabs,l spectral mass absorption cross-section, m2/kg

As irradiated surface area of the photobioreactor, m2

Ssca,l spectral mass scattering cross-section, m2/kg

G incident radiation, W/m2

g Henyey-Greenstein asymmetry factor

H irradiation, W/m2

Il spectral intensity, W/m2/sr/nm

k absorption index

KG saturation irradiation, W/m2

KI inhibition irradiation, W/m2

L thickness of the photobioreactor, m

M molecular mass, kg/mol
_mH2 total production rate of hydrogen, kg/h

Po total pressure, Pa

PH2 partial pressure of H2, Pa

R universal gas constant, R ¼ 8.314 J/mol/Kbs unit vector into a given direction

nX specific volume of the microorganisms, m3/kg

wi weights for the Gaussian quadrature

VL liquid volume in the photobioreactor, m3

X microorganism concentration, kg dry cell/m3

z distance from the illuminated surface, m

Greek symbols

a threshold parameter

b extinction coefficient, m–1

DGo standard-state free energy of formation of H2 from

water splitting reaction, J/mol

hH2
solar to hydrogen energy conversion efficiency

q polar angle, rad

qi discrete polar angles corresponding to the

directions of the Gaussian quadrature, rad

Q angle between incident and scattered directions,

rad

k absorption coefficient, m�1

l wavelength, nm

pH2 specific hydrogen production rate, L/kg/h

s scattering coefficient, m�1

s optical thickness

4 azimuthal angle, rad

F scattering phase function

U solid angle, sr

Subscripts

A refers to microorganism A

abs refers to absorption

use refers to useable incident radiation for producing

hydrogen

B refers to microorganism B

c refers to collimated light

d refers to diffuse light

eff refers to effective radiation characteristics

H2 refers to hydrogen

m refers to medium

max refers to maximum

l refers to wavelength

sat refers to saturation incident radiation

sca refers to scattering

tot refers to total

z refers to local values
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to determine (i) the potential energy conversion improvement

and (ii) how the concentration of each microorganism can

influence the hydrogen production of the system. Thus, the

objective of this study is to investigate the hydrogen produc-

tion rate and solar to hydrogen energy conversion efficiency of

such a mixed culture as a function of irradiance and concen-

tration of each species assuming that each microorganism is

producing hydrogen at its most favorable conditions other

than the local available light. The green algae C. reinhardtii

CC125 and the purple non-sulfur bacteria R. sphearoides ATCC

49419 are used as representative species of green algae and

non-sulfur purple bacteria since their radiation characteris-

tics were recently reported [23,24].

2. Analysis

Let us consider a plane-parallel photobioreactor of thickness L

as illustrated in Fig. 1. In United States, the average latitude

angle for the contiguous 48 states is about 37�, thus for

maximum solar radiation inception, the photobioreactor is

inclined at the latitude angle of 37� with respect to the zenith

[25]. The reactor contains a mixture of microorganism A,

namely C. reinhardtii, at concentration XA and microorganism

B, namely R. sphaeroides, at concentration XB. Both XA and XB

are expressed in kg dry cell/m3. The reactor is illuminated

with solar irradiation comprised of both a collimated and

a diffuse component from the sun facing surface. As light

penetrates into the photobioreactor, it is absorbed by the

liquid phase and the microorganisms and scattered aniso-

tropically by the microorganisms.

2.1. Assumptions

In order to make the problem mathematically trackable it is

assumed that: (1) light transfer is one-dimensional as the

system is symmetric in the plane of the photobioreactor, (2) the

reactor is well mixed and microorganisms are uniformly

distributed and randomly oriented in the reactor, (3) the reactor

is continuously sparged with argon to prevent oxygen or

hydrogen buildup, (4) the interfacial area of the bubbles is less

then 450 m�1 so that their effect on light transfer is negligible

[26], (5) the liquid phase is non-emitting, cold, weakly

absorbing, and non-scattering, (6) both surfaces of the photo-

bioreactor are treated with a non-reflective coating over the

spectral range from 300 to 900 nm, (7) radiation incident on the

back surface is negligible compared with the radiation incident

on the sun facing surface. Note that the mass concentration to

number concentration conversion factor for C. reinhardtii

CC125 was reported to be 7.60� 106 cells/kg dry weight [24]. For

the maximum algae concentration used in this study, i.e.,

32 kg/m3, the corresponding volume fraction is 0.025. Finally,

the size parameter x ¼ 2pa/l ranges between 105 and 24 over

the spectral region from 300 nm to 1300 nm for C. reinhardtii,

approximated as spheres 10 mm in diameter. These values of

volume fraction and size parameters ensure that independent

scattering prevails based on the discussion in Ref. [27].

Moreover, this numerical study focuses on the use of

mixed culture systems to maximize photobiological hydrogen

production. Thus, it is further assumed that (8) the microor-

ganisms are cultivated at optimum conditions separately with

no carbon or nitrogen limitations and are mixed at different

concentrations right before the hydrogen production phase,

(9) the reactor is kept isothermal at 25 �C with the aid of an

active temperature control, and thus (10) the specific

hydrogen production rate pH2 depends only on the light

available to the microorganisms.

2.2. Governing equations and boundary conditions

The total intensity Ilðz; bsÞ at a given location z in direction bs is

composed of a collimated and diffuse component, denoted by

Ic;lðz; bsÞ and Id;lðz; bsÞ, respectively, and can be written as [28],

Il

�
z; bs� ¼ Ic;l

�
z; bs�þ Id;l

�
z; bs� (1)

The intensity Il can be determined by solving the radiative

transfer equation (RTE) which is an energy balance on the

radiative energy travelling along a particular direction bs. The

steady-state RTE for the collimated intensity can be written

as [28],

vIc;lðz; bsÞ
vz

¼ �beff;lIc;l

�
z; bs� (2)

where beff,l is the effective extinction coefficient expressed as,

ßeff;l ¼ keff;l þ seff;l (3)

where keff,l and seff,l are the effective linear absorption and

scattering coefficients of the microorganism suspension in the

photobioreactor expressed in m�1. The effective absorption

coefficient accounts for the absorption by the medium and by

the microorganisms A and B at wavelength l. Taking into

account the volume fractions of microorganisms A and B in

the photobioreactor given by nAXA and nBXB, respectively, the

effective absorption coefficient can be expressed as [29],

keff;l ¼ km;lð1� vAXA � vBXBÞ þAabs;l;AXA þAabs;l;BXB (4)

where nA and nB are the specific volumes of microorganisms

A and B, respectively, both assumed to be equal to 0.001 m3/kg.

The absorption coefficient of the medium km,l is expressed in

θ ŝ
I(z,θ)

0

L z

incident diffuse 
light    

transparent front surface
of total area As

liquid phase

green algae (XA)

purple bacteria (XB)

indI ,,λ

incI ,,λ

o
c 236.11=θ

incident collimated 
light     

zenith
sun

o37

transparent
back surface

horizon

n̂

Fig. 1 – Schematic of the photobioreactor system

considered. The boundary conditions correspond to 37
�

tilt

sun facing surface for locations between latitudes 33
�
260

and 46
�
520 [25].
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m–1 and the mass absorption cross-sections of the microor-

ganisms Aabs,l,A and Aabs,l,B are expressed in m2/kg. Finally,

the terms Aabs,l,AXA and Aabs,l,BXB correspond to the absorp-

tion coefficients of microorganisms A and B, respectively.

Similarly, the effective scattering coefficient of the co-

culture seff,l can be expressed as [29],

seff;l ¼ sl;A þ sl;B ¼ Ssca;l;AXA þ Ssca;l;BXB (5)

where the coefficients sl,A and sl,B are the spectral scattering

coefficients expressed in m–1 and Ssca,l,A and Ssca,l,B are the the

mass scattering cross-sections of microorganism A and B,

respectively, expressed in m2/kg.

Moreover, considering the in-scattering by each species of

microorganisms separately, the steady-state RTE for the

diffuse intensity can be written as [28],

vId;lðz; bsÞ
vz

¼ �keff;lId;l

�
z; bs�� seff;lId;l

�
z; bs�

þ seff;l

4p

Z
4p

Id;l

�
z; bsi

�
Feff;l

�bsi; bs�dUi

þ seff;l

4p

Z
4p

Ic;l

�
z; bsi

�
Feff;l

�bsi; bs�dUi (6)

where Feff,l is the effective scattering phase function micro-

organism mixture defined as [29],

Feff;l

�bsi; bs� ¼ sl;AFl;Aðbsi; bsÞ þ sl;BFl;Bðbsi; bsÞ
sl;A þ sl;B

(7)

The scattering phase functions Fl,A and Fl,B for C. reinhardtii

and R. sphaeroides, respectively, represent the probability that

radiation travelling in the solid angle dUi around the directionbsi will be scattered into the solid angle dU around direction bs.

The first integral term in Equation (6) accounts for the in-

scattered diffuse radiation whereas the second one corre-

sponds to the in-scattered collimated radiation from an arbi-

trary direction bsi into the direction of interest bs.

Finally, the reactor is illuminated with solar radiation

through transparent and non-reflecting window from the sun

facing surface. In the case of the collimated radiation, the

boundary conditions for Equation (2) can be written as,

Ic;lð0; qÞ ¼ Ic;l;indðq� qcÞ for 0 � q � p

Ic;lðL; qÞ ¼ 0 for p � q � 2p
(8)

where Ic,l,in is the intensity of the incident collimated terres-

trial solar radiation, qc is the angle of the collimated sunlight

with respect to the surface normal of the photobioreactor and

d(q – qc) is the Kronecker delta function. Similarly, the diffuse

component of the intensity in Equation (6) is given by,

Id;lð0; qÞ ¼ Id;l;in for 0 � q � p

Id;lðL; qÞ ¼ 0 for p � q � 2p
(9)

where Id,l,in is the incident diffuse terrestrial solar radiation.

In this study, the values of the incident intensities were

recovered from the spectral collimated irradiation denoted by

Hc,l and the diffuse irradiation Hd,l according to,

Ic;l;in ¼ Hc;l and Id;l;in ¼
Hd;l

2p
(10)

where Hc,l and Hd,l are reported by Gueymard et al. [25] who

used the code SMARTS [30] to calculate the spectral collimated

and diffuse terrestrial solar irradiation [25]. The reported

values correspond to a total solar irradiation of 1000 W/m2

incident on a south facing surface with a 37
�
tilt with respect to

the zenith. The angle of the sun is 48.236
�

with respect to the

zenith and the air mass (AM), corresponding to the pathlength

through the atmosphere relative to the zenith or overhead

position, is equal to 1.5 for an observer at sea level. This value

was selected to correspond to the AM value at locations

between latitudes 46
�
520 (Caribou, ME) and 33

�
260 (Phoenix, AZ)

where most of the solar energy conversion systems are

located in the United States [25]. Under these conditions the

angle of incidence of the collimated radiation denoted by qc

corresponds to 11.236
�

with respect to the normal of the

photobioreactor window and shown in Fig. 1. The total colli-

mated and diffuse solar irradiation within the spectral range

from 300 to 1300 nm, denoted by Hc and Hd are equal to 773

and 97 W/m2, respectively.

2.3. Radiation characteristics of the medium and
microorganisms

The radiation characteristics of the liquid medium were

assumed to be those of pure water within the spectral region

from 300 to 1300 nm. The spectral absorption coefficient of the

medium is given by [31],

km;l ¼
4pkl

l
(11)

where kl is the absorption index of water reported by Hale and

Querry [32].

The radiation characteristics of C. reinhardtii and

R. sphaeroides was experimentally measured and reported by

Berberoğlu and co-workers [23,24] in the spectral range from

300 to 1300 nm. In addition, the scattering phase function was

assumed to be independent of wavelength in the same

spectral range. Moreover, in an earlier study Berberoğlu et al.

[26] showed that Henyey-Greenstein (HG) phase function gave

satisfactory results for predicting local incident radiation in

photobioreactors featuring high microorganism concentra-

tions. The latter is given by [28],

FHG;i

�bsi; bs� ¼ 1� g2
i�

1þ g2
i � 2gicosQ

�3=2 i ¼ A or B (12)

where Q is the scattering angle between directions bsi and bs
and gi is the mean cosine of the scattering phase function for

species i, also known as the Henyey-Greenstein asymmetry

factor. HG phase function was used with the associated

asymmetry factors of gA ¼ 0.9834 and gB ¼ 0.9651 for C. rein-

hardtii and for R. sphaeroides, respectively [23,24].

2.4. Method of solution

The overall numerical procedure is summarized in Fig. 2. First,

Equation (2) was solved analytically subject to the boundary

conditions expressed in Equation (8) to yield [28],

Ic;l

�
z; bs� ¼ Ic;l;inexp

�
� beff;lz

cosqc

�
d
�bs; bsc

�
(13)

Then, Equation (6) was solved for Id;lðz; bsÞ using the discrete

ordinates method [28] with a combination of two Gauss
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quadrature having 24 discrete directions (Qi)1 � i � 24 per

hemisphere along with the associated weighting factors wi

successfully used by Baillis et al. [33] for strongly forward

scattering media.

Finally, the local spectral incident radiation was defined

as [28],

GlðzÞ ¼
Z
4p

Il

�
z; bs�dU ¼ 2p

X24

i¼1

wiIlðz; qiÞ (14)

Convergence studies were performed to ensure that the

computed values of Gl(z) were independent of both the grid

size and the angular discretization. To do so, the number of

grid points was doubled until the relative discrepancy

between Gl(z) obtained for two consecutive grid refinements

did not change by more than 1%. It was found that 1200 points

along the z-direction satisfied this criterion for all microor-

ganism concentrations explored. Moreover, the values of Gl(z)

did not vary by more than 0.6% as the number of directions per

hemisphere was increased from 24 to 30. The use of 24

directions is retained in the developed numerical tool to

provide flexibility in incorporating other strongly forward

scattering inclusions such as gas bubbles [26,33,34]. Finally,

spectral simulations were performed from 400 to 1300 nm by

increments of 5 nm corresponding to the spectral resolution of

the experimental apparatus used by Berberoğlu and Pilon

[23,24].

2.5. Specific hydrogen production rates

Algae and cyanobacteria contain pigments known as chloro-

phylls whereas purple bacteria contain bacteriochlorophylls

along with accessory pigments such as carotenoids and

phycobilin proteins in order to absorb and use the light energy

to drive various biochemical reactions [35]. Therefore, it is not

just the apparent absorption spectrum but specifically the

absorption spectrum of these light harvesting pigments that

are responsible for driving chemical reactions responsible for

hydrogen production. In order to model the hydrogen

production, the concept of useable incident radiation denoted

by Guse(z) is defined as,

GuseðzÞ ¼
Z N

0

alGldl (15)

where al is the band parameter corresponding to the

absorption band of the light harvesting pigments. For C. rein-

hardtii it is given by al,A ¼ 1 for 350 nm � l � 710 nm corre-

sponding to absorption by pigments such as chlorophyll a and

b and carotenoids [35,36] while al,A ¼ 0 for l < 350 nm and

l > 710 nm. On the other hand, for R. sphaeroides al,B¼ 1 for

320 nm � l � 610 nm and for 760 nm � l � 910 nm corre-

sponding to absorption by pigments such as bacteriochloro-

phyll b and carotenoids [35–37]. Outside these absorption

bands, al,B is equal to zero. Fig. 3 shows the absorption

spectrum of C. reinhardtii and R. sphaeroides along with the

corresponding al.

Fig. 2 – Schematic of the steady-state solution procedure.

a

b

Fig. 3 – The absorption cross-section and the al parameter

of (a) C. reinhardtii CC125 [24] and (b) R. sphaeroides [23],

respectively.
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Nogi et al. [17] measured the specific hydrogen production

rate pH2 of the purple non-sulfur bacteria Rhodopseudomonas

rutila. The authors reported the absorption spectrum, the

hydrogen production rate as a function of spectral incident

radiation, and the specific hydrogen production rate as

a function of usable radiation. Due to the similarities in the

absorption spectra and in the magnitude of their specific

hydrogen production rates [17,23,38], the data for R. rutila was

used to model the hydrogen production rate of R. sphaeroides.

The specific production rate pH2 has been modeled with

a Michaelis–Menten type equation [39],

pH2
ðzÞ ¼ pH2 ;max

GuseðzÞ
KG þ GuseðzÞ þ G2

useðzÞ=KI
(16)

where pH2 ;max is the maximum specific hydrogen production

rate expressed in kg H2/kg dry cell/h, KG is the saturation irra-

diation for hydrogen production expressed in W/m2. The

parameter KI is the inhibition irradiation expressed in W/m2

and it accounts for the inhibition of hydrogen production by

excessive irradiation. The parameters pH2 ;max, KG, and KI were

estimated by least squares fitting of the experimental data

reported over the usable incident radiation range from 0 to

80 W/m2 [17]. The values of pH2 ;max, KG, and KI were found to be

1.3 � 10�3 kg H2/kg dry cell/h, 25 W/m2, and 120 W/m2,

respectively. Fig. 4 compares the prediction of Equation (16) for

pH2
with data reported by Nogi et al. [17].

For C. reinhardtii, the values of KG and KI were assumed to be

the same, whereas the maximum specific hydrogen produc-

tion rate pH2 ;max was obtained from the literature as

5.51 � 10�4 kg H2/kg dry cell/h for sulphur deprived cells [40].

Finally, the hydrogen production rate for a given microor-

ganism species i, where i ¼ A or B, in the entire photo-

bioreactor expressed in kg H2/h is defined as,

_mH2 ;i ¼ As

Z L

0

pH2 ;iðzÞXiðzÞdz i ¼ A or B (17)

where As is the surface area of the photobioreactor exposed to

sunlight expressed in m2 and Xi(z) is the local concentration of

species i. The total rate of hydrogen production _mH2
is the sum

of the hydrogen production rate by the microorganism species

A and B, i.e.,

_mH2
¼ _mH2 ;A þ _mH2 ;B (18)

2.6. Light to hydrogen energy conversion efficiency

Finally, to compare different photobioreactor thicknesses and

microorganism concentrations the light to hydrogen energy

conversion efficiency of the mixed culture is defined as [41],

hH2
¼ DGo _mH2

MH2
GinAs

(19)

where Gin is the total solar irradiation equal to 1000 W/m2, MH2

is the molar mass of H2 equal to 2.016� 10�3 kg/mol and DGo is

the standard-state free energy of formation of H2 from the

water splitting reaction, equal to 236,337 J/mol at 303 K [42].

3. Results and discussion

Simulations were performed for four different values of

photobioreactor thickness L, namely 1, 5, 10, and 20 cm. The

concentration of C. reinhardtii XA varied between 0.5 and 32 kg/

m3, and that of R. sphaeroides XB varied between 0.05 and

1.0 kg/m3. In all simulations the illuminated surface area of

the photobioreactor As was taken as 1.0 m2.

First, photobioreactors containing mono-cultures of

C. reinhardtii and R. sphaeroides were considered. In order to

assess the combined effect of different microorganism

concentrations and photobioreactor thicknesses for mono-

cultures, the total optical thickness is defined as [28],

s ¼ beffL (20)

where beff is the effective extinction coefficient averaged over

the spectral solar irradiation and is given by [28],

beff ¼
RN

0 beff;lðHc;l þHd;lÞdlRN

0 ðHc;l þ Hd;lÞdl
(21)

where beff,l is given by Equation (3). The parameters s and beff

can be defined for each mono-culture.

Fig. 5(a) shows the solar to H2 energy conversion efficiency

hH2 ;A and the hydrogen production rate _mH2 ;A of the mono-

culture of C. reinhradtii as a function of the optical thickness sA

for all microorganism concentrations and values of photo-

bioreactor thickness considered. It shows that the results for

all microorganism concentrations and photobioreactor

thicknesses fall on a single line and that the optical thickness

defined above is an appropriate scale for assessing the

performance of the photobioreactor containing a mono-

culture of C. reinhardtii. Moreover, it shows that hH2 ;A reaches

a maximum of 0.061% corresponding to a H2 production rate

of 1.88 � 10�5 kg H2/h at the optical thickness of about 200 for

all cases. Note that the efficiency is small as Gin was computed

Fig. 4 – Experimental data [17] and the modified Michaelis–

Menten model [Equation (16)] for the specific hydrogen

production rate of R. rutila as a function of the usable

incident radiation Guse with parameters pH2 ;max[1:3310L3

kg H2/kg dry cell/h, KG [ 25 W/m2, and KI [ 120 W/m2.
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for the entire solar spectrum and not just the photo-active

region. Table 1 shows the C. reinhardtii concentrations XA,max

corresponding to an optical thickness of 200 for photo-

bioreactor thickness equal to 1, 5, 10, and 20 cm. At optical

thicknesses larger than 200, the efficiency decreases due to

excessive absorption of light near the front surface resulting

in limited light penetration into the reactor.

The order of magnitude of the solar to H2 energy conver-

sion efficiencies obtained from the simulations for C. rein-

hardtii is similar to that of the experimental data reported by

Tsygankov et al. [42] for an outdoor photobioreactor which

varied between 0.039 and 0.094%. The authors used the

blue-green algae Anabaena variabilis PK84 at concentrations

between 1.57 and 2.36 kg/m3 in a 1 cm internal diameter

helical photobioreactor operated outdoors with full sunlight.

The temperature of the photobiorector was maintained

between 23 and 28�C during operation.

Similarly, Fig. 5(b) shows hH2 ;B and _mH2 ;B of the R. sphaeroides

mono-culture as a function of the optical thickness sB for

different values of L. In this case hH2 ;B had a maximum value of

about 0.054% corresponding to the H2 production rate of

1.65 � 10�5 kg H2/h at the optical thickness of about 16 for all

cases considered in this study. However, the efficiency in the

case of R. sphaeroides did not decrease at larger optical thick-

nesses. Table 1 also summarizes the maximum R. sphaeroides

concentration corresponding to the optical thickness of 16 for

photobioreactor thickness equal to 1, 5, 10, and 20 cm.

In order to better understand the trends observed in Fig. 5

(a) and (b), let us consider the local hydrogen production rate

in a photobioreactor. Fig. 6 shows the local hydrogen

production rate per cubic meter of a 5 cm thick reactor

a

b

Fig. 5 – Solar to H2 energy conversion efficiency and H2

production rate per unit photobioreactor surface area for

mono-cultures of (a) C. reinhardtii at XA between 0.5 and

32 kg/m3 and (b) R. sphaeroides at XB between 0.05 and

1.0 kg/m3 versus the photobioreactor optical thickness.

Table 1 – C. reinhardtii XA,max and R. sphaeroides XB,max

concentrations of mono- and mixed cultures for
maximum solar to H2 energy conversion efficiency hH2 ;max

and maximum H2 production rate _mH2 ;max for all
photobioreactor thicknesses.

L (cm) hH2 ;max

(%)
_mH2 ;max � 106

(kg/h)
XA,max

(kg/m3)
XB,max

(kg/m3)

1 0.061 18.8 20 0

5 0.061 18.8 4 0

10 0.061 18.8 2 0

20 0.061 18.8 1 0

1 0.054 16.5 0 1.9

5 0.054 16.5 0 0.4

10 0.054 16.5 0 0.2

20 0.054 16.5 0 0.1

1 0.074 22.8 32 0.5

5 0.075 23.2 8 0.1

10 0.075 23.2 4 0.05

20 0.074 22.8 4 0.05

Fig. 6 – Light inhibited, light limited, and dead regions as

a function of the local optical thickness for mono-cultures

of R. sphaeroides with concentrations XB equal to 0.2, 0.4,

and 0.6 kg/m3 in a 5 cm thick photobioreactor.
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containing a mono-culture of R. sphaeroides at concentrations

XB equal to 0.2, 0.4 and 0.6 kg/m3 as a function of the local

optical thickness sB,z. It indicates that the photobioreactor can

be divided in three regions, namely (i) a light inhibited region

where the local irradiation is so large that it reduces the local

H2 production rate, (ii) a light limited region where the local

irradiation is small and hydrogen production cannot take

place at its maximum capacity, and (iii) a dead region where

local irradiation is so small that no hydrogen can be produced.

The maximum hydrogen production rate is achieved at the

local optical thickness sB,z of about 3.2 for all concentrations.

For large enough concentrations, the local incident irradiation

reaches such small values deep in the photobiroeactor that

the production rate can vanish as in the case for local optical

thicknesses larger than 16. The local hydrogen production rate

integrated over the depth and multiplied by the cross-

sectional area of the photobioreactor corresponds to the total

hydrogen production rate presented in Fig. 5.

Similarly, Fig. 7 (a) shows the local production rate of

hydrogen for the mono-culture of C. reinhardtii in a 5 cm thick

photobioreactor as a function of the distance from the front

surface. The results are shown for C. reinhardtii concentrations

of 2, 4, and 16 kg/m3 which correspond to an optical thickness

of 100, 200, and 800, respectively. At relatively low microor-

ganism concentrations corresponding to optical thicknesses

sA less than 200, there was no dead region in the photo-

bioreactor. However, as optical thickness increased to values

larger than 200 the volume of dead region started increasing.

Maximum total H2 production rate was achieved for the

largest microorganism concentration with no dead region in

the photobioreactor. As previously discussed, this occurred at

the optical thickness of 200 for C. reinhardtii. Further increase

in microorganism concentration increased the volume of dead

region, decreased the volume of light inhibited region and

light limited region dominated. The increase in local peak

production rate was outweighed by the decrease due to light

limitation and increasing volume of dead region. Thus, the

total rate of production decreased.

Furthermore, Fig. 7 (b) shows the local production rate of

hydrogen for the mono-culture of R. sphaeroides in a 5 cm thick

photobioreactor as a function of the distance from the

illuminated surface. The results are shown for R. sphaeroides

concentrations of 0.2, 0.4, and 0.8 kg/m3 which correspond to

an optical thickness sB of 8, 16, and 32, respectively. The

maximum microorganism concentration where no dead

region is present occurs at the optical thickness of 16. For

larger optical thicknesses (sB ¼ 32), there was still a relatively

thick light inhibited region and the active region was not

dominated by the light limitation unlike for C. reinhardtii.

Thus, the decrease in hydrogen producing volume is

compensated by the increase in local production rate within

the active region, resulting in a plateau in the total hydrogen

production rate (Fig. 5).

Moreover, Fig. 8 (a)through (d) shows the total efficiency hH2

and the total H2 production rate _mH2 for mixed cultures of

C. reinhardtii and R. sphaeroides for photobioreactor thicknesses

of 1, 5, 10, and 20 cm, respectively. Due to strong differences in

the absorption and scattering cross-sections of the microor-

ganisms, the effective optical thickness of the mixed culture

defined by Equations (20) and (21) failed to capture unified

trends. Thus, the results for mixed cultures are presented as

a function of the C. reinhardtii concentrations for various

concentrations of R. sphaeroides.

For a 1 cm thick photobioreactor, Fig. 8 (a)shows that

a maximum efficiency of 0.074% was achieved for the mixed

culture containing C. reinhardtii at a concentration of 32 kg dry

cell/m3 and R. sphaeroides at 0.5 kg dry cell/m3. It corresponds

to a hydrogen production rate of 2.27 � 10�5 kg H2/h. This

represents an increase in efficiency by 21% with respect to the

maximum efficiency of a C. reinhardtii mono-culture. Further

increase in R. sphaeroides concentration reduced the efficiency

of the mixed culture. For 1 cm thick photobioreactor, C. rein-

hardtii concentrations larger than 32 kg dry cell/m3 were not

considered as such concentrations are not commonly repor-

ted in literature.

a

b

Fig. 7 – Local H2 production rate as a function of the

distance from the front surface for mono-cultures of

(a) C. reinhardtii and (b) R. sphaeroides for a 5 cm thick

photobioreactor.
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Fig. 8 (b)shows that for a 5 cm thick photobioreactor, the

efficiency reached up to 0.075% for the mixed culture

containing 8 kg dry cell/m3 of C. reinhardtii and 0.1 kg dry cell/m3

R. sphaeroides corresponding to 2.30 � 10�5 kg H2/hr. This

represents an increase of 23% with respect to the maximum

efficiency of a mono-culture of C. reinhardtii and an increase of

25% with respect to the efficiency of a mono-culture of C. rein-

hardtii at 8 kg dry cell/m3. Further increase in either microor-

ganism concentrations decreased the overall system

performance. Trends similar to those obtained for 1 and 5 cm

thick photobioreactors were also observed for 10 and 20 cm

thick photobioreactors. The results are summarized in Table 1.

These results indicate that the choice of XA and XB for

maximum solar energy conversion efficiency in mixed

cultures is not trivial and requires careful radiation transfer

analysis coupled with H2 production kinetics taking into

account the photobioreactor thickness. In addition, both

microorganisms must be able to achieve their maximum

performance in the same medium. This aspect, however, falls

outside the scope of this study.

4. Conclusion

This study presented, for the first time, (i) an empirical model

for photobiological hydrogen production and (ii) a numerical

tool to determine the microorganism concentrations for

maximizing the solar to H2 energy conversion efficiency of

mixed cultures of microorganisms having different radiation

characteristics. The efficiency for the mono-culture of

C. reinhardtii is of the same order of magnitude as that reported

for an outdoor photobioreactor of similar dimensions [42]. The

following conclusions can be drawn,

1. For mono-cultures, the performance of the reactor depends

solely on the optical thickness of the system.

a b

c d

Fig. 8 – Solar to H2 energy conversion efficiency and H2 production rate of mixed cultures of C. reinhardtii

(XA) and R. sphaeroides (XB) for (a) 1 cm, (b) 5 cm, (c) 10 cm, and (d) 20 cm thick photobioreactors.
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2. For a mono-culture of C. reinhardtii maximum solar to H2

energy conversion efficiency of 0.061% is achieved for

photobioreactor optical thickness sA equal to 200.

3. For a mono-culture of R. spaheroides maximum solar to H2

energy conversion efficiency of 0.054% is achieved for

photobioreactor optical thickness sB larger than 16.

4. For mixed cultures, a maximum solar to H2 conversion

efficiency of 0.075% can be achieved, corresponding to an

increase of about 23% from the mono-culture of C. reinhardtii.

The concentrations of C. reinhardtii and R. sphaeroides corre-

sponding to this maximum efficiency depend on the thick-

ness of the photobioreactor and can be found after careful

analysis of radiation transfer and H2 production kinetics.

Due to lack of empirical data, the photobiological hydrogen

production has been modeled to be a sole function of spectral

irradiation in this study. In order to expand the applicability of

the presented tool, future work should focus on developing

more advanced empirical models for photobiological

hydrogen production taking into account the effects of

temperature, pH, substrate availability and other complex

biological interactions of green algae and purple non-sulfur

bacteria. Then, these models can be readily integrated with

the presented numerical tool. Moreover, using an appropriate

kinetic moel, this tool can also be used for simulating other

photobiological or photochemical process involving more

than one species with different radiation characteristics or

multiple photocatalysts with different band gaps.
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