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Substrate degradation and photo-hydrogen production under various light 

intensities was predicted using the developed two-phase mixture model. 
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Two-phase mixture model was developed for revealing the 

interaction between substrate degradation and photo-

hydrogen production in the entrapped-cell photobioreactor 

under various light intensities. The effects of the porosity of 

packed bed and the height of photobioreactor on substrate 

degradation rate (SDR) and hydrogen production rate 

(HPR) are also predicted at different light intensities. 

1. Introduction 

Photosynthetic bacteria (PSB) is the most promising microorganism 

for biological hydrogen production because it not only possesses 

high theoretical conversion yield but also converses the light energy 

to produce hydrogen using simple organic compounds as hydrogen 

sources.1-4 Currently, many studies on photo-hydrogen production 

are conducted using the cell immobilization techniques because of 

theirs advantages of the enhanced biomass retention and the 

improved stability.5-8 Among these cell immobilization techniques, 

cell entrapped in porous gels is regarded as a more reasonable 

method due to the higher biomass content and local anaerobic 

environment created as well as the stably operation characteristic at a 

low hydraulic retention time.9-11 Unfortunately, the entrapped-cell 

photobioreactor is still used in the stage of laboratory study owing to 

the lower photo-hydrogen production performance caused by the 

limitations of mass transfer and photo-biochemical reactions.12 

Therefore, the understanding with respect to the complicated mass 

transfer processes and photo-biochemical reactions is conducive to 

promote the applicability of the entrapped-cell photobioreactor in the 

bioconversion of organics for photo-hydrogen production. However, 

the experimentally measurements of the complex mass transfer 

processes and photo-biochemical reactions are very difficult to be 

performed due to the restriction of measuring instrument. 

At present, it is interesting that the mass transfer processes and 

photo-biochemical reactions are investigated by the mathematical 

model as a powerful tool.13-17 Moreover, photo-hydrogen production 

is usually predicted under various light intensities as one of the 

important factors affecting photo-biochemical reactions.13, 18 Zhang 

et al utilized a two-dimensional mass transfer model to study the 

effects of light intensity on coupled processes of substrate transfer 

and degradation in an annular fiber-illuminating bioreactor.13 Liao et 

al simulated the effect of light intensity on the flow and mass 

transfer process using lattice Boltzmann model coupled with a multi-

block strategy.14 In addition, it was also reported that the effect of 

light intensity on the glucose consumption efficiency and photo-

hydrogen production rate was investigated using a one-dimensional 

two-phase flow and transport model.15 However, to date, few models 

have focused on the interaction between substrate degradation and 

photo-hydrogen production under various light intensities. 

In this work, two-phase mixture model is developed to predict 

photo-hydrogen production performance and substrate concentration 

distribution characteristics under various light intensities, and the 

numerical simulation results are validated using the experimental 

data reported by literature 11. In addition, the effects of the porosity 

of packed bed and the height of photobioreactor are also predicted at 

different light intensities. 

2. Model development 

The entrapped-cell photobioreactor was a working volume of 
3100 40 200 mm× ×

 

and packed with gel granules (4mm in diameter). 

The substrate flow direction in mainstream channel and the products 

transfer direction inside gel granule were defined as the h-direction 

and the r-direction, respectively. The illumination conditions were 

provided using LED lamps with main light wavelength of 590 nm, 
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where the operation temperature was set at 30 °C and the influent 

medium pH value was adjusted to 7.0. The glucose used as the sole 

carbon source was fed by a peristaltic pump, and then was degraded 

by the cells entrapped after being diffused into gel granules from 

mainstream channel. At last, the products were diffused out of gel 

granules followed by being discharged out of the entrapped-cell 

photobioreactor. Obviously, the photo-biochemical reactions as well 

as two-phase flow and mass transfer were present in the entrapped-

cell photobioreactor. In this work, therefore, the assumptions were 

utilized to establish two-phase mixture model as following: (1) This 

work is performed at steady-state operating condition; (2) The 

substrate and products transfer processes in mainstream channel are 

one-dimensional flow along the h-direction; (3) Thermal physical 

properties of fluids are constant and the transfer processes can be 

described by Darcy’s law; (4) The photo-biochemical reactions only 

occur inside gel granules; (5) The distribution and activity of PSB 

are uniform inside gel granules; (6) Hydrogen and carbon dioxide as 

the only gaseous products are generated by degrading glucose, and 

the mole ratio of them is 2:1 according to literature 19. 

Governing equations 

Mass conservation in liquid and gas phase as well as two-phase:20, 21 

l l l( u ) mρ∇⋅ = &                                                       (1) 

 
g g g( u ) mρ∇⋅ = &                                                      (2) 

     
l g( u) m mρ∇⋅ = +& &                                                 (3) 

where the subscript ‘ l ’ and ‘ g ’ refer to the liquid and gas phase, 

respectively. ρ  represents the density, kg/m3; u  the vector velocity, 

m/s; m&  the mass source, kg/m3/s. 

Momentum conservation in liquid and gas phase as well as two-

phase: 

rl
l l l l

l

u ( g)
Kk

p
v

ρ ρ= − ∇ −                                         (4) 

 rg

g g g g

g

u ( g)
Kk

p
v

ρ ρ= − ∇ −                                       (5) 

( )u g
K

p
v

ρρ γ ρ= − ∇ −                                            (6) 

where 
rk  is the relative permeability; g  the gravitational 

acceleration, m/s2. K  denotes the absolute permeability, m2; v  the 

kinematic viscosity, m2/s; 
ργ  the density correlation factor, which 

can be given by:22 
3 2

gr

3180(1 )

d
K

ε

ε
=

−
                                             (7) 

    
1

rgrl

l g

kk
v

v v

−
 

= +  
 

                                            (8) 

          l l g g

l l g gs s
ρ

ρ λ ρ λ
γ

ρ ρ

+
=

+
                                            (9) 

where ε  is the porosity of packed bed; 
grd  the diameter of gel 

granule, m; s  the saturation. Moreover, λ  denotes the mobility and 

can be calculated by: 

rl
l

l

k
v

v
λ =                                                    (10)  

rg

g

g

k
v

v
λ =                                                           (11) 

l g 1λ λ+ =                                                          (12) 

Substrate balance equation in the two-phase mixture: 

( ) ( ) ( ){ }s s s s s s s s

l l l l g g g gD s D s Dερ ω ε ρ ω ω ρ ω ω ∇ ⋅ ∇ +∇⋅ ∇ −∇ + ∇ −∇            
    ( ) ( )s s s s

l l g g s uj jω ω φ γ ρ ω−∇ ⋅ + − = ∇ ⋅              (13) 

where the superscript ‘s ’ refers to the substrate. sφ  is the substrate 

degradation rate, kg/m3/s; 
sγ  the advection correction factor; ω  the 

mass fraction; D  the effective diffusion coefficient, m2/s; j  the 

diffusive flux, kg/m2/s; which can be calculated by: 
s s

l l g g

s s s

l l l g g g

( )

s s

ρ λω λ ω
γ

ρ ω ρ ω

+
=

+
                                         (14) 

s s s

l l l g g gs sρω ρ ω ρ ω= +                                        (15) 

s s s

l l l g g gD s D s Dρ ρ ρ= +                                         (16) 

( )l g

l l g gc

K
j P

v

λ λ
ρ ρ = ∇ + − 

                              (17) 

  
l g 0j j+ =                                                           (18) 

In addition, the relative permeability of gas and liquid phase as 

well as the capillary pressure can be given by:23, 24 
3

rl lk s=                                                             (19) 

 

  3

rg l(1 )k s= −                                                     (20) 

1

2
c g l l( ) ( )p p p J s

K

ε
σ= − =                                  (21) 

where σ  is the liquid-gas interfacial tension, N/m. The Leverett 

function 
l( )J s  can be calculated by:25 

( ) ( ) ( ) ( )2 3

l l l l1.417 1 2.12 1 1.263 1J s s s s= − − − + −            (22) 

The substrate transfer in gas phase can be neglected. That is, 

     s

g 0ω = ,    s

g 0D =                                          (23) 

The local substrate concentration in the two-phase mixture and 

liquid phase are defined by: 
s s s s

l l l l lC sC sρω ρω= = =                                    (24) 

The boundary conditions can be obtained as following: 

At the inlet of the entrapped-cell photobioreactor: 
s s

inC C= ,   l 1s =                                           (25) 

l l l l, inu uρ ρ= ,   
g gu 0ρ =                                     (26) 

At the outlet of the entrapped-cell photobioreactor: 

      
s

0
dC

dh
=                                                 (27) 

Mass transfer inside gel granule 

The substrate transfer is dominated by diffusion inside gel granule 

and the substrate transfer processes can be modelled by Fick’s law. 

Therefore, it can be obtained as following:26, 27 
2 s s s c

gr gr grs

gr 2 s

x/s

2 1
( )

d C D dC C
D m

dr r dr M Y

ψ
µ+ = +                      (28) 

where the subscript ‘ gr ’ refers to the gel granule. 
x/sY  is the cell 

yield; ψ  the cell density increasing coefficient; cC  the cell density, 

kg/m3; M  is the molecular weight, kg/mol;

 

µ  and m  denote the 
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specific growth rate and maintenance coefficient, respectively, and 

can be described by:15, 16 

( )( )2
1.031

00.562137 exp 2.8 10.8 1m I= − −                     (29) 

s

gr

max s

s gr

C

K C
µ µ=

+
                                                        (30) 

where 
0I  denote the light intensity, W/m2; 

sK  the Monod constant, 

mM. 
maxµ  is the maximum specific growth rate and can be 

calculated by:15, 16 

( )( )2
1.031

max 00.25986exp 1.2 10.8 1Iµ = − −                    (31) 

The corresponding boundary conditions can be obtained as: 

     0r = ,       
s

gr
0

dC

dr
=                                          (32) 

    Rr = ,       s s

gr lC C=                                          (33) 

The mass transfer of hydrogen produced is also dominated by 

diffusion in gel granule, which can be expressed by Fick’s law and 

Luedeking-Piret model:27, 28 

 
2 2 2

2

2

H H H2 c
gr gr grH *

gr H2

x/s

2 1
( )

d C D dC C
D

dr r dr M Y

ψ
α µ β+ = +            (34) 

where the superscript ‘
2

H ’ refers to the hydrogen produced. β  is the 

growth associated kinetic constant, 1/s. *α  denotes the non-growth 

associated kinetic constant and can be calculated by:15 

( )( )2
* 1.031

00.0192exp 9.5 10.8 1Iα = − −                       (35) 

The corresponding boundary conditions can be obtained as: 

0r = ,        
2H

gr
0

dC

dr
=                                        (36) 

    Rr = ,       2 2H H

gr gC C=                                         (37) 

Therefore, the substrate degradation rate sφ  and the hydrogen 

production rate 2Hφ  can be given by: 

s

grs s s

gr

Rr

dC
M D

dr
φ α

=

=                                          (38) 

2

2 2 2

H

grH H H

gr

Rr

dC
M D

dr
φ α

=

=                                    (39) 

where α  is the specific area of gel granules in the elemental volume, 

1/m. 

Moreover, the interfacial mass transfer rate of gas and liquid 

phase can be expressed as: 

  s

lm φ= −&                                                         (40) 

    2 2H CO

gm φ φ= +&                                                   (41) 

where the superscript ‘
2CO ’ refers to the carbon dioxide produced.  

The hydrogen production rate 2Hφ  and the carbon dioxide 

production rate 2COφ  can be calculated by:  

2 2 2 2CO CO H H
2 M Mφ φ=                                    (42) 

Estimation of photo-hydrogen production 

Substrate degradation and photo-hydrogen production in the 

entrapped-cell photobioreactor were assessed by substrate 

degradation rate (SDR) and hydrogen production rate (HPR), which 

can be defined as: 5, 15 

(mmol)
 (mmol/L/h)

 (h) Photobioreactor volume (L)

CSD
SDR

T

∆
=
∆ ×

           (43) 

(mmol)
 (mmol/L/h)

 (h) Photobioreactor volume (L)

CHP
HPR

T

∆
=
∆ ×

           (44) 

where T∆  is the hydrogen evolution time, CSD∆  and CHP∆  

represent the increments of cumulative substrate degradation and 

hydrogen production, respectively. 

Numerical simulation procedure 

The self-written code in FORTRAN language based on the Gauss-

Seidel algorithm was used to iteratively solve the above governing 

equations described by finite volume method.29 Moreover, the 

independent of the simulation results and the grid size was ensured 

by performing the rigorous numerical tests. The model mentioned 

above was validated against the experimental data obtained from 

literature 11. In addition, as shown in Table 1, the photo-biochemical 

and thermal physical properties were used to predict photo-hydrogen 

production performance and substrate concentration distribution 

characteristics.11, 15, 26 

Table 1 Parameters used in the model 

Parameter value Parameter value 
c 3(kg/m )C  0.76 (1/ m)α  930 

2H

g (mM)C
 29.76 (1 / h)β  1.5×10-3 

s

in
(mM)C

 60 ε  0.38 

2H 2

gr (m /h)D
 2.29×10-6 

3

g
(m /h)v

 
0.356 

s 2

gr (m /h)D
 2.86×10-6 

3

l
(m /h)v

 
2.88×10-3 

s 2

l (m /h)D  6.06×10-6 
3

g (kg/m )ρ
 0.714 

s (mM)K  28.9 (N/m)σ  7.28×10-2 

x/sY  0.61 ψ  1.97 

3. Results and discussion 

Effect of light intensity 

The light intensity is a critical factor affecting photo-biochemical 

reactions because of the sensitivity of photosynthetic system to light 

intensity.11 Suitable light intensity contributes to maximize photo-

hydrogen production performance by the enhancement of the PSB’s 

activity. In this work, the effects of light intensities from 6 to 14 

W/m2 on substrate degradation and photo-hydrogen production were 

predicted to determine the optimal light intensity for the maximum 

SDR and HPR yielded in the entrapped-cell photobioreactor. 

As shown in Fig.1, the numerical simulation results are given 

for comparison with the experimental data under various light 

intensities obtained from litter 11. The relative deviations between 

the numerical simulation results and the experimental data are within 

the range of -8.6~+2.8 % and -29.2~ +23.6 % for the SDR and the 

HPR, respectively. Obviously, the SDR and the HPR firstly 

improved with the increase of light intensity because the amount of 

electrons and ATP stimulated were gradually sufficient with the 

enhancement of the photons captured by the photosynthetic 

apparatus of the PSB. However, the SDR and the HPR dropped when 

the light intensity further increased beyond the critical threshold. It 

can be attributed to the fact that the higher light intensity results in a 

photo-inhibition phenomenon because the excessive photons 
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captured converts into overfull heat energy to damage the 

photosynthetic apparatus of the PSB.30 Hence, the proper light 

intensity maintained is critically significant for the improvement on 

photo-hydrogen production performance of the entrapped-cell 

photobioreactor. 
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Fig.1 Effect of light intensity on the SDR and the HPR 

For understanding the influence of light intensity on substrate 

concentration distribution characteristics, as shown in Fig.2, the s

lC  

and s s

gr lC C  are predicted under five light intensities (6, 8, 10, 12 

and 14 W/m2). It can be seen that, at a specific light intensity, the 

substrate concentrations decrease along the h-direction and the 

reverse r-direction due to the substrate degraded by photo-

biochemical reactions. Under the light intensity of 10 W/m2, the 

lowest substrate concentrations were achieved at the outlet of the 

entrapped-cell photobioreactor and the surface of gel granule, which 

indicates that the substrate degradation performance is a maximum. 

These results coincide with the variation trend of the SDR mentioned 

above (cf. Fig.1). 

 
Fig.2 Effect of light intensity on s

lC  and s s

gr lC C . 

Effect of the porosity of packed bed 

A variation of the porosity of packed bed can result in a change of 

the mass transfer processes of substrate and products because it can 

significantly affect the specific area of gel granules in the elemental 

volume. In this work, therefore, the effect of the porosity of packed 

bed on substrate degradation and photo-hydrogen production of 

the entrapped-cell photobioreactor is investigated under various light 

intensities and the numerical simulation results are shown in Fig.3. 

 
Fig. 3 Effect of the porosity of packed bed on the SDRs and the HPRs 

under various light intensities 

It can be seen that the SDRs decreased monotonically with 

increasing the porosity of packed bed from 0.30 to 0.45, while the 

HPRs also dropped monotonically. It can be explained by the fact 

that the increase of the porosity of packed bed leads to the decrease 

in the specific area of gel granules in the elemental volume, lowering 

the amount of substrate transferred into gel granules and 

subsequently negatively affecting the photo-hydrogen production 

performance of the entrapped-cell photobioreactor. Based on these 

results obtained, it can be summarized that a higher porosity of 

packed bed is beneficial to the improvement on photo-hydrogen 

production performance of the entrapped-cell photobioreactor. 

Effect of the height of photobioreactor 

It is known that the height of photobioreactor is one of key 

factors affecting substrate degradation and photo-hydrogen 

production in the entrapped-cell photobioreactor. In this section, 

therefore, the SDRs and HPRs were studied under different 

heights of photobioreactor by two-phase mixture model, and 

the porosity of packed bed was set at 0.38. 

Fig.4 shows the effect of the height of photobioreactor on 

the SDRs and the HPRs under various light intensities. It can be 

seen that the SDRs and the HPRs decrease monotonically with 

the increase of the height of photobioreactor from 150 to 250 

mm. This behaviour can be explained by that the continuous 

substrate degradation for producing hydrogen gradually 
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exacerbates the insufficient substrate supplied for PSB as the 

increased height of photobioreactor, lowering the performance 

of substrate degradation and photo-hydrogen production. 

Moreover, for a given height of photobioreactor, it can be found 

that both too high and too low light intensity result in the poor 

SDRs and the lower HPRs, and the highest SDR and HPR were 

achieved at the light intensity of 10 W/m2 because the combined 

effect of the effective absorption of light energy and the photo-

inhibition of photosynthesis. 

 
Fig. 4 Effect of the height of photobioreactor on the SDRs and the 

HPRs under various light intensities 

Conclusions 

In this work, two-phase mixture model has been established to 

predict substrate degradation and photo-hydrogen production in 

the entrapped-cell photobioreactor under various light 

intensities based on photo-biochemical reaction kinetics and 

mass transfer principles. The main conclusions are summarized 

as follows: 

(1) The predicted results of the substrate degradation rate (SDR) 

and hydrogen production rate (HPR) agree well with the 

reported experimental data under various light intensities. 

(2) The most suitable condition for substrate degradation to 

produce hydrogen was at the light intensity of 10 W/m2. 

(3) The increases of the porosity of packed bed and the height 

of photobioreactor lowered photo-hydrogen production 

performance of the entrapped-cell photobioreactor. 
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