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a b s t r a c t 

This paper experimentally and theoretically investigates light transfer in agar-immobilized cell cultures. 

Certain biotechnological applications such as production of metabolites secreted by photosynthetic mi- 

croorganisms require cells to be immobilized in biopolymers to minimize contamination and to facil- 

itate metabolite recovery. In such applications, light absorption by cells is one of the most important 

parameters affecting cell growth or metabolite productivity. Modeling light transfer therein can aid de- 

sign and optimize immobilized-cell reactors. In this study, Parachlorella kessleri cells with areal biomass 

concentrations ranging from 0.36 to 16.9 g/m 

2 were immobilized in 2.6 mm thick agar gels. The aver- 

age absorption and scattering cross-sections as well as the scattering phase function of P. kessleri cells 

were measured. Then, the absorption and transport scattering coefficients of the agar gel were deter- 

mined using an inverse method based on the modified two-flux approximation. The forward model was 

used to predict the normal-hemispherical transmittance and reflectance of the immobilized-cell films ac- 

counting for absorption and scattering by both microalgae and the agar gel. Good agreement was found 

between the measured and predicted normal-hemispherical transmittance and reflectance provided ab- 

sorption and scattering by agar were taken into account. Moreover, good agreement was found between 

experimentally measured and predicted mean rate of photon absorption. Finally, optimal areal biomass 

concentration was determined to achieve complete absorption of the incident radiation. 

© 2017 Elsevier Ltd. All rights reserved. 
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. Introduction 

Photosynthetic microalgae, cyanobacteria, and diatoms have

ide range of applications in the nutraceutical [1] , cosmetics [2] ,

harmaceutical [3] , biofuels [4] , and food processing industries [5] .

hey are also used in tertiary wastewater treatment [6] and animal

eed production [7] . These microorganisms are typically grown in

pen ponds or closed photobioreactors (PBRs) exposed to solar ra-

iation or artificial illumination. Then, the cells are suspended in

utrient media by mechanical mixing using paddle wheels or by

ir/CO 2 mixture injection within the PBR suspension [8] . However,

or certain biotechnological applications, such as wastewater treat-

ent [9,10] and secreted metabolite production [11,12] , the use of

mmobilized-cell reactors are preferred. Then, metabolite produc-

ion [11,12] or pollutant consumption [9,10] is favored instead of

ell division. 
∗ Corresponding authors. 
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Fig. 1 shows a schematic of an immobilized-cell PBR illustrating

utrient and metabolite exchange between cells immobilized in a

iopolymer and the nutrient medium flowing above. In this con-

guration, the metabolites produced by the immobilized microor-

anisms diffuse out of the biopolymer into the growth medium

hile the nutrients consumed by the microorganisms diffuse into

he biopolymer. This allows maintaining biomass in the culture

ystem while facilitating the recovery of metabolites exuded by

he cells [9] . Immobilization also minimizes biological contamina-

ion of the culture by creating a physical barrier for potential con-

aminants [13] . Finally, it prevents metabolite accumulation in the

edium which may have toxic or inhibitory effects on productivity

11] . Two quintessential microorganisms ideal for immobilized cul-

ivation are the microalgae Botryococcus braunii which secretes liq-

id hydrocarbons used for biofuel production [14] and the diatom

aslea ostrearia which exudes a blue pigment used in aquacultures

nd in the pharmaceutical industry [15] . 

Light absorption rate of the cells and light utilization efficiency

f immobilized-cell PBRs are arguably the most important param-

ters affecting cell and/or metabolite productivity [16–22] . Thus,

areful light transfer analysis must be conducted to optimize light

http://dx.doi.org/10.1016/j.jqsrt.2017.04.027
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2017.04.027&domain=pdf
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Fig. 1. Schematic of immobilized-cell PBR with nutrient medium flowing above im- 

mobilized cells suppling fresh nutrients and removing metabolites. 
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absorption rate by immobilized cells and to design and operate

PBRs efficiently. Light transfer in PBRs containing cells suspended

in liquid media has been extensively studied [22–25] . Method-

ologies have been developed to measure the radiation character-

istics and determine the optical properties of free-floating mi-

croalgae and cyanobacteria [23,25,26] . Moreover, models of various

complexity have been developed to predict the local fluence rate

and the rate of energy absorption in open ponds, flat-plate, and

cylindrical PBRs [24,27–31] and to predict transmittance and re-

flectance [32,33] . However, to the best of our knowledge no study

has investigated light transfer in immobilized-cell films. It remains

unclear whether models and methodologies developed for con-

ventional PBRs with free-floating microorganisms are applicable

to immobilized-cell PBRs given the presence of the immobilizing

polymer and the lack of mixing. 

This study aims to develop and experimentally validate a model

predicting light transfer in immobilized-cell PBRs. Validation was

performed with Parachlorella kessleri cells immobilized in agar gel.

This study also reports the spectral radiation characteristics, over

the photosynthetically active radiation (PAR) region, of the two

constituents of the immobilized-cell film, namely, the photosyn-

thetic cells and the agar gel. Finally, the results were used to de-

fine simple rules and strategies for optimizing productivity in light-

limited immobilized-cell films. 

2. Background 

2.1. Modeling light transfer in PBRs 

The local and spectral specific rate of photon absorption (RPA),

A λ(r) (μmol h ν /kg ·s) represents the number of photons of wave-

length λ absorbed per unit of dry biomass and per unit time at

location r in the PBR [34] . It depends on the average mass ab-

sorption cross-section Ā abs,λ (in m 

2 /kg) of the microorganisms and

on the local fluence rate G λ( r ) (in μmol h ν /m 

2 ·s) at location r and

wavelength λ, according to [34] 

A λ(r) = Ā abs,λG λ(r) . (1)

For absorbing and scattering media, such as microalgae suspen-

sions, the local spectral fluence rate G λ( r ) can be obtained by solv-

ing the radiative transfer equation [35] . Typically, the local PAR-

averaged fluence rate G PAR ( r ) and PAR-averaged RPA A PAR (r) are

used to model microalgae growth and productivity [22] . The PAR-

averaged fluence rate G PAR ( r ) can be expressed as [34] 

G PAR (r) = 

700 ∫ 
400 

G λ(r)d λ. (2)

Similarly, the local PAR-averaged rate of photon absorption A PAR (r)

can be defined as [34] 

A PAR (r) = 

700 ∫ 
400 

A λ(r)d λ. (3)
inally, the volume-averaged RPA or the mean rate of photon ab-

orption (MRPA) in a PBR of volume V can be estimated according

o [34] 

 A PAR 〉 = 

1 

V 

∫ 
V 

A PAR (r)d V. (4)

For flat-plate PBRs of thickness L with transparent front

 z = 0 m) and back ( z = L ) windows containing strongly forward

cattering microalgae and exposed to normally incident spectral

adiation flux q ′′ 
in,λ

, light transfer is one-dimensional and the lo-

al fluence rate G λ( z ) can be predicted at depth z by the two-flux

pproximation as [27] 

G λ(z) 

(1 − ρ1 ,λ) q ′′ 
in,λ

= 2 

(1 + αλ) e δλ(L −z) − (1 − αλ) e −δλ(L −z) 

(1 + αλ) 2 e δλL − (1 − αλ) 2 e −δλL 
(5)

here the coefficients αλ (unitless) and δλ (in m 

2 /kg) are ex-

ressed as [27] 

λ = 

√ 

κλ

κλ + 2 b λσs,λ
and δλ = 

√ 

κλ

(
κλ + 2 b λσs,λ

)
. (6)

ere, κλ and σ s, λ are respectively the average absorption and sin-

le scattering coefficients and b λ is the average backward scatter-

ng fraction of the microalgae suspension [27] . In addition, ρ1, λ

s the front surface normal-normal reflectivity given by Fresnel’s

quations. For an optically smooth agar film/air interface under

ormally incident radiation ρ1, λ can be expressed as [36] 

1 ,λ = 

(n m,λ − 1) 2 

(n m,λ + 1) 2 
. (7)

here n m, λ is the growth medium refractive index. The two-flux

pproximation has been shown to give good predictions of the lo-

al fluence rate G λ( z ) for flat-plate PBRs and open ponds [27,30,34] .

An alternative way of expressing the MRPA is by performing an

nergy balance on the incoming and outgoing radiation in a one-

imensional PBR such that [37] 

 A PAR 〉 = 

1 

X L 

[
q ”PAR (0) − q ”PAR (L ) 

]
= 

q ”
PAR,in 

X L 
	 (8)

here q " 
PAR 

(0) and q " 
PAR 

(L ) are the PAR-averaged radiation flux at

he front and back of the PBR, respectively. Similarly, q " 
PAR , in 

is

he incident photon flux density averaged over the PAR region ex-

ressed in μmol h ν /m 

2 ·s. Moreover, 	 is the fraction of light ab-

orbed by the microalgae over the PAR region estimated as 

= 

1 

( λmax − λmin ) 

∫ λmax 

λmin 

(
1 − T nh,λ − R nh,λ

)
d λ. (9)

ere, T nh, λ and R nh, λ are respectively the normal-hemispherical

pectral transmittance and reflectance of the immobilized-cell

lms while integration is performed over the PAR region such that

min = 400 nm and λmax = 700 nm. 

Finally, Cornet and co-workers [16,17,19,38,39] have developed a

inetic model that can predict microalgae growth and productivity

ased on the local RPA A PAR (r) . The model predicts both the local

ate of oxygen production and the local biomass productivity. The

uthors reported that the maximum productivity of a PBR occurs

hen the minimum PAR-averaged local RPA in the PBR is equal to

he so-called photosynthesis compensation point A c . In a flat-plate

BR of thickness L illuminated from one side ( z = 0 m), the min-

mum RPA occurs at the back wall of the PBR, i.e., at z = L . Note

hat the photosynthesis compensation point A c depends on the

icroorganism species. For example, it was reported to be around

500 μmol /kg ·s for Chlorella vulgaris [39] . 
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.2. Normal-hemispherical reflectance and transmittance 

Let us consider a homogeneous absorbing, scattering, but non-

mitting slab of immobilized-cell film of thickness L exposed to

ollimated and normally incident radiation on one side. Radiation

ransfer in this case can be assumed to be one-dimensional [28,30] .

he slab or film is assumed to be reflecting and refracting and

ubject to internal reflection. Solving the radiation transfer equa-

ion based on the modified two-flux approximation and the trans-

ort approximation leads to an analytical expression for the spec-

ral normal-hemispherical transmittance T nh, λ ,pred and reflectance

 nh, λ,pred given by [36] 

 nh,λ,pred = T 0 nh,λ + 

D λ

2 

[(1 + ρ1 ,λ) exp (−τtr,λ,L ) + A λ/ ζλ] (10) 

nd R nh,λ,pred = R 

0 
nh,λ + 

D λ

2 

(1 + B λ/ ζλ + C tr,λ) (11) 

here τ tr, λ,L is the transport optical thickness defined as τtr,λ,L =
tr,λL where β tr, λ is the transport extinction coefficient of the

mmobilized-cell film. Here, T 0 
nh,λ

and R 0 
nh,λ

are respectively the

pectral normal-hemispherical transmittance and reflectance ignor-

ng multiple scattering and expressed as [40] 

 

0 
nh,λ = 

ρ1 ,λ + (1 − ρ1 ,λ) 2 C tr,λ

1 − ρ1 ,λC tr,λ
and T 0 nh,λ = 

(1 − ρ1 ,λ) 2 

1 − ρ1 ,λC tr,λ
e −τtr,λ,L 

(12) 

he parameters A λ, B λ, C tr, λ, D λ, and ζ λ are intermediary variables

efined in Refs. [33,36] . 

The two-flux approximation has often been used to predict one-

imensional radiation transfer in plane-parallel absorbing, emit-

ing, and/or isotropically scattering slabs [40] . On the other hand,

he modified two-flux approximation derived by Dombrovsky et al.

36] (i) takes into account internal reflection in the slab and (ii)

ses the transport approximation to account for anisotropic scat-

ering. The modified two-flux approximation has been validated

gainst predictions by the discrete ordinate method for strongly

orward scattering media [36] and successfully applied to glass

ontaining bubbles [36] and microalgae cultures [33] . 

.3. Determination of radiation characteristics 

The size-averaged spectral mass absorption and scattering

ross-sections Ā abs,λ and S̄ sca,λ of free-floating microalgae can be

xperimentally measured according to a procedure reviewed by

ilon et al. [23,25] . In this method, the normal-normal T nn, λ and

ormal-hemispherical T nh, λ transmittance of dilute microalgae sus-

ensions of known concentrations are measured using a spec-

rophotometer without and with an integrating sphere, respec-

ively. The pathlength of the cuvette and/or the microalgae concen-

ration X must be chosen such that single scattering prevails, i.e.,

hotons undergo at most one scattering event when they travel

hrough the suspension. In practice, the cuvette pathlength should

e smaller than the photon mean-free path in order to obtain the

verage mass absorption Ā abs,λ and scattering S̄ sca,λ cross-sections

hat are independent of concentration X . 

The present study directly compares the measured normal-

emispherical transmittance and reflectance of films consisting of

. kessleri cells immobilized in agar gel with predictions by the

odified two-flux approximation previously discussed. It also re-

orts direct measurements of the radiation characteristics of P.

essleri in suspension as well as the absorption and transport scat-

ering coefficients of the agar gel alone retrieved from normal-

emispherical transmittance and reflectance measurements. Fi-

ally, guidelines for optimizing immobilized-cell PBRs with respect

o the incident irradiance are presented. 
. Materials and methods 

.1. Species and culture medium 

The microalgae Parachlorella kessleri (UTEX2229) was obtained

rom the University of Texas Austin (UTEX) collection. It was culti-

ated in a modified Bold Basal medium with the following com-

osition (in mM) NaNO 3 8.02, Na 2 EDTA · 2H 2 O 0.122, MgSO 4 ·
H 2 O 0.83, K 2 HPO 4 0.78, KH 2 PO 4 0.88, CaCl 2 · 2H 2 O 0.155, FeSO 4 ·
H 2 O 0.046, ZnSO 4 · 7H 2 O 7.72 ×10 −4 , CuSO 4 4.95 ×10 −4 , MnCl 2 ·
H 2 O 9.15 ×10 −3 , H 3 BO 3 4.63 ×10 −2 , Co(NO 3 ) 2 · 6H 2 O 1.51 ×10 −4 ,

a 2 MoO 4 1.06 ×10 −3 , and NaHCO 3 1.5. The medium was sterilized

y autoclaving at 121 °C for 25 min. The microalgae were culti-

ated in a 1 l airlift PBR operated in continuous mode and pre-

iously described in detail in Refs. [18,20] . The dilution rate and

he photon flux density were set to 0.01 1/h and 150 μmol h ν /m 

2 ·s,

espectively. The culture medium pH was continuously monitored

sing a pH sensor (Mettler Toledo SG 3253) and was maintained

t 8 by automatic injection of gaseous CO 2 when the pH ex-

eeded 8. The culture under steady-state continuous operation

chieved a dry biomass concentration X of 1.6 g/l. To obtain sam-

les with larger biomass concentrations, the harvested culture was

entrifuged at 10,0 0 0g (ThermoScientific Sorvall RC 6 Plus, Mas-

achusetts, USA) for 10 min at 4 °C and suspended in phosphate

uffer saline (PBS) solution. 

.2. Biomass and pigment concentrations 

Microorganism dry biomass concentration X (in kg/m 

3 ) was

easured gravimetrically by filtering 5 ml of the continuous air-

ift PBR culture through a pre-dried and pre-weighed 0.45 μm pore

ize glass-microfiber filter (Whatman GF/F). The filters were dried

or a minimum of 24 h in an oven at 105 °C and weighed after

eing cooled in a desiccator for 30 min. Each sample was analyzed

n triplicates and the mean value of the biomass concentration was

eported. 

Photosynthetic pigments were extracted in pure methanol and

uantified spectrophotometrically. A volume of 0.5 ml of the con-

inuous airlift PBR culture was first centrifuged at 13,400 rpm

12,100g) for 10 min. The medium was discarded and the cells

ere resuspended in 1.5 ml of pure methanol and sonicated for

0 s. The samples were left for 1 h in an oven at 44 °C and the

xtract was then centrifuged. The optical density OD λ of the super-

atant was measured at wavelengths λ equal to 750, 665, 652, and

80 nm using a UV–vis spectrophotometer (Jasco V-730 Easton,

D). All extractions were performed in triplicates. Chlorophyll a

nd b concentrations, respectively denoted by C Chla and C Chlb , were

stimated according to the correlations [41] 

C Chla [ mg/l] = −8 . 0962(OD 652 − OD 750 ) + 16 . 5169(OD 665 − OD 750 )

 Chlb [ mg/l] = 27 . 4405(OD 652 − OD 750 ) − 12 . 1688(OD 665 − OD 750 ) .

(13) 

imilarly, the total carotenoid concentration C P P C+ P SC , account-

ng for both photoprotective (PPC) and photosynthetic (PSC)

arotenoids, was estimated according to [42] 

 P P C+ P SC [ mg/l] = 4 (OD 480 − OD 750 ) . (14)

.3. Microalgae radiation characteristics measurements 

The total scattering phase function T, λ( �) of the free-floating

icroalgae was measured at 632.8 nm by a polar nephelometer

escribed in Ref. [43] . It was assumed to be independent of wave-

ength over the PAR region. Due to interference of the probe with

he laser beam, the scattering phase function could not be mea-

ured beyond 160 ° with respect to the forward direction. This had
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no significant impact as the microalgae were much larger than the

wavelength and scattering was strongly in the forward direction

[25,26,32,43] . 

The normal-normal transmittance T nn, λ measurements were

performed using a UV-vis-NIR spectrophotometer (Agilent Cary

50 0 0, Santa Clara, CA). The normal-hemispherical transmittance

T nh, λ measurements were performed using the same spectropho-

tometer with an integrating sphere attachment (Agilent Cary DRA-

2500, Santa Clara, CA). The microalgae suspensions were cen-

trifuged at 13,400 rpm (12,100g) for 10 min and washed with PBS

solution and resuspended in PBS to avoid absorption and scatter-

ing by the growth medium. The measurements were performed

in 1 cm pathlength quartz cuvettes (110-10-40 Hellma Analytics,

Müllheim, Germany) in the wavelength range from 350 to 750 nm.

The average spectral absorption Ā abs,λ and scattering S̄ sca,λ cross-

sections of microalgae suspensions were measured for three suffi-

ciently diluted biomass concentrations X , namely 0.041, 0.048, and

0.061 m 

2 /kg to ensure that single scattering prevailed and that the

retrieved Ā abs,λ and S̄ sca,λ were independent of X [44] . The cross-

sections reported correspond to the mean of the three measure-

ments and the error bars correspond to 95% confidence interval. 

3.4. Transmittance and reflectance of agar-immobilized cells 

3.4.1. Sample preparation 

First, a 4% agar solution was prepared by mixing 10 g of bacte-

riological agar (Type A Biokar A1010) with 250 ml of PBS. The so-

lution was autoclaved at 121 °C for 20 min to melt and sterilize the

agar. The mixture was then allowed to cool to 60 °C before adding

the microalgae suspension to prevent cell death. Note that agar so-

lidifies at 35–40 °C [45] and the microorganisms chosen for immo-

bilization must be tolerant to temporary thermal shocks. Chlorella

and Parachlorella, Dunaliella, Nannochloropsis , and Tetraselmis are

examples of species tolerant to thermal shocks [45] . To immobilize

P. kessleri cells in agar, 25 ml of the warm agar solution was mixed

with 15 ml of microalgae suspension in PBS at room temperature

such that the final concentration of agar in the mixture was 3.2 dry

wt.%. A total volume of 15 ml of the agar/microalgae mixtures were

poured into polystyrene petri dishes, 35 mm in diameter, immedi-

ately after mixing. Finally, the immobilized-cell films were allowed

to cool to room temperature and form gels with effective thickness

L of 2.6 mm. The biomass concentration of the microalgae suspen-

sions was chosen such that the final biomass concentrations X of

the immobilized-cell films were 0.0, 0.139, 0.281, 0.559, 0.975, 4.35,

and 6.49 kg/m 

3 . These corresponded to areal biomass concentra-

tions XL of 0.0, 0.36, 0.73, 1.45, 2.54, 11.3, and 16.9 g/m 

2 . The film

corresponding to XL = 0 g/m 

2 was prepared in an identical manner

to those used for immobilizing the microalgae but only with PBS

instead of the microalgae suspension. Moreover, the samples were

concentrated by centrifuging 10–100 ml of culture, corresponding

to the desired final concentration of the sample, and re-suspending

them in 15 ml of PBS. They were not prepared by concentrating the

entire culture and serially diluting it to obtain the desired sample

concentration. 

3.4.2. Transmittance and reflectance measurements 

A cylindrical template with sharp edges was used to cut a circu-

lar disc of 2 cm in diameter out of the agar-immobilized P. kessleri

samples ( Fig. 2 a). The normal-hemispherical transmittance T nh, λ

and reflectance R nh, λ of the immobilized-cell films were systemati-

cally measured using the previously described apparatus. The sam-

ples were held in place using the solid sample holder accessory

placed in front or behind the integrating sphere. Note that despite

the relatively large concentration of agar in the samples (3.2 dry

wt.%), the cut out discs were fragile and had to be handled with

care to prevent tearing. 
.5. Inverse method 

The inverse method, previously developed by Kandilian et al.

33] , was used to simultaneously retrieve the absorption κa, λ

nd transport scattering σtr,a,λ = (1 − g a,λ) σs,a,λ coefficients of the

gar gel alone using the measured normal-hemispherical trans-

ittance T nh, λ and reflectance R nh, λ between the wavelengths of

50 and 750 nm. The objective was to find the values of κa, λ

nd σ s,tr,a, λ that minimize the difference between the predicted

Eqs. (10)–(12)] and the experimentally measured spectral normal-

emispherical transmittance and reflectance of the agar gel. For

ach wavelength, the objective function �λ was defined as, 

λ = 

(
T nh,λ,pred − T nh,λ

T nh,λ

)2 

+ 

(
R nh,λ,pred − R nh,λ

R nh,λ

)2 

. (15)

ere, the inverse method to retrieve κa, λ and σ s,tr,a, λ was im-

lemented in Microsoft Excel using the built-in non-linear solver

ased on the generalized reduced gradient (GRG) algorithm [46] . 

.6. Data analysis 

In order to predict the normal-hemispherical transmittance

 nh, λ ,pred and reflectance R nh, λ ,pred using Eqs. (10) – (12) , one needs

o know (i) the thickness L of the immobilized-cell film, (ii) the

ffective refractive index of the medium n m, λ, (iii) the absorption

oefficient κλ, and (iv) the transport scattering coefficient σs,tr,λ =
s,λ(1 − g λ) of the immobilized-cell film. Here, the index of refrac-

ion of the agar medium was assumed to be equal to that of PBS

hose spectral refractive index can be expressed by the Cauchy

ispersion relation [47] 

 m,λ = 1 . 32711 + 

0 . 0026 

λ2 
+ 

0 . 0 0 0 05 

λ4 
(16)

here the wavelength λ is expressed in μm in the range from 0.37

o 1.610 μm. Moreover, PBS can be safely treated as non-absorbing

n the visible part of the spectrum [47] . 

Moreover, absorption and scattering by the agar matrix must

e accounted for when predicting normal-hemispherical transmit-

ance T nh, λ and reflectance R nh, λ of the immobilized-cell films.

ere, the absorption κλ and scattering σ s, λ coefficients (in 1/m)

f the immobilized-cell films were expressed as the sum of the

espective contributions of the agar matrix and of the microalgae

ells of concentration X so that 

κλ = κμ,λ + κa,λ = Ā abs,λX + κa,λ and 

s,λ = σs,μ,λ + σs,a,λ = S̄ sca,λX + σs,a,λ (17)

here κμ,λ = Ā abs,λX and σs,μ,λ = S̄ sca,λX are respectively the aver-

ge absorption and single scattering coefficients of randomly ori-

nted microalgae in PBS while Ā abs,λ and S̄ sca,λ are the average

pectral mass absorption and scattering cross-sections (in m 

2 /kg).

imilarly, the transport scattering coefficient of the immobilized-

ell films was expressed as 

s,tr,λ = S̄ sca,λX (1 − g μ,λ) + σs,a,λ(1 − g a,λ) (18)

here g μ, λ and g a, λ are the asymmetry factors of the microalgae

nd of the agar gel, respectively. 

Finally, the two-flux approximation for predicting the fluence

ate G λ( z ) in flat-plate PBRs [ Eqs. (5) and (6) ] can be applied to

mmobilized-cell films by expressing the backward scattering coef-

cient b λσ s, λ of the film as 

 λσs,λ = b μ,λσs,μ,λ + b a,λσs,a,λ. (19)

ere, backward scattering can be neglected in Eq. (6) compared

ith absorption, (i.e., κλ>> 2 b λσ s, λ) leading to αλ = 1 and δλ = κλ,

s established in Refs. [21,33] . 
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Fig. 2. (a) Color photographs of seven immobilized P. kessleri samples with areal biomass concentration XL ranging from 0 to 16.9 g/m 

2 and (b) micrographs of the 

immobilized-cell films with biomass concentration X equal to 0.559 and 4.35 kg/m 

3 . 
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. Results and discussion 

.1. Biomass and pigment concentration of immobilized-cell films 

Fig. 2 a presents a photograph of seven agar-immobilized P. kess-

eri samples with areal biomass concentration XL ranging from 0

o 16.9 g/m 

2 . Moreover, Fig. 2 b shows micrographs of the im-

obilized cells for biomass concentrations of 0.559 kg/m 

3 and

.35 kg/m 

3 . It shows relatively loose packing of the cells in both

ow and high concentration samples. In fact, Souliés et al. [48] re-

orted that the volume fraction of Chlorella vulgaris , a green mi-

roalgae similar in size to Parachlorella kessleri , was 1.6% when the

iomass concentration X of the culture was equal to 4 kg/m 

3 . 

The concentrations of Chl a , Chl b , and total carotenoids of P.

essleri grown in the continuous airlift PBR were measured spec-

rophotometrically and found to be C Chla = 46.8 ± 1.41 mg/ l, C Chlb 

 13.0 ± 0.62 mg/ l , C P P C+ P SC = 12.0 ± 0.29 mg/ l . These corre-

ponded to mass fractions of w Chla = 4.81 ± 0.15 wt.%, w Chlb = 1.33

0.06 wt.%, and w P P C+ P SC = 1.24 ± 0.03 wt.%. 

.2. Radiation characteristics of microalgae cells 

Fig. 3 a plots the experimentally measured scattering phase

unction of P. kessleri at 632.8 nm. As expected, the microalgae cells

cattered light strongly in the forward direction with asymme-

ry factor g μ,633 and back-scattered fraction b μ,633 corresponding to

.974 and 0.0042, respectively. Moreover, Figs. 3 b and 3 c plot the

verage mass absorption Ā abs,λ and scattering S̄ sca,λ cross-sections

in m 

2 /kg) the microalgae suspended in PBS solution measured be-

ween 350 and 750 nm. Fig. 3 b features absorption peaks corre-

ponding to Chl a at 435, 630, and 676 nm. Similarly, the shoulder

rom 455 to 485 nm was due to the superposition of Chl b absorp-

ion peak at 475 nm and that of PPC around 462 and 490 nm [49] .

 second absorption peak of Chl b appeared also around 650 nm.

n addition, Figs. 3 b and 3 c indicate that the microalgae scattering

ross-section S̄ sca,λ was significantly larger than their absorption

ross-section Ā abs,λ. However, Fig. 3 d shows that transport scatter-

ng cross-section S̄ sca,tr,λ = S̄ sca,λ(1 − g μ,λ) was much smaller than

he absorption cross-section of the microalgae at all wavelengths

onsidered since g μ, λ approached unity. These results were in qual-

tative and quantitative agreement with the radiation characteris-

ics of microalgae with similar size and pigment concentrations

26,32] . Note that the reported absorption Ā abs,λ and scattering
¯
 sca,λ cross-sections were the mathematical mean of samples with

hree different biomass concentrations and the error bars corre-

ponded to 95% confidence intervals. These error bars were signif-

cantly smaller than the magnitudes of Ā abs,λ or S̄ sca,λ indicating

hat absorption and scattering coefficients were directly propor-

ional to the biomass concentration. This satisfied van de Hulst’s

imple and conclusive test for the absence of multiple scattering

44] . 

.3. Transmittance and reflectance of immobilized-cell films 

Figs. 4 a and 4 b plot the experimentally measured normal-

emispherical transmittance T nh, λ and reflectance R nh, λ of 2.6 mm

hick immobilized-cell films as functions of wavelength between

50 and 750 nm for P. kessleri biomass concentration X ranging

rom 0 to 16.9 g/m 

2 . First, the normal-hemispherical transmittance

 nh, λ of agar gel with PBS ( XL = 0 g/m 

2 ) increased monotonously

ith increasing wavelength between 350 and 750 nm. By con-

rast, the corresponding normal-hemispherical reflectance R nh, λ de-

reased from 9.7% at 350 nm to 1.9% at 750 nm. Moreover, the

ormal-hemispherical transmittance T nh, λ decreased as the areal

iomass concentration increased due to absorption by the immo-

ilized microalgae. Similarly, the normal-hemispherical reflectance

 nh, λ of the film decreased with increasing concentration in the

AR region (400 ≤ λ ≤ 700 nm). However, R nh, λ increased with in-

reasing values of XL for wavelengths larger than 700 nm. This was

ue to backscattering by the microalgae cells and to the fact that

gar and microalgae are weakly or non-absorbing at these wave-

engths. 

.4. Remote immobilized-cell film PBR monitoring 

Fig. 5 plots the normal-hemispherical reflectance R nh ,750 of the

mmobilized-cell films at 750 nm as a function of areal biomass

oncentration XL . The wavelength λ = 750 nm was chosen on the

asis that green microalgae and cyanobacteria are non-absorbing

t this wavelength and measurements of normal-hemispherical re-

ectance R nh ,750 are not sensitive to variation in pigment concen-

ration. Fig. 5 establishes that R nh ,750 was linearly proportional to

L leading to a least square fit of 

 nh, 750 (X L ) = R nh,a, 750 + εX L (20)

here the coefficient of proportionality ε was equal to 5.5 ×10 −3 

3.1 ×10 −4 m 

2 /kg while R nh,a ,750 was the normal-hemispherical
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Fig. 3. (a) Experimentally measured scattering phase function of P. kessleri at 632.8 nm and average spectral mass (b) absorption Ā abs,λ, (c) scattering S̄ sca,λ, and (d) transport 

scattering S̄ sca,tr,λ cross-sections of P. kessleri suspensions between 350 and 750 nm. Note that error bars were smaller than the symbols or lines. 

Fig. 4. Experimentally measured normal-hemispherical (a) transmittance T nh, λ and (b) reflectance R nh, λ between 350 and 750 nm for P. kessleri cells immobilized in agar gel 

with thickness L of 2.6 mm and areal biomass concentration XL ranging from 0 to 16.9 g/m 

2 . 
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Fig. 5. Experimentally measured normal-hemispherical reflectance R nh ,750 of the 

immobilized-cell films at 750 nm as a function of areal biomass concentration XL 

between 0 and 16.9 g/m 

2 along with linear curve fit. 
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Fig. 6. Retrieved spectral (a) absorption κa, λ and (b) transport scattering σs,tr,a,λ = 

(1 − g a,λ ) σs,a,λ coefficients of the 2.6 mm thick agar gel used for immobilizing the 

microalgae and containing 3.2 dry wt.% of agar. 
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eflectance of agar film alone (i.e., XL = 0 g/m 

2 ) equal to 0.018 ±
.0024. The latter was in good agreement with the normal-normal

eflectance ρ1,750 of 0.02 at the air/agar interface estimated by Eq.

7) using n m ,750 of PBS. The results suggest that measurements of

ormal-hemispherical reflectance R nh ,750 can be used to remotely

nd non-invasively estimate the areal biomass concentration XL of

mmobilized-cell films in real time. Note, however, that the pres-

nce of excessive number of dead cells and/or contaminants in the

ulture may lead to inaccurate estimates of the areal biomass con-

entration XL . 

.5. Agar film radiation characteristics 

Figs. 6 a and 6 b show the spectral absorption κa, λ and trans-

ort scattering σ s,tr,a, λ coefficient of the agar gel retrieved from the

ormal-hemispherical transmittance T nh, λ and reflectance R nh, λ be-

ween 350 and 750 nm. It indicates that the absorption coefficient

a, λ of the agar gel was relatively constant around 30–40 m 

−1 for

he wavelength range of interest. Absorption can be attributed to

he fact that bacteriological grade A agar, used in this study, typ-

cally has an ash content of approximately 5–6 wt.% [50] in the

orm of impurities composed of metals such as Cu, Mn, Fe, Al, Cr,

d, Ni, Zn, and Sn and salts found in seawater containing elements

uch as Na, Cl, Ca, P, S, K, and N [51] . 

On the other hand, the transport scattering coefficient σ s,tr,a, λ

ncreased exponentially with decreasing wavelength from approxi-

ately 6.7 m 

−1 at 750 nm to reach 179 m 

−1 at 350 nm. The cor-

esponding least-square fit yielded σs,tr,a,λ = 2660 e −0 . 008 λ with λ
xpressed in nm and R 

2 = 0.99. In fact, agar gels have a porous

icrostructure with a broad pore size distribution ranging from

00 to 600 nm [52] resulting in strong light scattering. Note also

hat mean agar pore size decreases and its size distribution nar-

ows with increasing dry agar concentration in the gel [52,53] . This

ould reduce scattering but would also increase absorption. In ad-

ition, increasing dry agar concentration increases the gel mechan-

cal strength [10] . However, it also increases its liquid state viscos-

ty making mixing with the microalgae cells and casting the mix-

ure into a film difficult. 

Overall, these results establish that agar is an absorbing and

cattering medium and its effects should be accounted for in mod-

ling radiation transfer in immobilized-cell films. Note however,

hat absorption and scattering by immobilized microalgae at con-
entration X larger than 0.5 kg/m 

3 still dominate over the contri-

ution of agar gel between 350 and 700 nm. 

.6. Predicted transmittance and reflectance 

Figs. 7 a to 7 l compare the measured and predicted normal-

emispherical transmittance T nh, λ and reflectance R nh, λ of immobi-

ized P. kessleri films with areal biomass concentrations XL equal

o (a,b) 0.36, (c,d) 0.73, (e,f) 1.45, (g,h) 2.54, (i,j) 11.3, and (k,l)

6.9 g/m 

2 . Predictions of the transmittance T nh,pred, λ and reflectance

 nh,pred, λ were based on the modified two-flux approximation given

y Eqs. (10) –(12) based on the effective absorption κλ and trans-

ort scattering σ s,tr, λ coefficients of the immobilized-cell films esti-

ated according to Eqs. (17) and (18) using (i) the average spectral

bsorption Ā abs,λ and scattering S̄ sca,λ cross-sections and the asym-

etry factor g μ,633 measured for the microalgae suspended in PBS

 Figs. 3 a to 3 d) and (ii) the retrieved absorption κa, λ and transport

cattering σ s,tr, a, λ coefficients of the agar film with XL = 0 g/m 

2 

 Figs. 6 a and 6 b). Good overall agreement was observed between

easurements and predictions of T nh, λ and R nh, λ. 

The modified two-flux approximation tended to underpredict

he experimentally measured transmittance T nh, λ and to overpre-

ict the experimentally measured reflectance R nh, λ, particularly

or large areal biomass concentrations XL . This can be attributed

o (a) the assumption of constant microalgae asymmetry factor
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Fig. 7. Comparison of measured and predicted normal-hemispherical transmittance T nh, λ and reflectance R nh, λ of agar immobilized P. kessleri with areal biomass concentration 

XL of (a, b) 0.36, (c, d) 0.73, (e, f) 1.45, (g, h) 2.54, (i, j) 11.3, and (k, l) 16.9 g/m 

2 . 
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Fig. 8. Dimensionless mean rate of photon absorption 	 = 〈 A PAR 〉 XL/q ”in as a func- 

tion of areal biomass concentration XL estimated by (i) Eqs. (1) –(6) or (ii) by Eq. 

(9) using either the measured or (iii) the predicted normal-hemispherical transmit- 

tance T nh, λ,pred and reflectance R nh, λ,pred . 
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 μ, λ over the PAR region and more importantly (b) to the use of

he transport approximation instead of a more accurate scatter-

ng phase function. Indeed, the transport approximation expresses

he scattering phase function of the microorganisms as a sum of

n isotropic component and a forward scattering peak at � = 0 o .

y contrast the measured microalgae scattering phase function

 Fig. 3 a) features small values in the backward directions ( � ≥ 90 o )

hat are overestimated by the isotropic component of the trans-

ort approximation leading to the overprediction of the normal-

emispherical reflectance R nh, λ particularly for λ ≥ 700 nm when

he film is weakly absorbing. 

.7. Mean rate of photon absorption 

Fig. 8 compares the dimensionless mean rate of photon absorp-

ion 	 = 〈 A PAR 〉 XL/q ”PAR,in , as a function of the areal biomass con-

entration XL estimated either (i) using the PAR-averaged mean

ate of photon absorption estimated by Eqs. (1) –(6) or (ii) using

q. – (9) based on the measured or (iii) on the predicted transmit-

ance T nh, λ,pred and reflectance R nh, λ ,pred . 

First, predictions of the PAR-averaged absorbance 	 given by

q. (9) using the experimentally measured or predicted normal-

emispherical transmittance T nh, λ and reflectance R nh, λ fell within

0% of each other for areal biomass concentration XL greater than

 g/m 

2 . However, their relative difference increased up to 30% for

L smaller than 1 g/m 

2 due to the fact that the modified two-

ux approximation underpredicted the experimentally measured

ormal-hemispherical transmittance T nh, λ. The difference between

he two approaches was not as significant at larger XL , as T nh, λ and

 nh, λ tended to zero. 

Moreover, Fig. 8 indicates that predictions of 〈 A PAR 〉 XL/q ”PAR,in 

sing Eqs. (1) –(6) were systematically smaller than those esti-

ated using Eq (9) . This was due to the fact that Eq. (9) implic-

tly accounted for absorption and scattering by both the microal-

ae and the agar gel (see Supplemental Material). By contrast, Eqs.

1) –(6) consider absorption and scattering by microalgae and agar
hen predicting the local fluence rate G λ( z ) but only take into

ccount absorption by microalgae when predicting the mean rate

f photon absorption 〈 A PAR 〉 . In other words, Eq. (9) predict the

ean rate of photon absorption of the ensemble of agar and mi-

roalgae while Eqs. (1) –(6) estimate only that of the microorgan-

sms. The latter is the parameter that should be used when mod-

ling the kinetics of microalgae since only photons absorbed by

icroalgae can participate in the biochemical reactions within the

ell. Here also, the difference between the two approaches was ap-

arent and most significant at very low microalgae concentrations

L << 1 g/m 

2 when the MRPA 〈 A PAR 〉 converges to zero. Therefore,

he MRPA 〈 A PAR 〉 in immobilized-cell films should be predicted us-

ng Eqs. (1) –(6) . 

.8. Optimal areal biomass concentration 

As previously discussed, in order to maximize secondary

etabolite productivity of immobilized-cell film PBRs exposed to

ormally incident solar radiation on the front face, the biomass

oncentration X and the film thickness L should be selected such

hat the local rate of photon absorption A PAR (L ) on the film

ackside is equal to the photosynthetic compensation point A c 

16,17,38,39] . 

Figs. 9 a and 9 b show (a) the optimum PAR-averaged fluence

ate G PAR ( z ) estimated by Eqs. (5) and (6) and (b) the correspond-

ng optimum RPA A PAR (z) predicted by Eq. (3) for immobilized P.

essleri film exposed to an intermediate value of PAR-averaged inci-

ent solar irradiance q " 
PAR , in 

= 200 μmol h ν /m 

2 ·s. Here, the optimum

real biomass concentration ( XL ) opt was 15.2 g/m 

2 (5.85 kg/m 

3 )

nd such that A PAR (L ) = A c = 1 , 500 μmol h ν /kg ·s. Note that the lat-

er corresponded to the photosynthetic compensation point of C.

ulgaris but it was used in this study due to a lack of data for

. kessleri and because both species were green microalgae of the

ame family and size. 

Furthermore, Figs. 9 c and 9 d show the (c) optimal biomass X opt 

nd (d) optimal areal biomass ( XL ) opt concentrations of immobi-

ized P. kessleri films as functions of incident photon flux density

 

" 
PAR , in 

ranging from 50 to 1,500 μmol h ν /m 

2 ·s and for three dif-

erent values of film thickness L of 2.6, 5, and 10 mm. Fig. 9 c

lso shows the fitting curves of the form of X opt = c 1 ln (q " 
PAR , in 

) +
 2 where c 1 and c 2 are constants estimated by the least square

ethod for each film thickness considered. First, Fig. 9 c indicates

hat the optimum biomass concentration X opt decreased with in-

reasing film thickness L for the same incident photon flux den-

ity q " 
PAR , in 

. However, Fig. 9 establishes that the optimum values

f XL were independent of the film thickness L . Instead, the prod-

ct XL , representing the film optical thickness, determined the PBR

erformance. This was also observed for conventional PBRs (open

onds, flat-plate, and tubular) in both batch and continuous modes

30] . 

Fig. 9 d also illustrates that the optimum areal biomass concen-

ration ( XL ) opt increased with increasing q " 
PAR , in 

. Increasing XL be-

ond ( XL ) opt would result in the presence of a so-called “dark zone”

here the respiration rate of the microorganisms is larger than the

hotosynthesis rate. This would result in loss of biomass and/or

etabolite productivity. On the other hand, XL < ( XL ) opt would lead

o a larger than optimum A PAR (z) causing excessive dissipation of

he absorbed energy by the microorganisms in the form of heat

nd fluorescence thus lowering metabolite productivity and PBR ef-

ciency [54] . 

Moreover, the relationship between ( XL ) opt and q " 
PAR , in 

can be

tted as 

( XL ) opt = 6 . 44 ln 

(
q " PAR , in 

)
− 18 . 51 (21) 

ith coefficient of determination R 2 = 0.99. The mathematical form

f this correlation can be derived from Eqs. (1) –(6) assuming (i)
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Fig. 9. Optimum local PAR-averaged (a) fluence rate G PAR ( z ) and (b) rate of photon absorption A PAR (z) in immobilized P. kessleri film with areal biomass concentration XL 

equal to 15.2 g/m 

2 exposed to incident irradiance q " 
PAR , in 

= 200 μmol h ν /m 

2 ·s. Optimal (c) biomass X opt and (d) areal biomass ( XL ) opt concentration as a function of incident 

photon flux density q " 
PAR , in 

for film thickness L of 2.6 mm, 5 mm, and 10 mm. 
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c

monochromatic incident photon flux density or grey film PBR and

(ii) negligibly small backward scattering ratio ( b λ = 0 ). It is impor-

tant to note that this design rule is valid for P. kessleri with the

radiation characteristics reported in Fig. 3 for any film thickness L . 

Finally, we assumed that the culture is only light-limited

with no mineral limitation or oxygen inhibition. While this

can be achieved in properly operated open-ponds and closed

PBRs containing suspended microalgae, it must be validated for

immobilized-cell film PBRs as the presence of agar gel may also

lead to nutrient limitations. However, this falls outside the scope

of the present study. 

5. Conclusion 

This paper developed and experimentally validated a model

based on the modified two-flux approximation to predict light

transfer in immobilized-cell PBRs. This was demonstrated success-

fully using Parachlorella kessleri cells immobilized in agar gel with
real biomass concentration XL ranging from 0.36 to 16.9 g/m 

2 

 X between 0.145 and 6.49 kg/m 

3 ). The absorption and trans-

ort scattering coefficients of the microalgae cells and the agar

el were measured independently. Then, the absorption and scat-

ering coefficients of the immobilized-cell films were expressed

s the sum of the respective contributions of their constituents.

redictions of the normal-hemispherical transmittance and re-

ectance of the immobilized-cell films by the two-flux approxi-

ation agreed well with the experimental measurements for all

iomass concentrations considered. The results also suggest that

ormal-hemispherical reflectance at 750 nm could be used for

eal-time remote monitoring of the areal biomass concentration of

mmobilized-cell films. Finally, the optimum areal biomass concen-

ration ( XL ) opt was estimated as a function of incident irradiance

 

" 
PAR , in 

and was found to (i) be independent of film thickness L and

ii) increase logarithmically with increasing q " 
PAR , in 

in light-limited

ultures. 
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