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a b s t r a c t

This paper aims to experimentally and directly validate a recent theoretical method for
predicting the radiation characteristics of photosynthetic microorganisms. Such predic-
tions would facilitate light transfer analysis in photobioreactors (PBRs) to control their
operation and to maximize their production of biofuel and other high-value products. The
state of the art experimental method can be applied to microorganisms of any shape and
inherently accounts for their non-spherical and heterogeneous nature. On the other hand,
the theoretical method treats the microorganisms as polydisperse homogeneous spheres
with some effective optical properties. The absorption index is expressed as the weighted
sum of the pigment mass absorption cross-sections and the refractive index is estimated
based on the subtractive Kramers–Kronig relationship given an anchor refractive index
and wavelength. Here, particular attention was paid to green microalgae Chlamydomonas
reinhardtii grown under nitrogen-replete and nitrogen-limited conditions and to Chlorella
vulgaris grown under nitrogen-replete conditions. First, relatively good agreement was
found between the two methods for determining the mass absorption and scattering
cross-sections and the asymmetry factor of both nitrogen-replete and nitrogen-limited C.
reinhardtii with the proper anchor point. However, the homogeneous sphere approx-
imation significantly overestimated the absorption cross-section of C. vulgaris cells. The
latter were instead modeled as polydisperse coated spheres consisting of an absorbing
core containing pigments and a non-absorbing but strongly refracting wall made of
sporopollenin. The coated sphere approximation gave good predictions of the experi-
mentally measured integral radiation characteristics of C. vulgaris. In both cases, the
homogeneous and coated sphere approximations predicted resonance in the scattering
phase function that were not observed experimentally. However, these approximations
were sufficiently accurate to predict the fluence rate and local rate of photon absorption
in PBRs.

& 2016 Elsevier Ltd. All rights reserved.
(J. Pruvost),
1. Introduction

Microalgal biomass has long been touted as the feed-
stock for next generation biofuels such as biodiesel. They
can also be used for the production of high-value products
such as pharmaceuticals, pigments, and nutraceuticals [1].
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However, technical and economic feasibility of large-scale
outdoor production has not yet been fully demonstrated
[2]. Microalgae are typically grown in photobioreactors
(PBRs) exposed to artificial or solar radiation. The cells use
the energy absorbed in the photosynthetically active
radiation (PAR) region of the incident solar radiation to
carry out photosynthesis. Numerous kinetic models have
been developed for coupling microalgae biomass and/or
lipid productivity to light transfer in the PBR [3–8]. Such
predictive models are crucial for optimizing and for
scaling-up bioprocesses to industrial scales as well as for
performing economic and life cycle analysis. They require
the knowledge of the local fluence rate in the PBR and
therefore the solution to the radiative transfer
equation (RTE) [9]. The latter depends on the radiation
characteristics of the microorganisms including their
absorption and scattering cross-sections and their scat-
tering phase function [10]. These radiation characteristics
can be obtained experimentally [11] or predicted theore-
tically based on electromagnetic wave theory [12,13].

The experimental method that we have used for var-
ious microorganisms [10,11] applies to absorbing and
scattering particles or cells of any arbitrary shape. It
assumes that they are (i) dilute to ensure that single
scattering prevails, (ii) randomly oriented such that the
suspension average scattering phase function has azi-
muthal symmetry, and (iii) scattering is mainly in the
forward direction, as satisfied by cells whose size is much
larger than the incident light wavelength. The validity of
these assumptions can be verified experimentally [10,11].
However, the experimental setup can be costly and the
experimental procedure time consuming. Thus, it may be
difficult to implement in actual production systems. In
addition, measurements are valid only for specific growth
conditions and need to be repeated each time conditions
change including pH, temperature, illumination, and
medium composition. This is particularly true under
nitrogen-limited conditions when pigment concentrations
decreases dramatically [14,15] and radiation character-
istics evolve rapidly with time [16–18].

On the other hand, most theoretical methods predict-
ing the radiation characteristics of microalgae approxi-
mated as volume-equivalent spheres and based on Lor-
enz–Mie theory [12,13,19,20]. Others have treated micro-
algae or cyanobacteria as volume and average projected
area equivalent coated spheres [21,22] or infinitely long
cylinders [23]. They all considered the cells to be homo-
geneous, i.e., the effects of the cell organelles and any
other heterogeneities within the cells can be accounted for
through an effective complex index of refraction
mλ ¼ nλþ ikλ where nλ and kλ are the cells' effective
refraction and absorption indices, respectively. The main
challenge of the theoretical approach resides in modeling
these effective optical properties as a function of wave-
length and of the cell's biochemical composition including
water content and pigment concentrations, for example.
Theoretical methods are relatively fast and could be used
for simulating microalgae growth under various operating
conditions affecting cell size and/or pigment concentra-
tions. They can also be coupled with kinetic growth
models for the design and model-based control of PBRs,
and for, ultimately, maximizing their productivity. How-
ever, one such theoretical approach has been only vali-
dated indirectly by considering the normal–hemispherical
transmittance measurements [13].

The present study aims to directly compare, for the first
time, the radiation characteristics of microalgae suspen-
sions measured experimentally and predicted theoretically
using the state of the art methods. It considered two dif-
ferent green microalgae species namely Chlamydomonas
reinhardtii and Chlorella vulgaris grown under either opti-
mal or nitrogen-limited conditions.
2. Background

2.1. Determination of radiation characteristics

2.1.1. Experimental method
The average spectral mass absorption Aabs;λ and scat-

tering Ssca;λ cross-sections of dilute suspensions of ran-
domly oriented microorganisms can be experimentally
measured according to a method outlined and reviewed by
Pilon et al. [10]. First, the scattering phase function can be
measured by a polar nephelometer described in detail in
Ref. [24]. Then, the apparent extinction coefficient β�

λ of
dilute microalgae suspensions with different known mass
concentrations X placed in a cuvette, of pathlength ℓ can
be obtained from normal–normal transmittance Tnn;λ;X

measurements according to [10]

β�
λ ¼ �1

ℓ
ln

Tnn;λ;X

Tnn;λ;ref

 !
: ð1Þ

Here, Tnn;λ;ref is the normal–normal transmittance of the
medium alone in the cuvette. Similarly, the apparent
absorption coefficient κ�λ can be defined from the normal–
hemispherical transmittance Tnh;λ measured using an
integrating sphere as [10]

κ�λ ¼ �1
ℓ
ln

Tnh;λ;X

Tnh;λ;ref

 !
: ð2Þ

The apparent extinction coefficient β�
λ can be expressed as

a function of the actual absorption κλ and scattering σs;λ

coefficients according to [10]

β�
λ ¼ κλþð1�ϵnÞσs;λ: ð3Þ

Here, ϵn represents the fraction of light scattered in the
forward direction and detected by the spectrometer. Ide-
ally, ϵn is equal to zero so that β�

λ ¼ βλ ¼ κλþσs;λ. However,
due to the finite size of the acceptance angle of the
detector, ϵn is larger than zero and is assumed to be con-
stant over the PAR region. It can be estimated from the
suspension scattering phase function ΦT ;λðΘÞ according to
[10]

ϵn ¼
1
2

Z Θa

0
ΦT ;λ Θ

� �
sin Θ
� �

dΘ ð4Þ

where Θa is the half acceptance angle of the detector. The
actual extinction coefficient βλ ¼ κλþσs;λ can then be
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determined according to [10]

βλ ¼
β�
λ�ϵnκλ
1�ϵn

: ð5Þ

Similarly, the apparent absorption coefficient κ�λ is related
to the actual absorption κλ and scattering σs;λ coefficients
as [10]

κ�λ ¼ κλþð1�ϵhÞσs;λ: ð6Þ
Here, ϵh is the fraction of the scattered light detected by
the detector. Ideally, when all the scattered light is
accounted for, ϵh is equal to unity and κ�λ ¼ κλ. Moreover, at
λ¼ 750 nm green microalgae are assumed to be non-
absorbing, i.e., κ750 ¼ 0 m�1. Then, Eqs. (3) and (6) simplify
to

κ�750 ¼ ð1�ϵhÞσs;750 and β�
750 ¼ ð1�ϵnÞσs;750: ð7Þ

Combining Eqs. (5)–(7) yields

κλ ¼ κ�λ�κ�750
β�
λ�κ�λ

β�
750�κ�750

 !
and σs;λ ¼

β�
λ�ϵnκλ
1�ϵn

�κλ:

ð8Þ
Finally, the average spectral mass absorption Aabs;λ and
scattering Ssca;λ cross-sections (in m2/kg) of the microalgae
suspension of dry mass concentration X (in kg/m3) are
defined as [10]

Aabs;λ ¼ κλ=X and Ssca;λ ¼ σs;λ=X: ð9Þ
In this method, the pathlength ℓ and concentration X of

the samples are chosen such that single scattering prevails,
i.e., photons undergo at most one scattering event as they
travel through the suspension. In practice, the cuvette
pathlength must be smaller than the photon mean-free
path. Then, Aabs;λ and Ssca;λ are independent of concentra-
tion X. This can be verified experimentally by repeating the
measurements for suspensions with different mass con-
centrations X. This experimental procedure has been vali-
dated with polystyrene microspheres 2–20 μm in dia-
meter and long and randomly oriented glass fibers 15–
20 μm in diameter [11].

2.2. Theoretical predictions

Theoretical predictions of Aabs;λ and Ssca;λ can be
obtained by Lorenz–Mie theory, for both homogeneous or
coated spheres, based on the cell size distribution and on
the effective complex index of refraction mλ of the
microalgae [12,20,25]. The Lorenz–Mie theory predicts the
absorption Cabs;λ and scattering Csca;λ cross-sections (in m2)
and the scattering phase function Φλðreq;ΘÞ of a homo-
geneous spherical cell of complex index of refraction
mλ ¼ nλþ ikλ and volume-equivalent radius req in a non-
absorbing medium of refractive index mm;λ ¼ nm;λ. For
polydisperse microalgae cells of known size distribution
f ðreqÞ, the average absorption Cabs;λ and scattering Csca;λ
cross-sections can be estimated as [10]

Cabs;λ ¼
Z 1

0
Cabs;λðreqÞf ðreqÞ dreq and

Csca;λ ¼
Z 1

0
Csca;λðreqÞf ðreqÞ dreq: ð10Þ
It is often more practical to express cross-sections in
terms of average mass absorption Aabs;λ and scattering
Ssca;λ cross-sections [6,7,9,17,26]. The latter are related to
the absorption Cabs;λ and scattering Csca;λ cross-sections by
[12]

Aabs;λ ¼
Cabs;λ

V32ρdryð1�xwÞ
and Ssca;λ ¼

Csca;λ

V32ρdryð1�xwÞ
ð11Þ

where V32 (in m3) is the Sauter mean diameter of the cell,
ρdry is the density of the dry biomass (in kg/m3), and xw is
the average water fraction in the cells.

In addition, the total scattering phase function ΦT ;λðΘÞ
of the polydisperse microorganisms is given by [27]

ΦT ;λ Θ
� �¼

R1
0 Csca;λðreqÞΦλðreq;ΘÞf ðreqÞ dreqR1

0 Csca;λf ðreqÞ dreq
ð12Þ

The backward scattering fraction bλ is defined as the
fraction of the radiation scattered backwards and is esti-
mated from the suspension's scattering phase function
according to [12]

bλ ¼
1
2

Z π

π=2
ΦT ;λ Θ

� �
sin Θ dΘ: ð13Þ

The cells' effective absorption index kλ and the refrac-
tive index nλ must be known in order to obtain the average
spectral mass absorption Aabs;λ and scattering Ssca;λ cross-
sections of the microorganisms. Pottier et al. [12] proposed
the following expression for the absorption index kλ

kλ ¼
λ
4π

X
j

CjEaj ¼
λ
4π

ρdry 1�xwð Þ
X
j

wjEaj ð14Þ

Here, Cj (in kg/m3) is the concentration of pigment “j” in
the cell while wj ¼ Cj=X is the pigment concentration on a
dry mass basis. Moreover, Eaj (in m2/kg) is the specific
absorption cross-section of individual pigments Chlor-
ophyll a (Chl a), Chlorophyll b (Chl b), photoprotective
carotenoids (PPC), and photosynthetic carotenoids (PSC) as
reported by Bidigare et al. [28].

Pottier et al. [12] predicted the radiation characteristics
of C. reinhardtii using the Lorenz–Mie theory assuming
that (i) the cells were spherical, (ii) the absorption index kλ
was given by Eq. (14), and (iii) the refractive index nλ was
constant over the PAR and equal to 1.55. Recently, Dauchet
et al. [13] relaxed the latter assumption and developed a
method to predict the spectral refractive index nλ of
microalgae cells using the subtractive Kramers–Kronig
relation given by [13]

nν ¼ nνp þ2
ðν2�ν2pÞ

π
P
Z νmax

νmin

ν0kν0
ðν02 �ν2Þðν02 �ν2pÞ

dν0: ð15Þ

where the spectral absorption index kλ or kν is given by Eq.
(14). Here, ν¼ c=λ is the frequency of radiation, c is the
speed of light in vacuum, and P is the Cauchy principal
value. The anchor frequency denoted by νp was chosen
such that the cells did not absorb at that frequency, i.e.,
kνp ¼ 0. On the other hand, the value for nνp must be
known or retrieved experimentally. For example, Dauchet
et al. [13] chose the anchor wavelength λp as 820 nm for C.
reinhardtii as green microalgae do not absorb at
λZ750 nm [13]. The authors retrieved a value of 1.44 for C.
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reinhardtii using an inverse method that minimized the
difference between the measured and the predicted nor-
mal–hemispherical transmittance at 820 nm. The latter
was estimated by solving the RTE using the Monte Carlo
method and the predicted radiation characteristics of the
microorganisms. Finally, they measured the spectral nor-
mal–hemispherical transmittance Tnh;λ, over the PAR, of
dense microalgae cultures and compared it with predic-
tions by the Monte Carlo method solving the RTE using the
radiation characteristics estimated using the theoretical
method. The authors assumed that an agreement between
the measured and predictions transmittance Tnh;λ would
validate the accuracy of the theoretically predicted radia-
tion characteristics.

Moreover, Lee et al. [29] retrieved the complex index of
refraction of C. reinhardtii using an inverse method com-
bining the Lorenz–Mie theory, the measured average
spectral mass absorption Aabs;λ and scattering Ssca;λ cross-
sections, and the measured surface area equivalent cell
radius distribution f ðreqÞ. The authors reported a refractive
index nλ over the PAR region ranging from 1.35 to 1.37 and
an absorption index kλ ranging from 0 to 7� 10�3.

Finally, Quirantes and Bernard [30] modeled Aur-
eococcus anophagefferens cells as coated spheres with a
shell volume fraction of 15%. The inner core and outer
coating featured complex index of refraction equal to 1.36
and 1.4þ i0.005 correspond to the cell's cytoplasm and
chloroplast, respectively. The authors compared theore-
tical predictions of algal bloom reflectance to measure-
ments by a tethered surface radiometer. They found better
agreement between measurements and predictions when
the cells were modeled as coated spheres compared to
when they were modeled as homogeneous spheres with a
volume-averaged complex index of refraction. This was
attributed to the larger backscattering ratio of the coated
spheres compared with homogeneous spheres of the same
outer radius. Moreover, Geken et al. [31] recently mea-
sured the cell wall thickness tw of C. vulgaris to be
130720 nm. In addition, Atkinson et al. [32] reported that
the cell wall of C. vulgaris is typically composed of spor-
opollenin whose refractive index is constant over the PAR
region and equal to 1.48 [33].

2.3. Light transfer modeling in PBRs

The local rate of photon absorption (LRPA), AλðrÞ,
expressed in μmolhν=kg s represents the amount of pho-
tons absorbed per unit weight of biomass and per unit
time at location r in the PBR. It has been used to predict
the growth kinetics and biomass or lipid productivities of
the PBR [7,17]. It depends on the average mass absorption
cross-section Aabs;λ of the species and on the local fluence
rate GλðrÞ (in μmolhν=m2 s) in the PBR, at wavelength λ in
the PAR region, according to [9]

AλðrÞ ¼ Aabs;λGλðrÞ: ð16Þ
In the case of absorbing and scattering media such as
microalgal culture, the local spectral fluence rate GλðrÞ can
be obtained by solving the radiative transfer equation [20].
For one-dimensional flat-plate PBRs of thickness L with
transparent front (z¼0 m) and back (z¼L) windows
containing strongly forward scattering microalgae exposed
to normally incident spectral radiation flux q″λ;in the two-
flux approximation predicts the local fluence rate GλðzÞ at
depth z as [12]

GλðzÞ
q″λ;in

¼ 2
ð1þαλÞeδλðL� zÞ �ð1�αλÞe�δλðL� zÞ

ð1þαλÞ2eδλL�ð1�αλÞ2e�δλL
ð17Þ

where the coefficients αλ and δλ are expressed as [12]

αλ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Aabs;λ

Aabs;λþ2bλSsca;λ

vuut and δλ ¼ X

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Aabs;λ Aabs;λþ2bλSsca;λ

� �r
:

ð18Þ
The two-flux approximation has been shown to give good
predictions of the local fluence rate GλðzÞ for flat-plate PBR
and open ponds [9,12,34].

Finally, the PAR-averaged fluence rate GPAR(z) can be
expressed as

GPARðzÞ ¼
Z 700

400
GλðzÞ dλ: ð19Þ

Similarly, the PAR-averaged LRPA APARðrÞ can be expressed
as

APARðrÞ ¼
Z 700

400
AλðrÞ dλ: ð20Þ

2.4. Normal–hemispherical transmittance

Let us now consider a homogeneous absorbing, scat-
tering, but non-emitting microalgae suspension of thick-
ness ℓ exposed to collimated and normally incident
radiation. Radiation transfer in this case can be assumed to
be one-dimensional [25,34]. The cuvette containing the
suspension is assumed to be reflecting and refracting and
subject to internal reflection. Then solving the RTE based
on the modified two-flux approximation leads to an ana-
lytical expression for the spectral normal–hemispherical
transmittance Tnh;λ given by [35]

Tnh;λ;pred ¼ T0
nh;λþ

Dλ

2
1þρ1;λ
� �

e� τtr;λ;ℓ þAλ=ζλ
� � ð21Þ

where τtr;λ;ℓ is the transport optical thickness defined as
τtr;λ;ℓ ¼ βtr;λℓ¼ ½Aabs;λþð1�gλÞSsca;λ�Xℓ. Here, T0

nh;λ is the
spectral normal–hemispherical transmittance ignoring
multiple scattering and expressed as [27]

T0
nh;λ ¼

ð1�ρ1;λÞ2
1�ρ1;λCtr;λ

e�τtr;λ;ℓ ð22Þ

where ρ1;λ is the normal–normal reflectivity of the quartz/
air interface given by Fresnel's equations. For an optically
smooth surface with normally incident radiation, assum-
ing that the quartz is non-absorbing, i.e., mq;λ ¼ nq;λ in the
PAR region, yields,

ρ1;λ ¼
ðnq;λ�1Þ2
ðnq;λþ1Þ2

: ð23Þ

The parameters Aλ, Bλ, Ctr;λ, and Dλ are defined as [35]

Aλ ¼
ðγ1;λ�γ2;λρ1;λÞðφλsλþcλÞe�τtr;λ;ℓ �ðγ2;λ�γ1;λCtr;λÞ

ð1þφ2
λÞsλþ2φλcλ

ð24Þ
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Bλ ¼
ðγ1;λ�γ2;λρ1;λÞe� τtr;ℓ �ðγ2;λ�γ1;λCtr;λÞðφλsλþcλÞ

ð1þφ2
λÞsλþ2φλcλ

ð25Þ

Ctr;λ ¼ ρ1;λe
�2τtr;λ;ℓ ð26Þ

Dλ ¼
γλð1�μ2

c;λÞχλζ
2
λ

ζ2λ�1
: ð27Þ

Here, the parameters γλ, μc;λ, γλ, γ1;λ, γ2;λ, χλ, φλ, ζλ, sλ, and
cλ are given by [35]

γλ ¼
1�ρ1;λ
1þρ1;λ

; μc;λ ¼
ðn2

q;λ�1Þ1=2
nq;λ

;

γλ ¼
γλ

1þμc;λ
; γ1;λ ¼ 1�2γλ;

γ2;λ ¼ 1þ2γλ; χλ ¼
ωtr;λ

1�ωtr;λ

1�ρ1;λ
1�ρ1;λCtr;λ

;

φλ ¼ 2γλ=ζλ; ζ
2
λ ¼

4
ð1þμc;λÞ2

1�ωtr;λ

1�ωtr;λμc;λ
;

sλ ¼ sinh ζλτtr;λ;ℓ
� �

; and cλ ¼ cosh ζλτtr;λ;ℓ
� �

: ð28Þ
Here, μc,λ is the director cosine of the critical angle θc

beyond which total internal reflection occurs while the
transport single scattering albedo is defined as ωtr,λ¼σtr,λ/
βtr,λ.

The present study directly compares the measured and
predicted absorption and scattering cross-sections and the
scattering phase function of C. reinhardtii, grown under
optimal and nitrogen-limited conditions, and C. vulgaris
grown under optimal conditions. Then, the spectral nor-
mal–hemispherical transmittance of various concentrated
microalgae suspensions was measured and compared with
predictions by the modified two-flux approximation based
on the measured or the theoretically predicted radiation
characteristics. Finally, the PAR-averaged fluence rate and
local rate of photon absorption (LRPA) of the three cultures
grown in the study and estimated using the radiation
characteristics determined by both methods were
compared.
3. Materials and methods

3.1. Species and culture medium

A wild type of Chlamydomonas reinhardtii (137 AH) was
supplied by Commissariat à l'Energie Atomique (CEA)
Cadarache, France while the C. vulgaris (211/19) strain was
obtained from the culture collection of protozoa and
microalgae (CCAP) in Scotland, UK. Both species were
cultivated in a modified Suoeka medium with the follow-
ing composition (in mM): NH4Cl 2.71, MgSO4 �7H2O 1.14,
CaCl2 �2H2O 0.34, KH2PO4 4.48, NaHCO3 20, and 1 mL of
Hutner's trace elements solution. The medium was ster-
ilized by autoclaving it at 121 °C for 25 min.

C. reinhardtii culture was grown in optimal conditions
in a 1.5 L torus type PBR with a depth of 4 cm in chemostat
mode with a culture dilution rate of 0.01 1/h. It was
exposed to 110 μmolhν/m

2 s of white LED light. A detailed
description of the PBR was given by Takache et al. [6] and
need not be repeated. The nitrogen-limited C. reinhardtii
culture was grown in the same torus PBR but in a modified
Suoeka medium containing 1 mM of NH4 instead of
2.71 mM and exposed to 400 μmolhν/m

2 s white LED light.
Finally, C. vulgaris cells were grown in a 3 cm thick flat
plate airlift PBR, described in Ref. [14], and exposed to
500 μmolhν/m

2 s white LEDs. This PBR was operated in
chemostat mode with a dilution rate of 0.01 1/h.

Fig. 1 shows micrographs of (a) C. reinhardtii grown in
optimal or (b) nitrogen limited conditions and of (c) C.
vulgaris grown in optimal conditions. The C. reinhardtii
cells had a radius between 3 and 6 μm while C. vulgaris
was much smaller and had an approximate radius of 2 μm.

3.2. Biomass concentration

Microorganism dry biomass concentration X (in kg/m3)
was measured gravimetrically by filtering 5 mL of culture
through a pre-dried and pre-weighed 0.45 μm pore size
glass-microfiber filter (Whatman GF/F). The filters were
dried for a minimum of 24 h in an oven at 105 °C and
weighed after being cooled in a desiccator for 30 min. Each
sample was analyzed in triplicates and the mean value of
the biomass concentration was reported.

3.3. Pigment concentrations

Photosynthetic pigments were extracted in pure
methanol and quantified spectrophotometrically. A
volume of 0.5 mL of culture was first centrifuged at
13,400 rpm (12,100g) for 10 min. The medium was dis-
carded and the cells were resuspended in 1 mL of pure
methanol and sonicated for 20 s. The samples were left for
1 h in an oven at 45 °C and the extract was then cen-
trifuged. The optical density ODλ of the supernatant was
measured at wavelengths 750, 665, 652, and 480 nm using
a UV-vis spectrophotometer (Jasco V-730 Easton, MD). All
extractions were performed in triplicates. Chlorophyll a
and b concentrations, respectively denoted by CChla and
CChlb, were estimated according to the correlations [36]

CChla ½mg=L� ¼ �8:0962ðOD652�OD750Þ
þ16:5169ðOD665�OD750Þ

CChlb ½mg=L� ¼ 27:4405ðOD652�OD750Þ
�12:1688ðOD665�OD750Þ: ð29Þ

Similarly, the total carotenoid concentration CPPCþPSC ,
accounting for both photoprotective and photosynthetic
carotenoids, was estimated according to [37]

CPPCþPSC ½mg=L� ¼ 4ðOD480�OD750Þ: ð30Þ
The ratio of PPC to PSC concentrations of both species was
assumed to be 6 for any growth condition [38].

3.4. Determination of size distribution

The cell size distribution was measured using 2D
microscope images captured using a Zeiss microscope
connected to a CCD camera. The image analysis software
imageJ was used to manually measure the major a and
minor b Ferret diameters of individual cells. Then, spher-
oid aspect ratio was defined as ϵ¼ a=b while the volume-
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in (b) nitrogen limited conditions and of (c) C. vulgaris grown in optimal
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equivalent radius req was determined as [13]

req ¼ a
3
2ϵ

	 
1=3

: ð31Þ

The frequency distribution of the volume-equivalent
radius f ðreqÞ was estimated according to

f req
� �¼ NðreqÞR1

0 NðreqÞ dreq
¼NðreqÞ

NT
ð32Þ

where NðreqÞ is the number of cells per unit volume of
suspension with a volume-equivalent radius between req
and reqþΔreq. Here, NT is total cell concentration in sus-
pension (in cells/m3). A minimum of 500 cells were
measured from each culture and the bin size Δreq was set
to 0.1 μm.

3.5. Radiation characteristics measurements

The total scattering phase function ΦT ;λðΘÞ was
assumed to be independent of radiation wavelength over
the PAR region. It was measured at 633 nm by a polar
nephelometer whose experimental setup and data analysis
have previously been reported and validated in detail by
Berberoğlu et al. [24]. Due to interference of the probe
with the laser beam, the scattering phase function could
not be measured beyond 160° with respect to the forward
direction.

The normal–normal transmittance Tnn;λ measurements
were performed using a UV–vis–NIR spectrophotometer
(Agilent Cary 5000, Santa Clara, CA). The normal–hemi-
spherical transmittance Tnh;λ measurements were per-
formed using an integrating sphere attachment (Agilent
Cary DRA-2500, Santa Clara, CA) to the same spectro-
photometer. Here also, the microalgae were centrifuged at
13,400 rpm (12,100g) for 10 min and washed with phos-
phate buffer saline (PBS) solution and resuspended in PBS
to avoid absorption and scattering 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 microalgae suspensions were diluted sufficiently
ðXr0:1 kg=m3Þ to ensure that single scattering prevailed
[39]. The average spectral absorption Aabs;λ and scattering
Ssca;λ cross-sections of microalgae suspensions were mea-
sured for three biomass concentrations X between 0.01
and 0.1 kg/m3 to ensure that they were independent of X.
The cross-sections reported correspond to the mean of the
three measurements and the error bars correspond to 95%
confidence interval.

3.6. Theoretical method

The radiation characteristics of microalgae were pre-
dicted theoretically based on the method developed by
Dauchet et al. [13]. The microorganisms were modeled as
homogeneous spheres with an effective complex index of
refraction mλ ¼ nλþ ikλ where kλ and nλ were predicted by
Eqs. (14) and (15), respectively. The anchor refractive index
n820 used in Eq. (15) was taken as either n820 ¼ 1:44 or
n820 ¼ 1:37. The former was recommended by Dauchet
et al. [13] and the latter corresponded to the refractive
index at 750 nm reported by Lee et al. [29], both for C.
reinhardtii. These anchor refraction indices were used for C.
vulgaris since it is also a green microalgae and due to the
lack of information available in the literature. The dry bio-
mass density ρdry and the water fraction xw of the cells were
taken as 1400 kg/m3 and 0:7870:02, respectively [13].

Moreover, the C. vulgaris cells were also modeled as
coated spheres with an absorbing inner core of radius rc
and refraction and absorption indices nc;λ and kc;λ sur-
rounded by a non-absorbing coating (or wall) of thickness
tw with refractive index nw;λ. The Lorenz–Mie theory for
coated spheres was used to predict the absorption Cabs;λ
and scattering Csca;λ cross-sections of the coated sphere
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based on (i) its core radius rc, (ii) its wall thickness tw, (iii)
the core complex index of refraction mc;λ ¼ nc;λþ ikc;λ, and
(iv) the wall refractive index nw;λ. Here, the outer radius
distribution of the coated sphere was assumed to be equal
to the volume-equivalent radius req distribution of the
homogeneous sphere. Then, the core radius was estimated
as rc ¼ reqð1�tw=reqÞ where the mean equivalent radius req
of C. vulgaris was reported as 1.89 μm [40].

When modeling the cell as a coated sphere with an
absorbing core, the effective absorption index of the
homogeneous cell kλ given by Eq. (14) cannot be used for
the core. In order to conserve the mass of pigments in the
cell while maintaining the same overall cell volume, the
effective absorption index of the core kc;λ can be expressed
as [12]

kc;λ ¼
λ
4π

acm;λ ð33Þ

where acm;λ is the effective absorption coefficient (in 1/m)
of the substance contained in the microalgae core
expressed as [12]

acm;λ ¼
X
j

Eaj;λCj;c: ð34Þ

Here, Cj;c is the pigment concentration in the core (in kg/
m3). It can be expressed as Cj;c ¼mj=Vc where mj is the
average mass of pigment per cell (in kg/cell). The latter can
be estimated by mj ¼ Cj=NT where Cj is the measured
concentration of pigment j in the culture (in kg/m3) and NT

is the cell number density in the culture (in cells/m3). It is
related to the measured biomass concentration by [12]

NT ¼
X

ρdryð1�xwÞVeq
ð35Þ

Thus, taking into account the fact that wj ¼ Cj=X, the core
absorption index kc;λ can be expressed as

kc;λ ¼
λ
4π

X
j

Eaj;λwjρdry 1�xwð ÞVeq

Vc
¼ kλ

Veq

Vc
ð36Þ

Similarly, the refractive index nc;λ of the core was deter-
mined using Eq. (15) by replacing kλ (or kν) with
kc;λ (or kc,ν).

In order to predict the normal–hemispherical transmit-
tance Tnh;λ using Eqs. (21)–(28), one needs to know (i) the
thickness ℓ of the suspension, (ii) the index of refraction of
the quartz cuvette nq;λ, (iii) the absorption coefficient of the
suspension κλ, and (iv) the transport scattering coefficient
σs;tr;λ ¼ σs;λð1�gλÞ. Here, the thickness ℓ of the cuvette was
10 mm. The spectral refractive index of the quartz cuvette
Table 1
Measured mean volume-equivalent radius req and Chl a, Chl b, PPC, and PSC c
conditions and of C. vulgaris grown under optimal conditions.

Species Growth conditions req (μm) Chl a (w

C. reinhardtii optimal 4.0370.78 3.270
C. reinhardtii N-limited 4.0970.55 0.1770
C. vulgaris optimal 1.8970.21 3.827
was given by the dispersion relation [41]

n2
q;λ � 1¼ B1λ

2

λ2 � C1
þ B2λ

2

λ2 � C2
þ B3λ

2

λ2 � C3
ð37Þ

where the wavelength λ is expressed in μm and ranges
from 0.2 to 2.5 μm. The constants B1, B2, B3, C1, C2, and C3
are respectively equal to 4.73115591 �10�1, 6.31038719
�10�1, 9.06404498 �10�1, 1.29957170 �10�2,
4.12809220 �10�3, and 9.87685322 �101 [41]. On the
other hand, in the visible part of the spectrum, quartz can
be safely treated as non-absorbing, i.e., kq;λ � 0 [41]. This
corresponded to μc around 0.73 or to a critical angle θc of
about 43° while the reflectivity ρ1;λ was about 3.5%.

Finally, the average spectral mass absorption Aabs;λ and
scattering Ssca;λ cross-sections of a suspension of a poly-
disperse microorganisms were estimated using Eq. (10).
Note that dry biomass density of the coated spheres was
assumed to be identical to that of the homogeneous cell
ρdry and equal to 1400 kg/m3 as previously discussed. The
theoretical predictions of the radiation characteristics of
homogeneous or coated sphere microorganisms were
implemented in Matlab s and the code was validated
against results reported in Ref. [13] for C. reinhardtii trea-
ted as homogeneous volume-equivalent spheres.
4. Results and discussion

4.1. Size distribution and pigment concentrations

Table 1 summarizes the measured mean equivalent
radius req and the Chl a, Chl b, PPC, and PSC concentrations
of C. reinhardtii grown under optimal or nitrogen-limited
conditions and of C. vulgaris grown under optimal condi-
tions. These values were used to predict the radiation
characteristics of the microalgae for each growth condi-
tion. Moreover, C. reinhardtii featured significantly smaller
pigment concentrations when they were grown in
nitrogen-limited conditions than in optimal conditions.
This observation has been made previously for various
microorganisms and was attributed to reduction in pho-
tosynthetic antenna size as a protection mechanism
against light-induced oxidative stress [14,16,17]. Lastly,
C. vulgaris grown under optimal conditions featured the
largest pigment concentration of the three cultures
examined.

Figs. 2(a)–(c) show histograms of the volume-
equivalent radius frequency distributions and fitted log-
normal distributions f ðreqÞ of C. reinhardtii grown in opti-
mal and in nitrogen-limited conditions and C. vulgaris
grown in optimal conditions. Furthermore, Fig. 2(d) shows
oncentrations of C. reinhardtii grown under optimal or nitrogen-limited

t%) Chl b (wt%) PPC (wt%) PSC (wt%)

.3 1.2170.1 0.9270.09 0.1570.01
.01 0.0770.003 0.1270.005 0.0270.001
0.06 1.1470.03 0.8570.02 0.1470.03
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the fitted log-normal distribution of the core rc and outer
req radii of C. vulgaris modeled as coated spheres to
represent their refracting cell wall.

The mean volume-equivalent radius req of C. reinhardtii
cells grown in optimal and nitrogen-limited conditions
were nearly identical and measured as 4.03 μm and
4.09 μm, respectively. This was consistent with the volume-
equivalent radius of 3.93 μm reported by Dauchet et al. [13]
for C. reinhardtii grown in optimal conditions. Similarly,
Berberoğlu et al. [24] reported the surface area equivalent
radius of C. reinhardtii as 4.03 μm. The difference between
these reported mean radii was smaller than 2.5% and may
be due to differences in the cultivation conditions. It may
also be due to experimental uncertainty and/or differences
in the experimental and analytical tools used. On the other
hand, C. vulgaris cells had a mean volume-equivalent radius
req of 1.89 μm. Finally, the coated sphere C. vulgaris featured
outer radius req distribution equal to the volume-equivalent
homogeneous sphere radius distribution f(req).

4.2. Scattering phase function

Figs. 3(a)–(c) compare the experimentally measured
and theoretically predicted total scattering phase function
ΦT ;633ðΘÞ at 633 nm of (a) C. reinhardtii grown in optimal
and (b) in nitrogen-limited conditions and of (c) C. vulgaris
grown in optimal conditions. In all cases, scattering was
mostly in the forward direction. This was expected as the
cells were much larger than the wavelength of light.
Indeed, the measured asymmetry factor g633 of C.
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reinhardtii grown in both optimal and nitrogen-limited
conditions was equal to 0.98 while that of C. vulgaris was
0.974. On the other hand, the theoretically predicted
asymmetry factor g633 obtained by treating the microalgae
as homogeneous spheres was estimated as 0.98, 0.962, and
0.982, respectively. Similarly, the measured backward
scattering fraction b633 was 0.008 for C. reinhardtii grown
in either optimal or nitrogen-limited conditions and that
of C. vulgaris was 0.004. The corresponding theoretically
predicted backward scattering fraction b633 was 0.006,
0.007, and 0.002, respectively.

The scattering phase function predicted for C. vulgaris
modeled as coated spheres agreed better with experimental
measurements than when treating them as homogeneous
spheres. This may be due to an increase in backward scat-
tering of the coated sphere compared with homogeneous
sphere due to the mismatch in the refractive index between
the medium, the coating, and the core. Indeed, the pre-
dicted backward scattering fraction b633 of the coated
sphere was two times larger than that of the homogeneous
spherical cells and equal to the measured value of
b633¼0.004. Similarly, the predicted asymmetry factor
using the coated sphere approximation was 0.972 com-
pared with 0.974 obtained experimentally.

The scattering phase functions predicted theoretically
show good agreement with experimental measurements in
the forward directions where scattering is dominated by
diffraction and is not significantly affected by the choice of
the model. However, strong angular resonances were pre-
dicted for scattering angles larger than 60° but were not
observed experimentally. This may be the result of modeling
heterogeneous non-spherical cells as homogeneous or
coated spheres as heterogeneities destroy the angular reso-
nances [42–44]. More advanced models such as the multi-
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pole expansion method [45], the multi-sphere T-matrix
method [42,43], or the discrete-dipole-approximation (DDA)
method [44] could be used to develop models that include
various cell compartments in order to predict more accu-
rately the microalgae scattering phase function ΦT ;λ. How-
ever, for predicting the fluence rate and the rate of photon
absorption in PBRs, with the objective of predicting and
controlling the biochemical process, the integral properties
such as the backward scattering ratio bλ are sufficient
[12,34]. What's more, for such large scatterers, bλ is very
small and has little effect on the fluence rate predicted by
Eqs. (17) and (18).

Finally, the factor ϵn used for correcting the measured
scattering cross-section of the microorganisms was
determined according to Eq. (4) as 0.67 and 0.72 for C.
reinhardtii grown in optimal conditions and in nitrogen-
limited conditions, respectively, and 0.71 for C. vulgaris
grown in optimal conditions.

4.3. Absorption and scattering cross-sections

4.3.1. C. reinhardtii grown in optimal conditions
Figs. 4(a) and (b) compare the experimentally mea-

sured and the theoretically predicted average spectral
mass absorption Aabs;λ and scattering Ssca;λ cross-sections
and their respective 95% confidence intervals for C. rein-
hardtii cultures grown in optimal conditions. Estimates of
the absorption cross-section by either method were in
relatively good agreement. In fact, the relative difference
was well within the uncertainty of either method. The
error bars in the theoretical predictions of the absorption
cross-section were due to error propagations of the
uncertainties in the measurements of the culture pigment
and biomass concentrations and of the cell water mass
fraction. The relative difference in Aabs;λ between the two
methods averaged over the PAR region was 8%. In addition,
the relative difference between the two methods for
Aabs;440 and Aabs;670, respectively corresponding to Chl b
and Chl a absorption peaks, was smaller than 12%
regardless of the anchor refractive index n820. Note that
the choice of anchor refractive index did not have a large
influence on the theoretical predictions of Aabs;λ.

By contrast, the choice of anchor index of refraction
n820 had a large impact on the magnitude and shape of the
spectral mass scattering cross-section Ssca;λ. Moreover, the
PAR-averaged relative difference between the measured
and predicted values of Ssca;λ was large and around 33%
when the anchor refractive index n820 was set to 1.44.
However, it diminished to 13% when the anchor refractive
index n820 was set to 1.37. Nevertheless, large dis-
crepencies remained particularly for wavelengths larger
than 650 nm. This indicates the need for more advanced
radiation models to accurately represent the non-spherical
and heterogeneous nature of the microalgae cell. The
multi-sphere T-matrix method [42,43] or the DDA method
[44] could be used to model the heterogeneity in the cells.
Note, however, that several physical parameters must be
determined for accurate representation of the cells
including the spectral refractive index of the different cell
compartments over the PAR region and their volume
fraction and location within the cell as well as the cell
water content [20]. Additionally, the anchor wavelength
and refractive index must be chosen carefully in order to
accurately predict the scattering cross-section of micro-
algae. However, the lack of information in the literature
about the refractive index and the anchor wavelength of
different microalgae species and strains may suggest that
experimental measurements must always be performed
before the theoretical method can be used to predict the
radiation characteristics of each species or strain.

4.3.2. C. reinhardtii grown in nitrogen-limited conditions
Fig. 5(a) and (b) plot the experimentally measured and

the theoretically predicted average spectral mass absorp-
tion Aabs;λ and scattering Ssca;λ cross-sections and their
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respective 95% confidence intervals for C. reinhardtii cul-
tures grown in nitrogen-limited conditions. First, the aver-
age mass absorption cross-section Aabs;λ of the nitrogen-
limited C. reinhardtii cells were much smaller than that for
cells grown under optimal conditions (Fig. 4(a)) due to their
lower pigment concentrations (Table 1). The predicted
average spectral mass absorption cross-section Aabs;λ agreed
well with the measurements with a PAR-averaged relative
difference of 16% and 14% when the anchor refractive index
n820 was 1.44 and 1.37, respectively. However, the relative
difference between the measured and predicted values of
Aabs;λ reached up to 53% between 450 and 550 nm. Photo-
synthetic and photoprotective carotenoid pigments are
responsible for absorption in this wavelength range. The
differences in Aabs;λ between the two methods may be due
to inaccuracies in the measured carotenoid pigment con-
centration and/or to the inappropriate use of the spectral
specific absorption cross-sections EaPPC and EaPSC of the
carotenoid pigments used to predict the cell effective
absorption index [Eq. (14)]. Indeed, the values of EaPPC;λ and
EaPSC;λ used in the predictive method correspond to β-car-
otene and fucoxanthin, respectively. However, Krinsky and
Levine [46] reported the major carotenoids in C. reinhardtii
as β-carotene, violaxnthin, lutein, and neoxanthin. These
carotenoid pigments may have different specific absorption
cross-sections whose in vivo values have not been measured
or reported in the literature [47]. Moreover, the types of
carotenoids in the cells change in response to nutrient
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limitation [48]. Therefore, representing all of the photo-
protective or photosynthetic carotenoids with a single
absorption spectrum may be practical but may introduce
inaccuracies in the predictions of cell absorption cross-
sections Aabs;λ. These discrepancies were more apparent in
the nitrogen-limited C. reinhardtii culture as the cell car-
otenoid to chlorophyll ratio was nearly four times larger
than in cells grown under optimal conditions.

Moreover, the PAR-averaged relative difference between
the measured and the predicted scattering cross-section
Ssca;λ was 23% and 12% when the anchor refractive index
n820 was set to 1.37 and 1.44, respectively. This indicates
that for nitrogen-limited C. reinhardtii cells, the appropriate
anchor refractive index n820 was 1.44 compared with 1.37
for C. reinhardtii grown under optimal conditions. Compar-
ison with previous results for optimal conditions suggests
that the refractive index of the cells may vary with culti-
vation conditions as a result of changes in the biochemical
composition of the cells. Therefore, the anchor refractive
index must be known not only for each species but also for
different operating conditions.

4.3.3. C. vulgaris grown in optimal conditions
Fig. 6(a) and (b) shows the experimentally measured

and the theoretically predicted average spectral mass
absorption Aabs;λ and scattering Ssca;λ cross-sections and
their respective 95% confidence intervals for C. vulgaris
cultures grown in optimal conditions. Unlike for C. rein-
hardtii, the theoretical predictions treating the cells as
homogeneous spheres did not agree well with the mea-
sured average spectral mass absorption cross-section Aabs;λ
of the C. vulgaris cells, regardless of the anchor point
selected. For example, the measured and predicted values
of Aabs;λ at 430 nm, corresponding to one of Chl a
absorption peaks, were 580715 m2=kg and
8407100 m2=kg, respectively. This 43% difference corre-
sponded to the largest relative difference in Aabs;λ between
the experimental and theoretical methods. In addition, the
PAR-averaged relative difference in Aabs;λ was equal to 22%.
Similarly, the PAR-averaged relative difference in the
spectral mass scattering cross-section Ssca;λ between the
two methods was 13% and 49% when the anchor refractive
index n820 was 1.44 and 1.37, respectively. The relatively
large deviations in both Aabs;λ and Ssca;λ could not be
attributed to uncertainties in the pigment and biomass
concentrations or in the cell water content xw. We spec-
ulate that these differences were due to the presence of a
refracting 130 nm thick sporolinelin wall surrounding the
cells [31] rendering the treatment of C. vulgaris as homo-
geneous spheres invalid.

Alternatively, C. vulgaris cells were modeled as coated
spheres with an outer radius identical to that of the
homogeneous sphere req (Fig. 2(d)). As previously stated,
the wall was assumed to be non-absorbing but refracting
with a refractive index nw equal to 1.48 [32]. Fig. 6 indicates
that both the predicted spectral mass absorption Aabs;λ and
scattering Ssca;λ cross-sections obtained by treating C. vul-
garis as coated spheres agreed relatively well with experi-
mental measurements. First, the PAR-averaged relative dif-
ference between the experimental and theoretical values of
Aabs;λ was 17% and 10% when the anchor refractive index
was 1.44 and 1.37, respectively. It is interesting to note that
Aabs;λ was smaller across the PAR region when treating the
cells as coated spheres instead of homogeneous spheres
despite having the same mass of pigments. This can be
attributed to the so-called package effect [20]. In addition,
the PAR-averaged relative difference in the average spectral
mass scattering cross-section Ssca;λ between experimental
measurements and the coated sphere approximation was
11% and 19% when the anchor refractive index n820 was 1.44
and 1.37, respectively.

Finally, these results illustrate that some microorgan-
isms cannot be modeled as homogeneous spheres when
their cell wall is thick relative to their diameter and
strongly refracting. Further studies should investigate the
conditions under which spheroidal heterogeneous micro-
algae cells can be treated as homogeneous spheres. In this
context, determining the cell wall thickness and the
spectral optical properties of the various cell compart-
ments or organelles is essential and currently lacking.
Finally, it remains unclear if the chloroplast encasing the
absorbing pigments needs to also be modeled as a sepa-
rate entity inside the cell. For example, the chloroplast or
the nucleus can be included in the cell model using the
multi-pole expansion method [45] or the multi-sphere
T-matrix method [42,43]. Note that these two methods are
limited to modeling the cell and its constituents as spheres
and require considerable computational resources.

4.4. Normal–hemispherical transmittance

Fig. 7(a) and (b) compare the measured and predicted
normal–hemispherical transmittance Tnh;λ spectra of C.
reinhardtii grown in (a) optimal (X¼0.11 kg/m3) and (b)
nitrogen-limited (X¼0.17 kg/m3) conditions. Similar com-
parison was performed by Dauchet et al. [13] to validate
their theoretical predictions of the radiation characteristics
of C. reinhardtii. Here, the cells were modeled as poly-
disperse homogeneous spheres with anchor refractive
index n820¼1.44 or 1.37. Similarly, Fig. 7(c) and
(d) compare the measured normal–hemispherical trans-
mittance of C. vulgaris grown in optimal conditions
(X¼0.56 kg/m3) and modeled as (c) homogeneous spheres
and (d) coated spheres representing the refracting cell wall
with anchor refractive index n820¼1.44 or 1.37. The nor-
mal–hemispherical transmittance Tnh;λ was predicted
using the modified two-flux approximation [Eqs. (21)–
(28)] employing either the experimentally measured or
the theoretically predicted values of Aabs;λ, Ssca;λ, and gλ.
Note that the measurements of Tnh;λ shown in Fig. 7 were
not used for the determination of Aabs;λ or Ssca;λ. Here, in
fact, the biomass concentrations were relatively large and
multiple scattering prevailed.

For all three cultures, excellent agreement was found
between the experimentally measured normal–hemi-
spherical transmittance Tnh;λ and the predictions using the
measured radiation characteristics. The relative error was
smaller than 5% at any wavelength in the PAR region. This
indicates that the modified two-flux approximation [Eq.
(21)] is an adequate model to predict the normal–hemi-
spherical transmittance Tnh;λ when paired with the mea-
sured radiation characteristics of the microalgae.
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Fig. 7. Comparison of the measured and predicted normal–hemispherical transmittance Tnh;λ of concentrated samples of (a) C. reinhardtii grown in optimal
conditions ðX ¼ 0:11 kg=m3Þ, (b) C. reinhardtii grown in nitrogen-limited conditions ðX ¼ 0:17 kg=m3Þ, and C. vulgaris grown in optimal conditions
ðX ¼ 0:56 kg=m3Þ using predicted radiation characteristics for (c) homogeneous sphere and (d) coated spheres. Predictions of transmittance Tnh;λ was based
on the modified two-flux approximation [Eq. (21)].
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Moreover, the PAR-averaged relative error between the
measured and the predicted values of Tnh;λ using the the-
oretical radiation characteristics of C. reinhardtii grown in
optimal conditions or in nitrogen-limited conditions was
less than 7.5%. The choice of anchor refractive index had no
significant influence on the predictions of Tnh;λ. As pre-
viously discussed, the anchor refractive index had a sig-
nificant effect on the prediction of the cells' scattering
cross-section Ssca;λ. However, the latter did not have a
measurable impact on the normal–hemispherical trans-
mittance of the sample. This was due to the fact that (i) the
microorganisms were strongly forward scattering with a
large asymmetry factor such that Aabs;λ⪢ð1�gλÞSsca;λ and
(ii) the light scattered by the suspension was collected by
the integrating sphere when measuring Tnh;λ. In fact, such
measurements are used to estimate the absorption coef-
ficient of the microalgae suspension κλ [Eq. (2)]. As a
consequence, the validation performed by Dauchet et al.
[13] and replicated here can only “validate” the prediction
of cells' absorption cross-section and indirectly the model
for the absorption index kλ [Eq. (14)]. However, it cannot
precisely validate predictions of cells' scattering cross-
section which depends strongly on the effective refrac-
tive index nλ.

Lastly, predicting Tnh;λ using Eq. (21) and the theoretical
radiation characteristics predicted by the Lorenz–Mie
theory for C. vulgaris treated as homogeneous spheres
showed poor agreement with experimental data. However,
treating C. vulgaris as coated spheres gave reasonably good
agreement. This indicates that C. vulgaris cells are better



Fig. 8. PAR-averaged fluence rate GPARðzÞ and local rate of photon absorption LRPA AðzÞ in the PBRs predicted by Eqs. (17) and (16) for (a–b) C. reinhardtii
grown in optimal conditions ðX ¼ 0:35 kg=m3Þ, (c–d) C. reinhardtii grown in nitrogen-limited conditions ðX ¼ 0:87 kg=m3Þ, and (e–f) C. vulgaris grown in
optimal conditions ðX ¼ 2:1 kg=m3Þ using measured and theoretically predicted radiation characteristics.
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represented as coated spheres than as homogeneous
spheres. Here also, the anchor refractive index had a
negligible effect on the PAR-averaged relative error in Tnh;λ.

4.5. Fluence rate and the local rate of photon absorption

Fig. 8(a)–(f) shows the PAR-averaged fluence rate
GPAR(z) and local rate of photon absorption (LRPA) APARðzÞ
in the PBR, for all three cultures, estimated using Eqs. (19)
and (20), respectively. Predictions were made using either
the measured or theoretical radiation characteristics using
anchor refractive index n820 equal to 1.44 or 1.37.

Experimentally, the C. reinhardtii culture grown
under optimal conditions achieved a steady-state bio-
mass concentration X of 0.35 kg/m3. At this concentra-
tion, the use of measured or theoretical radiation char-
acteristics produced nearly identical predictions of the
PAR-averaged fluence rate GPAR(z) (Fig. 8(a)) and LRPA
APARðzÞ (Fig. 8(b)) with a relative difference of less than
10% regardless of the anchor refractive index. For prac-
tical purposes, this difference is negligible and both
experimental and theoretical predictions treating the
cell as homogeneous sphere with effective optical
properties given by Eqs. (14) and (15) are essentially
equivalent. Indeed, we recently demonstrated that a
depth-averaged relative error in fluence rate GPAR(z) of
15% resulted in relative error in biomass productivity
predictions of less than 6% for C. vulgaris grown in a
flat-plate torus PBR with pathlength L¼4 cm and bio-
mass concentration X ¼ 0:34 kg=m3 exposed to q″in ¼ 200
μmolhν=m2 � s of white LED lights [49].

Moreover, the C. reinhardtii culture grown in nitrogen-
limited conditions had a steady-state biomass concentra-
tion X equal to 0.87 kg/m3. For this concentration, the
fluence rate GPAR(z) estimated with the measured or the
theoretical radiation characteristics had a relative differ-
ence of less than 4% regardless of the anchor refractive
index n820 used (Fig. 8(c)). On the other hand, the PAR-
averaged relative difference in LRPA estimated using the
measured and theoretical radiation characteristics was 16%
or 23% when anchor point refractive index was 1.44 or
1.37, respectively (Fig. 8(d)). These differences may be due
to the overestimation in absorption cross-section between
450 nm and 500 nm, as previously discussed. Never-
theless, the theoretical predictions can be used as a good
first order approximation in order to obtain the LRPA in
the PBR.

Finally, C. vulgaris cells grown in optimal conditions had
a steady-state biomass concentration X equal to 2.11 kg/
m3. Here, GPAR(z) and APARðzÞ estimated using the mea-
sured radiation characteristics matched closely with those
estimated using the predicted radiation characteristics for
the coated spheres with anchor point refractive index
n820 ¼ 1:44.
5. Conclusion

This study directly compared state of the art experi-
mental and theoretical methods for determining the
radiation characteristics of microalgae. The theoretical
method was based on the Lorenz–Mie theory treating
microalgae as polydisperse volume-equivalent homo-
geneous spheres. It was combined with a model for the
effective spectral complex index of refraction of the
microalgae cells depending on the measured pigment
concentrations and on the anchor refractive index. Rela-
tively good agreement was found between the two
methods for predicting the absorption and scattering
cross-sections and the asymmetry factor and the backward
scattering fraction of C. reinhardtii grown either in optimal
or in nitrogen-limited conditions provided the anchor
refractive index was properly chosen. However, the mea-
sured absorption cross-section of C. vulgaris grown in
optimal conditions did not agree with theoretical predic-
tions treating the cells as volume-equivalent homo-
geneous spheres. Instead, modeling C. vulgaris cells as
coated spheres with a non-absorbing outer shell, repre-
senting their thick refracting cell wall made of sporolinelin
[31], gave good predictions of the integral radiation char-
acteristics. The results also indicate the need to develop
more sophisticated theoretical models in order to more
accurately predict the radiation characteristics of micro-
algae, in particular the scattering phase function. In par-
ticular, the models should account for cell heterogeneity
and non-sphericity. However, models based on the Lor-
enz–Mie theory, explored in the study, approximating the
microalgae as homogeneous or coated spheres present the
advantage of being simple and fast while predicting
radiation characteristics that are sufficiently accurate to
estimate the relevant parameters for photobiological pro-
cesses, namely the fluence rate and the local rate of photon
absorption.
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